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Maintenance of glucose homeostasis via initiation of glucose production is one of the critical
physiological events that results in a smooth transition and adaptation to extrauterine life. A
number of neonates have difficulty during transition to the extrauterine environment that
result in altered glucose homeostasis and low plasma glucose concentrations. Although
much progress has been made over the years in understanding the causes and mechanisms of
altered neonatal glucose metabolism, the long-term consequences and the threshold values
that may cause injury remain unknown. In 2000, Cornblath et al summarized the
contemporary state of knowledge related to neonatal hypoglycemia by noting the following:

Unfortunately, untoward long-term outcomes in infants with one or two low blood
glucose levels have become the grounds for litigation and for alleged malpractice,
even though the causative relationship between the two is tenuous at best… The
definition of clinically significant hypoglycemia remains one of the most confused
and contentious issues in contemporary neonatology.1

There has been no substantial evidence-based progress in defining what constitutes clinically
significant but transient neonatal hypoglycemia (as opposed to persistent hypoglycemia
from hyperinsulinemia), particularly regarding how it relates to brain injury. Monitoring for
and prevention and treatment of neonatal hypoglycemia remain largely empirical.

At present there is neither a rational basis nor sufficient evidence to identify a specific value
or a range of plasma glucose concentrations that would define “hypoglycemia” as a
pathologic entity. Nevertheless, many commentaries and opinions continue to recommend
various plasma glucose concentrations that should be maintained in the neonatal period to
prevent injury to the developing brain.2-9 Most published statements and opinions are based
on low-level evidence, including small-scale human studies in select populations without
control subjects or longer-term follow-up, case studies of neonates with a potpourri of
diagnoses, or physiological or animal studies of limited relevance to human newborns. No
definition of pathologic hypoglycemia or guideline for treatment of low plasma glucose
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concentrations in neonates has been validated in clinical practice or assessed in prospective
follow-up studies.

Recognizing the common occurrence of low plasma glucose, usually noted as <40 to 45 mg/
dL and occurring in as many as 5% to 15% of normal newborn infants,1,10 the potential for
insufficient glucose supply to injure the developing brain, and a need to support research
targeted at gaps in knowledge about neonatal “hypoglycemia” and its clinical implications,
the Eunice Kennedy Shriver National Institute of Child Health and Human Development
convened a workshop on Neonatal Hypoglycemia, held September 8-9, 2008. A diverse
group of experts participated.

This report provides a summary of the workshop discussions. Because review articles have
addressed specific hypoglycemic syndromes and several of the major themes addressed in
this workshop,11-17 the following summary will focus on gaps in knowledge and suggested
research. Unless otherwise stated, “hypoglycemia” refers to “neonatal hypoglycemia” and
“blood glucose” concentrations to plasma values (or whole blood glucose concentrations
corrected to plasma values), expressed in millimoles per liter with mg/dL in parenthesis. The
workshop did not address the so-called persistent hypoglycemic syndromes caused by, for
example, hyperinsulinemic hypoglycemia;18-25 hypoglycemia caused by fatty acid oxidation
defects,26,27 and other inborn errors of metabolism, which been well characterized.28 Instead
this review focuses on specific issues related to low plasma glucose concentrations in the
first several hours or days after birth and their measurement, clinical monitoring, and long-
term consequences.

Objectives of the Workshop
The objectives of the workshop were to identify major gaps in knowledge related to neonatal
hypoglycemia and not to develop a “consensus” on either its definition or treatment. The
participants were asked to propose a research agenda that, if successfully completed, might
help address key issues on this topic, such as how to define clinically significant
hypoglycemia; how to monitor glucose concentrations in newborn infants; how best to
prevent and treat neonatal hypoglycemia; and how to determine the effects of different
plasma glucose concentrations and supply of glucose to the brain on long-term neurologic
outcomes. The discussion topics focused on 3 interrelated fields: (1) basic science topics on
fetal and neonatal glucose homeostasis and the neurobiology of substrate use by the
developing brain for energy metabolism; (2) defining clinically significant hypoglycemia;
and (3) monitoring and treatment of low plasma glucose.

Fetal and Neonatal Glucose Metabolism
The fetus depends entirely on maternal supply and placental transfer of glucose, amino
acids, free fatty acids, ketones, and glycerol for its energy needs. The normal lower limit of
fetal glucose concentration remains around 3 mmol/L (54 mg/dL) over most of gestation,
particularly after 20 weeks.29,30 There is no fetal glucose production under normal
conditions; in most cases, gluconeogenesis appears only after birth, although it has been
produced in animal models with prolonged periods (days to weeks) of abnormally low
glucose supply.31,32

After birth and clamping of the umbilical cord, neonatal glucose concentration decreases
rapidly but to varying degree in all infants, rebounding to higher values within 2 to 3 hours.
33,34 These changes in glucose concentration are modified by a number of factors, including
prior fetal glucose homeostasis influenced by antepartum and peripartum events, umbilical
concentrations of glucose, plasma insulin concentrations, and the onset of neonatal glucose
production from glycogenolysis and gluconeogenesis. There is considerable variability in

Hay et al. Page 2

J Pediatr. Author manuscript; available in PMC 2013 December 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



glucose concentrations during this early postnatal period, both within individual neonates
and among groups of neonates of different gestational ages and growth patterns.

In most term infants who are formula fed, glucose concentration exceeds 2.2 mmol/L (40
mg/dL) by 6 to 12 hours of postnatal age. Infants exclusively breastfed tend to have lower
blood glucose concentrations than those fed infant formulas.12,17,29,30,33,34 Swenne et al35

observed that in nearly one half of breastfed babies the blood glucose concentration
remained below 2 mmol/L (36 mg/dL) during the first 24 hours after birth. Other studies
have documented a wide range of glucose concentrations during the first 72 hours, with the
lower limits as low as 1.3 mmol/L (23 mg/dL) in healthy breastfed infants. Furthermore,
breastfed infants tend to have higher ketone concentrations, the principal alternate metabolic
fuel for the brain.

In normal term infants, glucose production rate averages about 4 to 6 mg/kg/min, most of
which is used by the brain.36 Because of higher brain–to–body mass ratios, preterm infants
and those with asymmetric growth restriction have higher weight-specific glucose
production rates (∼6-8 mg/min/kg) than healthy term infants.37 About 50% of glucose used
for immediate metabolism is oxidized.38 During the first day of life, about 50% of total
endogenous glucose production in term infants can be accounted for by glycogenolysis and
30% to 40% from gluconeogenesis, with glycerol primarily,36,39-41 but also lactate and
selected amino acids such as alanine as gluconeogenic substrates. Even though high fat in
milk augments ketogenesis in suckling rats, the extent to which this process becomes
operational in term infants consuming small amounts of breast milk has not been well
studied.

Brain and Glucose Metabolism
Glucose supply to all cell types in the brain is regulated by the plasma glucose concentration
and the glucose transporter 1 (GLUT1) and 3 (GLUT3) proteins. GLUT1 is expressed in the
blood-brain barrier endothelial cells, astrocytes, oligodendrocytes, and choroid plexus, and
GLUT3 primarily in neurons and their synaptic membranes.42,43 GLUT 1 expression in the
neonatal cerebral cortex44 and GLUT 3 expression in the cerebellum equal those in adults.45

Neuronal glucose use rate is high, and whole brain glucose use accounts for most of the
glucose used in the fetus and newborn. Glucose supply to the brain is essential not only
under normal conditions, but also when there are conditions associated with higher energy
demands, such as seizures, sepsis, and severe neonatal encephalopathy.

Low plasma glucose activates a number of counterregulatory pathways resulting in
increased systemic rates of lipolysis with ketone utilization, and brain metabolism and use of
alternate substrates. Even in the case of neuroglycopenia from GLUT1 deficiency syndrome,
alternate fuels such as ketones ameliorate some of the neurologic symptoms.46 Predominant
alternate fuels used by the brain include pyruvate, lactate, and ketones, which are
transported across membranes by the monocarboxylate transporter (MCTs) family of
glycoproteins at rates sufficient to support neuronal synaptic activity. MCT1 is expressed by
the endothelial cells of the blood-brain barrier, the astrocytes, oligodendrocytes, and choroid
plexus; MCT4 also is noted in the choroid plexus; MCT2 is found primarily in neurons.47,48

There are considerable differences in regional susceptibility to hypoglycemic brain injury
that contribute to the pattern and distribution of injury; however, the reported changes have
not been consistent. Although animal and some neonatal imaging studies have indicated
vulnerability to hypoglycemia in the occipital region, striatum, cingular cortex, and
hippocampus, recent clinical and imaging studies have indicated more diverse cerebral
injury in infants with significant clinical symptoms of hypoglycemia.49,50 More research is
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needed to determine the nature and distribution of regional vulnerability and their biologic
basis for this phenomenon.

Brain injury from insufficient glucose supply has been shown in animal studies to consist of
increased proapoptotic and apoptotic markers, necrosis, and reactive astrogliosis along with
decreased antiapoptotic markers in neuronal mitochondria. Most of these investigations,
however, have reported on insulin-induced hypoglycemia rather than calorie-restricted
hypoglycemia, which are markedly different with respect to the use of alternate fuels. Even
though some animal studies and human observations indicate worse outcome in infants with
low plasma glucose or after hypoxic-ischemic conditions, mechanisms to account for this
possible synergy need further investigation. Table I summarizes gaps in knowledge about
the effects of low blood glucose and neuroglycopenia on brain injury that need to be
addressed with future research.

Clinical Aspects
Defining Clinically Significant Hypoglycemia

With current knowledge, one cannot identify any specific concentration or range of plasma
glucose concentrations that defines “significant hypoglycemia” as a pathologic entity. The
so-called operational threshold values are useful guidelines for clinicians to take appropriate
actions. However, the recommendations are not based on evidence of significant morbidity
if no actions are taken. Similarly, there is no evidence that outcomes improve if actions are
taken at the operational threshold value. All published definitions providing singular values
or ranges have been arbitrary and developed for analytical and grouping purposes. Therefore
they are not concentrations of plasma glucose for predicting brain injury or developing
obligatory treatment protocols. In particular, no single plasma glucose concentration or
range of glucose concentrations can be considered in isolation to predict outcome without
also considering the concentrations of alternate energy substrates and associated aspects of
altered physiology, metabolism, and pathologic study. Repeated and prolonged very low
plasma glucose concentrations (persistent hypoglycemia), particularly associated with
conditions of excessive insulin secretion, have been associated with abnormal neurologic
outcome and should be investigated and treated.12,18-25 Table II summarizes gaps in
knowledge and research needs to define hypoglycemia as a pathologic entity.

Bedside Glucose Monitoring and Other Investigations
Bedside or point-of care testing for glucose is done to obtain an “estimate” of the glucose
concentration quickly and conveniently in a variety of clinical situations. Although the
results of such tests often are used for clinical decisions, there are several pitfalls and
problems with such tests.51-53 At present there is no point-of-care method that is sufficiently
reliable and accurate in the low range of blood glucose to allow it to be used as the sole
method to screen for hypoglycemia in newborn infants. There also is marked variability in
obtaining and processing blood samples for analyses of glucose concentrations. Laboratory
systems that provide timely results may be the preferred option; these facilities require
certification by the institutional clinical pathology services and other accrediting agencies,
as well as initial and ongoing assessment and maintenance of instrument function, technical
training of the users, and data quality monitoring.

Thus far, there are no satisfactory methods for noninvasive monitoring of glucose or
alternate substrates. Such monitoring devices, however, would have a major impact on
clinical decision making. Continuous glucose monitoring with subcutaneous perfusion
devices has been used to a limited extent in preterm infants.54,55 Larger studies are required
to determine the safety and effectiveness of such monitoring and to develop correlations
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between blood glucose concentrations and clinical and laboratory data such as
neuroimaging, electroencephalographic changes, and other measures of neural functions.
Table III summarizes major gaps in knowledge and research needs to improve glucose
monitoring.

Treatment Issues
There are no evidence-based guidelines that can be used for treating all newborn infants
with low plasma glucose concentrations. Published guidelines of “operational thresholds” do
not define “dangerous” values of glucose concentration. They only indicate that glucose
concentrations are below an arbitrarily defined threshold that is based on statistical
evaluations of cross-sectional data. These values are at or below the threshold value the
caregiver may opt to take some action. Such actions may include retesting and continued
monitoring, conducting diagnostic work-ups, or providing a quick source of glucose (eg, by
oral feeding or glucose administration). The safety and efficacy of over-the-counter dextrose
gels as quick sources of energy need to be tested in clinical trials.17 As with any short-term
therapy, follow-up measurements are required to determine whether the infant has been able
to maintain normal glucose concentrations or needs sustained treatment. This is particularly
true of infants with possible hyperinsulinism.

Infants with persistent hypoglycemia or those with inadequate responses to treatment need
further evaluation. The actual threshold glucose concentrations at which treatment decisions
are made have remained arbitrary. More research is needed to establish diagnostic and
treatment strategies. Until such strategies are clearly defined, diagnostic and treatment
approaches need to be based on available data and other leading opinions, particularly when
evaluating infants with repeated or prolonged very low plasma glucose concentrations after
the early postnatal period.1,11,12,15,56,57 There is some interest in developing scoring
systems for diagnosis and treatment, but at present data are insufficient to produce definitive
guidelines; research to determine the value of such scoring systems should be encouraged.
In infants with repeated or severe hypoglycemia, research is needed to determine the role of
neuroprotective strategies, such as hypothermia and the safe introduction of alternate fuels.

Glucose profiles in preterm infants on total parenteral nutrition and those with concurrent
illnesses need to be accounted for in all studies. Research is needed to predict risk on the
basis of a spectrum of glucose and alternate substrate concentrations in the plasma and
appropriate adjustments for postnatal age, gestational age, and specific combinations of
growth at different gestational ages (small for gestational age [SGA], and large and
appropriate for gestational age, respectively).

Education
Health care professionals at all levels need to be educated about glucose metabolism in the
newborn infant. Such education must emphasize the need for continued research to define
the characteristics of low plasma glucose, its prevention and treatment, and its actual effects
on neuronal injury and later developmental outcome. Parents and the public also need to be
educated about the broader aspects and major gaps in knowledge about this condition.

The clinical, logistical, and ethical constraints in the conduct of careful longitudinal studies
that are required to develop correlations between plasma glucose concentrations in the
newborn period and long-term developmental and neurologic outcomes should also be
recognized. These should become part of the goals of education for the health care workers,
parents, and the lay public. This is particularly important in light of the increasingly
restrictive trends toward nonbeneficial research in institutional review boards and among
health care providers. Therefore it is imperative to document the safety of the physiological
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studies in the neonate, while developing safe, noninvasive technologies that are acceptable
to the clinicians, parents, and society at large. Simple clinical predictive tools need to be
developed, including imaging assessments, to determine clinically significant low plasma
glucose levels in newborn infants. New research should be directed also at biomarkers that
might help understand which infants might be at greater risk of neurodevelopmental injury
and abnormal outcome, from low plasma glucose, as well as other comorbidities common to
infants at risk of hypoglycemia.

Acknowledgments
Funded by NICHD and NIH Office of Rare Diseases. Additional funding was received by The March of Dimes
Foundation to the general NICHD gift fund. The American Academy of Pediatrics sponsored the travels of six
speakers (none is the author) to this meeting. The study sponsors and co-funders were not involved on the
conference agenda, discussions of materials, and interpretation of the presentations, the writing of the report, and
the decision to submit the report for publications. The opinions expressed in this article are those of the author
alone. They are not necessarily those of the US Department of Health and Human Services or of the National
Institutes of Health, or of the co-sponsors. The authors declare no potential conflicts.

References
1. Cornblath M, Hawdon JM, Williams AF, et al. Controversies regarding definition of neonatal

hypoglycemia: suggested operational thresholds. Pediatrics. 2000; 105:1141–5. [PubMed:
10790476]

2. Termote B, Verswijvel G, Gelin G, Palmers Y. Neonatal hypoglycemic brain injury. JBR-BTR.
2008; 91:116–7. [PubMed: 18661724]

3. Inder T. How low can I go? The impact of hypoglycemia on the immature brain. Pediatrics. 2008;
122:440–1. [PubMed: 18676561]

4. Kwon KT, Tsai VW. Metabolic emergencies. Emerg Med Clin North Am. 2007; 25:1041–60.
[PubMed: 17950135]

5. Mitanchez D. Glucose regulation in preterm newborn infants. Horm Res. 2007; 68:265–71.
[PubMed: 17587854]

6. Stanley CA. Hypoglycemia in the neonate. Pediatr Endocrinol Rev. 2006; 4(Suppl 1):76–81.
[PubMed: 17261974]

7. Yalnizoglu D, Haliloglu G, Turanli G, et al. Neurologic outcome in patients with MRI pattern of
damage typical for neonatal hypoglycemia. Brain Dev. 2007; 29:285–92. [PubMed: 17158011]

8. Alkalay AL, Flores-Sarnat L, Sarnat HB, et al. Plasma glucose concentrations in profound neonatal
hypoglycemia. Clin Pediatr (Phila). 2006; 45:550–8. [PubMed: 16893861]

9. Filan PM, Inder TE, Cameron FJ, et al. Neonatal hypoglycemia and occipital cerebral injury. J
Pediatr. 2006; 148:552–5. [PubMed: 16647423]

10. McGowan, JE.; Price-Douglas, W.; Hay, WW, Jr. Glucose homeostasis. In: Merenstein, G.;
Gardner, S., editors. Handbook of neonatal intensive care. 6th. St. Louis: Mosby Elsevier; 2006. p.
368-90.

11. Hawdon JM. Investigation and management of impaired metabolic adaptation presenting as
neonatal hypoglycaemia. Paediatr Child Health. 2008; 18:161–5.

12. Rozance PJ, Hay WW Jr. Hypoglycemia in newborn infants: features associated with adverse
outcomes. Biol Neonate. 2006; 90:74–86. [PubMed: 16534190]

13. Wight NE. Hypoglycemia in breastfed neonates. Breastfeed Med. 2006; 1:253–62. [PubMed:
17661606]

14. Williams AF. Neonatal hypoglycaemia: clinical and legal aspects. Semin Fetal Neonatal Med.
2005; 10:363–8. [PubMed: 15922679]

15. McGowan JE, Perlman JM. Glucose management during and after intensive delivery room
resuscitation. Clin Perinatol. 2006; 33:183–96. [PubMed: 16533644]

16. Yager JY. Hypoglycemic injury to the immature brain. Clin Perinatol. 2002; 29:651–74. [PubMed:
12516740]

Hay et al. Page 6

J Pediatr. Author manuscript; available in PMC 2013 December 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17. Deshpande S, Ward Platt M. The investigation and management of neonatal hypoglycaemia.
Semin Fetal Neonatal Med. 2005; 10:351–61. [PubMed: 15922680]

18. Palladino AA, Bennett MJ, Stanley CA. Hyperinsulinism in infancy and childhood: when an
insulin level is not always enough. Clin Chem. 2008; 54:256–63. [PubMed: 18156285]

19. De Leon DD, Stanley CA. Mechanism of disease: advances in diagnosis and treatment of
hyperinsulinism. Nat Clin Pract Endocrinol Metab. 2007; 3:57–8. [PubMed: 17179930]

20. Stanley CA, Baker L. The causes of neonatal hypoglycemia. N Engl J Med. 1999; 340:1200–1.
[PubMed: 10202173]

21. Giurgea I, Bellanné-Chantelot C, Ribeiro M, et al. Molecular mechanisms of neonatal
hyperinsulinism. Hormone Res. 2006; 66:289–96. [PubMed: 17003566]

22. Fourtner SH, Stanley CA. Genetic and nongenetic forms of hyperinsulinism in neonates.
NeoReviews. 2004; 5:e370.

23. Glaser B. Hyperinsulinism of the newborn. Semin Perinatol. 2000; 24:150–63. [PubMed:
10805170]

24. Glaser B, Thornton P, Otonkoski T, Junien C. Genetics of neonatal hyperinsulinism. Arch Dis
Child Fetal Neonatal Ed. 2000; 82:F79–F86. [PubMed: 10685979]

25. Meissner T, Brune W, Mayatepek E. Persistent hyperinsulinaemic hypoglycaemia of infancy:
therapy, clinical outcome and mutational analysis. Eur J Pediatr. 1997; 156:754–7. [PubMed:
9365062]

26. Shekhawat PS, Matern D, Strauss AW. Fetal fatty acid oxidation disorders, their effect on maternal
health and neonatal outcome: impact of expanded newborn screening on their diagnosis and
management. Pediatr Res. 2005; 57:78R–86.

27. Kelly DP, Strauss AW. Inherited cardiomyopathies. N Engl J Med. 1994; 330:13.

28. Stanley CA, Hale DE. Genetic disorders of mitochondrial fatty acid oxidation. Curr Opin Pediatr.
1994; 6:476. [PubMed: 7951672]

29. Kahler SG. Metabolic disorders associated with neonatal hypoglycemia. NeoReviews. 2004; 5

30. Kalhan SC, D'Angelo L, Savin SM, Adam PAJ. Glucose production in pregnant women at term
gestation: Sources of glucose for human fetus. J Clin Invest. 1979; 63:388–94. [PubMed: 429559]

31. Marconi AM, Paolini C, Buscaglia M, et al. The impact of gestational age and fetal growth on the
maternal-fetal glucose concentration difference. Obstet Gynecol. 1996; 87:937–42. [PubMed:
8649702]

32. Narkewicz MR, Carver TD, Hay WW Jr. Induction of cytocolic phosphoenolpyruvate
carboxykinase in the ovine fetal liver by chronic fetal hypoglycemia and hypoinsulinemia. Pediatr
Res. 1993; 33:493–6. [PubMed: 8511022]

33. Rozance PJ, Limesand SW, Barry JS, et al. Chronic late gestation hypoglycemia up-regulates
hepatic PEPCK associated with Increased PGC1α mRNA and pCREB in fetal sheep. Am J
Physiol Endo Metab. 2007; 294:E365–70. E-00639-2007.R2.

34. Srinivasan G, Pildes RS, Cattamanchi G, et al. Plasma glucose values in normal neonates: a new
look. J Pediatr. 1986; 109:114–7. [PubMed: 3723230]

35. Hawdon JM, Ward Platt MP, Aynsley-Green A. Patterns of metabolic adaptation for preterm and
term infants in the first neonatal week. Arch Dis Child. 1992; 67:357–65. [PubMed: 1586171]

36. Swenne I, Ewald U, Gustafsson J, et al. Inter-relationship between serum concentrations of
glucose, glucagon and insulin during the first two days of life in healthy newborns. Acta Paediatr.
1994; 83:915–9. [PubMed: 7819685]

37. Kalhan S, Kiliç Ì. Carbohydrate as nutrient in the infant and child: range of acceptable intake. Eur J
Clin Nutr. 1999; 53:S94–S100. [PubMed: 10365985]

38. Sunehag A, Ewald U, Larsson A, Gustafsson J. Glucose production rate in extremely immature
neonates (<28 weeks) studied by use of deuterated glucose. Pediatr Res. 1993; 33:97–100.
[PubMed: 8433898]

39. Denne SC, Kalhan SC. Glucose carbon recycling and oxidation in human newborns. Am J Physiol.
1986; 251:E71–7. [PubMed: 3728666]

Hay et al. Page 7

J Pediatr. Author manuscript; available in PMC 2013 December 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



40. Sunehag A, Gustafsson J, Ewald U. Glycerol carbon contributes to hepatic glucose production
during the first eight hours in health, term infants. Acta Paediatr. 1996; 85:1339–43. [PubMed:
8955462]

41. Sunehag A, Ewald U, Gustafsson J. Extremely preterm infants (<28 weeks) are capable of
gluconeogenesis from glycerol on their first day of life. Pediatr Res. 1996; 40:553–7. [PubMed:
8888282]

42. Kalhan SC, Parimi P, Van Beek R, et al. Estimation of gluconeogenesis in newborn infants. Am J
Physiol. 2001; 281:E991–7.

43. Khan JY, Rajakumar RA, McKnight RA, et al. Developmental regulation of genes mediating
murine brain glucose uptake. Am J Physiol. 1999; 276:R892–900. [PubMed: 10070152]

44. Vannucci RC, Vannucci SJ. Glucose metabolism in the developing brain. Semin Perinatol. 2000;
24:107–15. [PubMed: 10805166]

45. Mantych GJ, Sotelo-Avila C, Devaskar SU. The blood-brain barrier glucose transporter is
conserved in preterm and term newborn infants. J Clin Endocrinol Metab. 1993; 77:46–9.
[PubMed: 8325958]

46. Mantych GJ, James DE, Chung HD, Devaskar SU. Cellular localization and characterization of
GLUT3 glucose transporter isoform in human brain. Endocrinology. 1992; 131:1270–8. [PubMed:
1505464]

47. Friedman JR, Thiele EA, Wang D, et al. Atypical GLUT1 deficiency with prominent movement
disorder responsive to ketogenic diet. Mov Disord. 2006; 21:241–5. [PubMed: 16149086]

48. Zovein A, Flowers-Ziegler J, Thamotharan S, et al. Postnatal hypoxic-ischemic brain injury alters
mechanisms mediating neuronal glucose transport. Am J Physiol Regul Integr Comp Physiol.
2004; 286:R273–82. [PubMed: 14525722]

49. Simpson IA, Carruthers A, Vannucci SJ. Supply and demand in cerebral energy metabolism: the
role of nutrient transporters. J Cereb Blood Flow Metab. 2007; 27:1766–91. [PubMed: 17579656]

50. Burns CM, Rutherford MA, Boardman JP, Cowan FM. Patterns of cerebral injury and
neurodevelopmental outcomes after symptomatic neonatal hypoglycemia. Pediatrics. 2008;
122:65–74. [PubMed: 18595988]

51. Salhab WA, Wyckoff MH, Laptook AR, Perlman JM. Initial hypoglycemia and neonatal brain
injury in term infants with severe fetal acidemia. Pediatrics. 2004; 114:361–6. [PubMed:
15286217]

52. Martin S, Jensen R, Daly L, Jergenson C, Johnson MB, Buell T. Comparison of two methods of
bedside blood glucose screening in the NICU: evaluation of accuracy and reliability. Neonatal
Netw. 1997; 16:39–43. [PubMed: 9087010]

53. Bonacruz GL, Arnold JD, Leslie GI, et al. Survey of the definition and screening of neonatal
hypoglycaemia in Australia. J Paediatr Child Health. 1996; 32:299–301. [PubMed: 8844533]

54. Aynsley-Green A, Hawdon JM. Hypoglycemia in the neonate: current controversies. Acta Paediatr
Jpn. 1997; 39(Suppl 1):S12–6. [PubMed: 9200873]

55. Beardsall K, Ogilvy-Stuart AL, Ahluwalia J, Thompson M, Dunger DB. The continuous glucose
monitoring sensor in neonatal intensive care. Arch Dis Child Fetal Neonatal Ed. 2005; 90:F307–
10. [PubMed: 16036889]

56. Beardsall K, Vanhaesebrouck S, Ogilvy-Stuart AL, et al. Early insulin therapy in very-low-birth-
weight infants. N Engl J Med. 2008; 30(359):1873–84. [PubMed: 18971490]

57. Canadian Pediatric Society. Screening guidelines for newborns at risk for low blood glucose.
Paediatr Child Health. 2004; 9:723–9. [PubMed: 19688086]

Glossary

GLUT Glucose transporter

MCT Monocarboxylate transporter

MRI Magnetic resonance imaging
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SGA Small for gestational age
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Table I
Glucose metabolism and the brain

General gaps in knowledge

The complex nature and maturational features of global and regional brain energy use remain to be studied in human neonates.

Research agenda

Define “brain energy sufficiency” by identifying the key indicators that are altered when levels of adenosine triphosphate and
phosphocreatine decrease.

Determine plasma glucose concentrations that adversely affect brain functions under different conditions (eg, SGA, infants of
diabetic mothers; neonatal encephalopathy, seizures, sepsis)

Determine brain cellular use of alternate fuels (eg, lactate, ketone bodies), as well as alternate fuel production under conditions of
diminished glucose availability with physiological and genetically altered animal models.

Determine the relationship between plasma concentrations of energy substrates on brain structure and function, with such
techniques as imaging, mass spectroscopy and 1H, 31P nuclear magnetic resonance spectroscopy; and longitudinal phenotypic
evaluations in genetically-modified animal models and in human beings to establish cause-and-effect paradigms.

Determine the biologic basis for regional and cellular vulnerability of the brain during hypoglycemia with the methods noted above,
as well as MRI/magnetic resonance spectroscopy along with monitoring of the infant's metabolism.

Determine long-term outcomes in neonates with asymptomatic hypoglycemia, focusing on subtle neurocognitive outcomes
including executive functions.

Determine the factors that prevent brain injury from low glucose supply in exclusively breastfed infants and the potential
consequences of formula feeding in such infants.
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Table II
Clinical issues

General knowledge gaps

There is no evidence-based study to identify any specific plasma glucose concentration (or range of glucose values) to define
pathologic “hypoglycemia.” Research studies are needed to fulfill this basic gap in knowledge and to help demonstrate the
relationship between plasma glucose concentrations during the neonatal period and later neurologic outcomes.

Research agenda

Establish reliable age-based “nomograms” of postnatal plasma glucose changes in healthy term infants under varying feeding
conditions during the first weeks after birth.

Establish glucose nomograms for infants with risk factors (eg, preterm, SGA, large for gestational age, IUGR; maternal history of
insulin-dependent and gestational diabetes, obesity) and different diets. Such nomograms should evaluate variability with infant age
and the relationship to neurodevelopmental outcomes.

Determine the effects of the frequency, severity, and duration of episodes of low plasma glucose.

Determine the effect of clinical signs (eg, seizures and coma) on neurodevelopmental outcome. Such studies should be prospective
and longitudinal, as well as observational.

Determine the effects of comorbidities (eg, white matter injury, hypoxia-ischemia, sepsis) and their contribution to adverse
outcomes with low plasma glucose.

Determine whether scoring systems on the basis of risk factors will generate practically useful measures of plasma glucose
concentrations and alternate substrates in the neonatal period.

HIE, hypoxic ischemic encephalopathy; IUGR, intra-uterine growth restriction.
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Table III
Laboratory tests and glucose monitoring

General knowledge gaps

There is a great inconsistency in the sources and sampling methods of blood (capillary, venous, arterial) and the methods used for
subsequent analyses, including processing techniques, thus affecting establishing “normal” values on the basis of existing literature.

There are no noninvasive methods for measuring concentrations of glucose and other energy substrates (intermittently or
continuously); the existing minimally invasive methods need further refinement for their utility.

The role of neuroimaging and EEG studies in the management and prediction of hypoglycemia-related neuronal injuries remains to
be determined.

Research agenda

Establish biomedical and bioengineering partnerships to develop noninvasive, continuous, glucose concentration systems that are
safe and accurate at all glucose concentrations encountered in newborn infants. Such equipment needs to account for the effect of
local circulatory changes, edema, and shock and should not interfere with medical care of sick infants or breastfeeding of healthy
infants

Development of noninvasive monitoring of alternate substrates (ketone, lactate, and pyruvate) is urgently needed.

Determine the role for neuroimaging to assess simultaneous changes in brain structure and function with plasma glucose and
alternate fuel concentrations.

MRI: Establish the role of serial imaging with diffusion weighted cuts and high-resolution imaging in different layers of cortex in
infants with hypoglycemia; assess the specificity of reported magnetic resonance spectroscopy lesions to hypoglycemia; establish
longitudinal trends in imaging results in symptomatic cases of hypoglycemia; develop outcome prediction paradigms on the basis of
neuroimaging.

Improve EEG/aEEG methods for application in hypoglycemia to help correlate the findings with simultaneous plasma glucose
concentrations in the presence of comorbidities (eg, post-HIE depression, seizures, coma) and milder neurologic signs attributed to
low blood glucose.

EEG, Electroencephalography.
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