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Hyperglycemia is common in newborns requiring intensive care, particularly in preterm
infants, in sepsis and following perinatal hypoxia. The clinical significance, and optimal
intervention strategy varies with context, but hyperglycaemia is associated with increased
mortality and morbidity. The limited evidence for optimal clinical targets mean controversy
remains regarding thresholds for intervention, and management strategies. The first
consideration in the management of hyperglycaemia must be to ascertain potentially
treatable causes. Calculation of the glucose infusion rate (GIR) to insure this is not
excessive, is critical but the use of insulin is often helpful in the extremely preterm infant,
but is associated with an increased risk of hypoglycaemia. The use of continuous glucose
monitoring (CGM) has recently been demonstrated to be helpful in targeting glucose
control, and reducing the risk from hypoglycaemia in the preterm infant. Its use in other
at risk infants remains to be explored, and further studies are needed to provide a
better understanding of the optimal glucose targets for different clinical conditions. In
the future the combination of CGM and advances in computer algorithms, to provide
intelligent closed loop systems, could allow a safer and more personalized approached
to management.
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INTRODUCTION

Although in utero glucose levels are normally maintained between 4 and 6 mmol/l hyperglycaemia
is common in newborns requiring intensive care, particularly in preterm infants, in sepsis
and following perinatal hypoxia (1, 2). Transient hyperglycaemia may be a physiological
response to stress but when prolonged is associated with significant morbidity and mortality.
Hyperglycaemia has variably been defined based on absolute thresholds, as well as length of
exposure and association with glycosuria. Threshold definitions range from >7 to >13.3 mmol/l
(>126-239 mg/dl) (3-6). The most common definition is blood glucose (BG) >10 mmol/l
(180 mg/dl) (3). However, the European Society for Paediatric Gastroenterology Hepatology
and Nutrition (ESPGHAN) recommends avoiding glucose levels >8 mmol/l (145 mg/dl),
because they are associated with increasing morbidity and mortality (7). Hyperglycaemia is
most commonly seen in the extremely preterm infant in the first week of life, reports varying
between 20 and 86% (1, 8-17). However, glycaemic instability and hyperglycaemia remain in
these infants even at the time of discharge (1, 8-16). Hyperglycaemia is also prevalent in
infants following hypoxic ischaemic (HI) insults (18), associated with sepsis and in neonatal
diabetes which has recently been reviewed (19). The use of systemic steroids, inotropes, and
caffeine (20, 21), as well as stress associated with intubations can also increase glucose levels (1).
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The limited evidence for optimal clinical targets mean
controversy remains regarding thresholds for intervention
and management strategies. The first consideration in the
management of hyperglycaemia must be to ascertain potentially
treatable causes. Hyperglycaemia in the newborn may be
initially considered an acute catabolic response to stress, but
prolonged hyperglycaemia is associated with a poor prognosis.
There are numerous studies reporting its association with
increased morbidity and mortality, and there are biologically
plausible causal pathways. These include the direct effects of
hyperglycaemia per se, as well as the effect of relative insulin
deficiency. As hyperglycaemia is an easily modifiable risk factor
for poor outcomes it is important to understand potential
mechanisms of harm, and intervention strategies that could
improve outcomes.

HYPERGLYCAEMIA IN THE PRETERM
INFANT

The prevalence of hyperglycaemia is inversely related to
gestational age with extremely preterm infants at most risk.
Many preterm morbidities as well as mortality are associated
with increased hyperglycaemic exposure (22). These include
retinopathy of prematurity (23), chronic lung disease (24),
necrotizing enterocolitis (NEC) (25), hypernatraemia, and
reduced white matter in the brain at term (26). Associations are
often reduced or lost after adjusting for gestational age and birth
weight, as there is a close relationship between hyperglycaemia
and immaturity. It is similarly difficult to separate how much
hyperglycaemia is a marker of the metabolic disturbance, that
is the primary etiology for poor outcome, as opposed to
contributing itself to that causal pathway. However, even after
adjustment for gestational age, early hyperglycaemia has been
shown to be associated with an increased risk of death or sepsis,
OR 5.07 (95% CI 1.06-24.3) (27). Furthermore, hyperglycaemia
has been associated with poor growth up to 2 years of age (28, 29).
The implications of hyperglycaemia and prolonged catabolism
on longer term metabolic and neurocognitive outcomes for
preterm infants remains to be determined.

Pathogenesis of Hyperglycaemia in the

Preterm Infant
In preterm infants hyperglycaemia can be considered to
result from a combination of excess glucose delivery, counter
regulatory response to stress and infection, and the impact of
prematurity and growth restriction on insulin secretion and
sensitivity (12, 30, 31).

Central and Peripheral Glucose Insensitivity and
Insulin Resistance

In the healthy adult glucose infusions (6 mg/kg/min) completely
suppress endogenous glucose production. However, in the
preterm neonate glucose production is not suppressed in the
same way by glucose infusions. Studies in the newborn have
shown glucose levels can reach >13.9 mmol/l (250 mg/dl), or
glucose infusion rates (GIRs) >16 mg/kg/min before glucose

production is suppressed (32-34). Similarly large reductions in
the GIRs may not alter glucose production rates, when one might
anticipate it would lead to an increase in gluconeogenesis (35).
Persistent endogenous glucose production, in spite of glucose
infusion, has been shown in preterm infants even at the age 2-
5 weeks (36). This may in part be due to immature expression
of glucose transporters (GLUT), particularly glucose transporter
2 (GLUT2) and glucose transporter 4 (GLUT4). Low GLUT 2
levels in the liver may lead to lack of glucose sensitivity, and
continued hepatic glucose production (37). The less abundant
insulin sensitive tissues (adipose and skeletal muscle), and low
GLUT4 expression in muscle, may also result in reduced insulin
mediated glucose uptake in preterm infants (2, 38). Increased
levels of pro-inflammatory cytokines (tumor necrosis factor-
a, interleukin-1, interleukin-6), secondary to chorioamnionitis,
sepsis or NEC, may also lead to insulin resistance, and altered
insulin receptor signaling. Intensive care interventions, such as
the use of inotropes and corticosteroids, also increase insulin
resistance and suppress insulin secretion.

Relative Insulin Deficiency

In utero studies suggest that insulin levels increase toward
term, and immaturity of the B-cells may result in insufficient
insulin secretion (6). GLUT 2 transporters are involved in
glucose stimulated insulin secretion from the pancreas, but fetal
pancreatic B cells do not express GLUT 2 until 7 months (39, 40),
impacting on the B cell’s response to hyperglycaemia (32). In
the preterm infant the insulin secretory response to glucose is
reduced compared with the term infant, but increases postnatally
over a number of weeks (41). Preterm infants are often also
growth restricted, and this is associated with reduced B cell
mass (42, 43). However, these changes are dependent on the
model and timing of growth restriction (44, 45). The levels of
proinsulin (a less active precursor to insulin), are high in preterm
neonates, suggesting that the processing of proinsulin in p-cells is
partially defective. This relative insulin deficiency may contribute
to reduced insulin like growth factor 1 (IGF-I) generation, with
further impacts on metabolism and growth.

Feeding and Incretins

Incretins play an important role in augmenting insulin secretion
in adults (46, 47), and the delay in enteral feeding of preterm
infants means the normal stimulation of incretins does not occur
(48). In the preterm infant glucose control often improves once
enteral feeds have been established, but even when enteral feeds
are given, preterm infants do not demonstrate an equivalent
incretin response compared to that seen in term infants (49).

Clinical Consequences of Hyperglycaemia

An initial counter regulatory response and transient
hyperglycaemia may be beneficial in acute stress, and may be
considered physiological. However, prolonged hyperglycaemia
in critical illness has been associated with poor prognosis.
Furthermore, for the preterm infant, the period from birth to
term is a critical period of development, and even shorter periods
of hyperglycaemia may be harmful. It remains unclear as to
whether harmful effects of dysglycaemia are mediated by the
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primary effects of hyperglycaemia per se, or the effects of relative
insulin deficiency, with both potentially having short and long
term clinical consequences.

Primary Role of Hyperglycaemia

Hyperglycaemia is harmful to cells and can lead to an over
expression of insulin independent glucose transporters (GLUT-
1, GLUT-2, and GLUT 3), which leads to an increase in
glucose uptake by endothelial, hepatic, immune, and nerve cells
(50). Glucose overload can cause an increased generation of
oxygen free radicals, which can cause mitochondrial dysfunction
and increased apoptosis. Hyperglycaemia also impairs leukocyte
phagocytic function, decreases complement function, increases
pro-inflammatory cytokines, and impairs neutrophil chemotaxis,
all leading to an increased susceptibility to infections (51-54).

Independent manipulation of BG and insulin levels in an
animal model of hyperglycaemia (burn injured parenterally
fed rabbit), demonstrated survival to be better in the
normoglycaemic groups (89% verses those with hyperglycaemia
53-64%) (55). Recent data have also shown a causal pathway
linking hyperglycaemia to an increased risk of microbial gut
translocation in both animal models and adult studies (56).
Persistent hyperglycaemia has been associated with NEC, OR
9.49 (95% CI 1.52-59.3) and infection, OR 3.79 (1.40-10.20)
(1, 25, 27) which are two major causes of mortality and morbidity
for preterm infants (57, 58).

Hyperglycaemia can lead to an osmotic diuresis,
hypernatraemia, and electrolyte imbalance and has been
associated with intraventricular hemorrhage (IVH) (25, 59, 60).
More significant may be the impact of hyperglycaemic on
nervous system development and injury in animal models
(61). Hyperglycaemia increases central nervous system
permeability, oxidative stress, and leads to microglia activation
and astrocytosis, as well as regulation of DNA repair mechanisms,
compromising neuronal and glial cell integrity (62). This can
lead to long-term changes in synaptogenesis and behavior (63).
Clinical correlates include the finding in a cohort of extremely
preterm infants that hyperglycaemia >8.3 mmol/L(150 mg/dl)
on the first day of life was an independent risk factor for
white matter reduction on term MRI (26). Increased BG
concentrations have also been associated with decreased total
absolute band power on EEG, a measure expressing background
brain activity, and associated with long term outcomes (64).
A large retrospective study, (including 443 preterm infants)
showed hyperglycaemia to be associated with lower survival
without neurodevelopmental disability at 2 years of age, but this
did not remain significant after adjusting for gestational age,
birth weight z-score, and socioeconomic status (65). However,
the close relationship between hyperglycaemia and gestational
age make separation of the causal effect of hyperglycaemia from
that of immaturity challenging. Data in press from the Swedish
EXPRESS cohort shows that hyperglycaemia is associated with
worse motor outcomes in early childhood (after multivariate
adjustment). Further long term follow up studies are required
to explore the long term impact of hyperglycemia per se, and
different management strategies.

Impact of Relative Insulin Deficiency

Hyperglycaemia may also be considered a marker of relative
insulin deficiency, and this may have independent effects to those
of hyperglycaemia. In both animal and human models insulin
has been shown to improve innate immunity, and to suppress
pro-inflammatory products, whilst increasing anti-inflammatory
cytokines (66-70). Insulin deficiency may be associated with
reduced expression of nitric oxide synthase (iNOS), and insulin
may be protective by prevention of excess nitric oxide release.
Insulin can also improve cardiac function (55), and in patients
post myocardial infarction and in sepsis, the combination of
glucose and insulin infusion improves cardiac function (71).
Insulin infusions can reduce proteolysis, and in burns have a
positive impact on protein synthesis and wound healing (72-
74). Relative insulin deficiency can also lead to low IGF-I levels,
which can be detrimental, as IGF-I is an important mediator of
growth in the neonatal period. Starvation and critical illness lead
to suppression of IGF-I levels, and IGF-I administration has been
shown to increase nitrogen balance in catabolic states (75, 76).
IGF-I is also an important growth factor influencing perinatal
pancreatic development, with low levels leading to increased
apoptosis, and potentially resulting in reduced P-cell mass.
Therefore, insulin deficiency has implications in the preterm
infants for growth, as well as longer term metabolic health.

Clinical Interventions for the Management

of Hyperglycaemia

Thresholds for intervention remain controversial, but the recent
ESPGHAN and ASPEN guidelines clearly advise avoiding glucose
levels >8 mmol/l (145 mg/dl) (7), or >83 mmol/l (150
mg/dl) (77, 77). Approaches to management should always
involve reviewing the context of hyperglycaemia, with particular
consideration as to whether there is evidence for acute illness,
such as infection which requires treatment. Limitation of
excess glucose intake should then be considered, and insulin
used in the context of wishing to maintain postnatal growth
when appropriate (4). Simply increasing calorie intake may be
detrimental (14), but optimizing amino acid intakes and the use
of insulin has the theoretical potential to improve lean body mass,
and pancreatic function (78). The potential benefits of insulin
however need to be balanced with the risks of hypoglycaemia,
and therefore careful monitoring of glucose levels should be
undertaken on any infant on insulin.

The Importance of Parenteral Nutrition

The relationship between glucose infusions and hyperglycaemia
is not consistent. Some studies have shown a direct positive
relationship between GIRs and risk of hyperglycamia, other
studies have not found such a clear relationship (1, 20, 60, 79, 80).
Differences may relate to the rates of glucose being infused,
with excess rates clearly associated with hyperglycaemia, but the
impact of lower rates of glucose infusion more nuanced. At
lower GIRs the influence of differences in other components of
parenteral nutrition (PN) may play an important role. Amino
acids stimulate insulin secretion, and low plasma arginine
levels have been associated with hyperglycaemia (81). Neonates
receiving amino acid infusions in addition to glucose have
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higher insulin levels (82). A Cochrane meta-analysis concluded
that higher amino acid intake in PN was associated with a
reduction in hyperglycaemia. Therefore, reducing PN al intake
may be counterproductive, if it reduces amino acid intake along
with glucose load. One study that reported on the impact of
a change in clinical practice, aimed at limiting dextrose intake
(to minimum of 4 mg/kg/min), demonstrated a reduction in
the prevalence of hyperglycaemia, use of insulin and mortality.
However, total protein and energy intakes were also higher after
the intervention, which cannot therefore be viewed as a simple
intervention on dextrose intake (83). Lipid infusions may have a
beneficial effect, by reducing the glucose load whilst maintaining
energy intakes, they can reduce the prevalence of hyperglycaemia
(84). However, in excess or in acute illness, lipids have been
reported to contribute to hyperglycaemia (85).

A single center study in Norway showed implementation
of an enhanced PN protocol was associated with an increased
prevalence of severe hyperglycaemia, and higher mortality (14).
However, in the multivariate analysis, the enhanced PN regimen
per se was not predictive of mortality, it was the early severe
hyperglycaemia that was the strongest risk factor for death.
After adjusting for potential confounding variables, early severe
hyperglycaemia was an independent risk factor for death (OR,
4.68; 95% CI, 1.82-12.03), greater than that of gestational age
(odds ratio, 0.62; 95% CI, 0.49-0.79). Attempts to reduce the
prevalence of hyperglycaemia, by controlling glucose intake, have
included the use of continuous glucose monitoring (CGM) (86).
In this study, glucose delivery was determined by a computer
guided GIR that was supported by either real time CGM
(intervention), or intermittent BG levels (control). Those in the
intervention arm (using CGM), showed an increased median
time in target (72-144 mg/dL, 4-8 mmol/l), of 84% compared
to 68% in controls.

There are good reasons to ensure that excess glucose delivery
is avoided, as exceeding maximum glucose oxidation rates can
cause increased carbon dioxide production, lipogenesis and fat
deposition including liver steatosis (87). High rates of glucose
infusion and hyperglycaemia can themselves lead to increased
insulin resistance and endogenous glucose production (88). In
appropriately grown preterm newborns the maximum rate of
glucose oxidation has been estimated to be 6-8 mg/kg/min,
compared to term infants, and infants on long term PN where
maximum glucose oxidation rates are 12 mg/kg/min (89). When
determining glucose requirements, and optimal management for
hyperglycaemia it is important to consider the metabolic phase
of illness. During the acute phase of critical illness, such as
sepsis, increasing glucose and nutritional intake will not promote
anabolism and may be detrimental (90). In contrast, in a more
stable preterm infant, where growth and anabolism are the
priority, the approach to hyperglycaemia would normally be to
favor optimizing nutritional delivery. ESPGHAN recommend
parenteral glucose intake of 4-8 mg/kg/min on day 1 (and
during any subsequent acute illness such as infection), rising
to 8-10 mg/kg/min over the subsequent 2-3 days to allow
for growth (7). Both ESPGHAN and the American Society for
Parenteral and Enteral Nutrition recommends maintaining GIRs
(<12 mg/kg/min), but not reducing to <4 mg/kg/min (77). If

hyperglycaemia persists (>10 mmol/l, 180 mg/dL), it is then
recommended that insulin treatment should be started (7).

The Role of Insulin

A number of small single center studies suggest that the use of
insulin can help to maintain nutritional intake. These studies
showed that infants who were hyperglycaemic, and randomized
to treatment with insulin, tolerated higher GIRs, and had greater
weight gain, in comparison to those treated with reduced
glucose intake, who remained catabolic for longer (91-97). These
findings may be related to a decrease in proteolysis, but also
protein synthesis. One small study raised concern that insulin
infusions significantly increased lactic acidosis, and did not
impact on protein synthesis. However, this study infused high
rates of glucose (14-17 mg/kg/min) without the infusion of any
amino acids (98).

There are limited data from larger interventional studies in
the preterm newborn. The NIRTURE Trial, a large multicentre
randomized controlled trial used early insulin treatment prior
to the onset of hyperglycaemia, with the aim of promoting
anabolism. The trial did not demonstrate benefits and was
stopped early on the grounds of futility. The study was important
though in highlighting the high prevalence of clinically “silent”
hypoglycaemia in both study arms. These data were achieved
by uniquely collecting data on glycaemic exposure using CGM
(blinded to the clinical team) and raised concerns about the
challenges of insulin treatment (13).

The use of insulin to achieve “tight” glucose control has been
widely debated since the landmark paper of van den Berghe
which showed dramatic improvements in adult intensive care
outcomes in patients randomized to tight glucose control (99).
Many studies trying to replicate the positive findings of this
study have raised concerns about, or been stopped early, due
to the risk of severe hypoglycamiaemia (100, 101). The largest
adult study showed increased risk of death in the intensive study
arm (OR 1.14; 95% CI 1.02-1.28; P = 0.02), but highlighted
the association of hypoglycaemia with mortality (102). In this
context tight glucose control refers to glucose levels being
maintained within a much narrower “normoglycaemic” range
(typically 4-6 mmol/l), than standard care which aims to prevent
hyperglycaemia (typically >8-10 mmol/l). Further differences
between studies have been highlighted including: underlying
reason for patients requiring intensive care, ability to achieve
target levels of control and the early use of PN (103, 104). The
use of PN having been shown, more recently, to be harmful, in
adult and PICU. Preplanned analyses in these studies showing
harmful effects being related to aminoacids, but not glucose or
lipids (105). There are important differences in the preterm infant
in NICU, compared with the adult in ITU, in relation to the
importance of growth on survival, and differences in prevention
of hyperglycaemia compared to tight glucose control.

The HINT trial is the only trial to explore tight glycaemic
control in preterm infants. In this study the intervention arm
“tight control” targeted glucose levels of 4-6 mmol/L (72-108
mg/dL), compared to the unit standard of care which was 8-
10 mmol/L (144-180 mg/dL). The study showed high rates of
hypoglycaemia in both study arms and variable effects on growth
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parameters (106). The study reported no overall effect on survival
without neurodevelopmental delay, intelligence scores or motor
skills at seven years of age, although there was beneficial effect
in those who actually reached the target of 4-6 mmol/L (72—
108 g/dL), but power was limited for assessing such outcomes.
The effects of hypoglycaemia also had the potential for masking
any effects of prevention of hyperglycaemia. More recently
a large study from the National Swedish EXPRESS Cohort
demonstrated, insulin treatment of hyperglycaemia in the first 28
days of life, was associated with lower 28- and 70-day mortality
(17). However, in this retrospective study there were no clear
criteria either for starting or modifying insulin therapy, or fixed
glucose target within the different study sites.

Challenges in insulin treatment in preterm babies relate to the
combination of rapidly changing insulin sensitivity, the difficulty
of consistent insulin delivery, and the low frequency of glucose
monitoring. Hyperglycaemia itself causes insulin resistance
and following increasing insulin to regain normoglycaemia,
insulin requirements often fall, and this increases the risk of
hypoglycaemia (13). Insulin is easily adsorbed onto intravenous
lines, and the use of large volume syringes for delivery at
small infusion rates makes insulin delivery unpredictable (107,
108). Monitoring of glucose levels in preterm infants is often
infrequent, and studies using CGM have shown that real time
CGM alone, or in combination with computer algorithms, has
the potential to reduce the prevalence of hyperglycaemia without
increasing the risk of hypoglycaemia (91, 109). Furthermore,
a recent international multicentre trial has demonstrated that
the use of CGM in preterm infants can safely support the
targeting of glucose control without causing hypoglycaemia, and
is cost effective (110, 111). However, optimal target glucose levels
remain to be determined.

Hypoxic Ischaemic Encephalopathy

Both hyperglycaemia and hypoglycaemia are common in babies
following perinatal HI insult. The etiology of hyperglycaemia
following HI, in comparison with that of the preterm infant,
is predominantly driven by the effects of stress hormones
and tissue damage from hypoxia. Although hypoglycaemia has
traditionally been considered a more significant risk, there is
increasing evidence that hyperglycaemia is a modifiable mediator
of long-term morbidity (18). Hyperglycaemia is reported in
50% of babies using intermittent BG testing, and CGM has
revealed that exposure to hyperglycaemia is often more frequent
and prolonged (112, 113). Pediatric intensive care studies have
also shown longer duration, higher peak glucose levels, and
increased glucose variability are all associated with mortality and
morbidity (114).

In the analyses of the cool cap study, a multicenter trial
of cooling for HIE, hyperglycaemia was confirmed as an
independent risk factor for poor outcomes at 18 months (18).
Further post-hoc analyses, after adjusting for Sarnat stage and
5min Apgar score, only hyperglycaemic infants randomized
to hypothermia had reduced risk of death and/or severe
neurodevelopmental disability at 18 months (adjusted risk ratio:
0.80, 95% CI 0.66-0.99). This suggests that early glycaemic
profile in infants with moderate-to-severe HIE identifies those

at most risk of multi-organ dysfunction and most likely
to benefit from therapeutic hypothermia (115). In neonates
with encephalopathy, even after adjusting for hypoxia-ischemia
severity, epochs of hyperglycaemia were associated with worse
neural injury, as well as global brain function and seizures
(116, 117). Whether hyperglycaemia causes neuronal injury
or is simply a marker of severe brain injury is yet to be
determined (116, 117).

Many potential causal mechanisms have been implicated
in infants with HIE: dyslipidemia, inflammatory cytokine
production, endothelial dysfunction, hypercoagulation, glucose
toxicity, increased cellular apoptosis, and over-production of
superoxide. However, there are potential differences in impact
related to maturity of the newborn nervous system compared
to similar ischaemic injuries in adults (118). Deleterious
effects on the nervous system may be related to increased
hyperglycaemia-induced blood-brain barrier permeability,
oxidative stress, and microglia activation, which compromise
neuronal and glial cell integrity (62, 119). However, optimal
glucose targets for infants following HI encephalopathy remain
to be determined.

CONCLUSION

Hyperglycaemia is common in newborns requiring intensive
care, particularly in preterm infants, and following perinatal
hypoxia. The pathogenesis and clinical significance varies in
each context, but hyperglycaemia is associated with increased
mortality and morbidity. The limited evidence for optimal
targets that impact on long term outcomes mean controversy
remains regarding thresholds for intervention, and management
strategies. The optimal glucose targets for infants during
the acute phase of critical illness are likely to differ from
those in a more stable state, when trying to achieve growth
and anabolism. The first consideration in the management
of hyperglycaemia must be to ascertain potentially treatable
causes, followed by calculation of the GIR, to ensure it
is not excessive. In term infants who are acutely unwell,
restricting GIRs is likely to be more appropriate, whereas in
stable extremely preterm infants where growth is considered a
primary objective, one might prioritize nutritional intake with
addition of insulin (4). Optimal target glucose levels remain
to be determined but real-time glucose measurements and
innovations in metabolomics will provide a better understanding
of pathological mechanisms. This understanding, combined
with real time CGM and advances in computer algorithms
to provide intelligent closed loop systems, should allow a
safer and more personalized approached to management in
the future.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

Frontiers in Pediatrics | www.frontiersin.org

July 2021 | Volume 9 | Article 641306


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Beardsall Hyperglycaemia in the Preterm Infant
FUNDING ACKNOWLEDGMENTS

KB has been supported by funding from the National Institutefor I wish to acknowledge and thank all the families
Health Research EME Program and supported by The National ~ and  clinical  teams  that have  supported  our
Institute for Health Research Cambridge Biomedical Research ~ studies. We would also like to acknowledge the

Centre and the Cambridge Clinical Trials Unit, and through
the Portfolio from NIHR CRN Eastern. Studies have been
undertaken with donations of equipment from Medtronic and
Nova Biomedical. Neither Medtronic nor Nova Biomedical have
had any role in preparation of this manuscript.

REFERENCES

1. Beardsall K, Vanhaesebrouck S, Ogilvy-Stuart AL, Vanhole C, Palmer CR,
Ong K, et al. Prevalence and determinants of hyperglycemia in very low
birth weight infants: cohort analyses of the NIRTURE study. ] Pediatr. (2010).
157:715.e1-3-9.e1-3. doi: 10.1016/j.jpeds.2010.04.032

2. Ogata ES. Carbohydrate homeostasis. In: Avery GB, Fletcher MA,
MacDonald MG, editors. Neonatology Pathophysiology and Management of
the Newborn. 5th ed. Philadelphia. PA: Lippincott Williams & Wilkins (1999).
p. 699-714,

3. Alsweiler JM, Kuschel CA, Bloomfield FH. Survey of the management of
neonatal hyperglycaemia in Australasia. ] Paediatr Child Health. (2007)
43:632-5. doi: 10.1111/j.1440-1754.2007.01158.x

4. Morgan C. The potential risks and benefits of insulin treatment in
hyperglycaemic preterm neonates. Early Hum Dev. (2015) 91:655-
9. doi: 10.1016/j.earlhumdev.2015.08.011

5. Economides DL. Nicolaides KH. Blood glucose and oxygen tension levels
in small-for-gestational-age fetuses. Am J Obstet Gynecol. (1989) 160:385—
9. doi: 10.1016/0002-9378(89)90453-5

6. Economides DL, Proudler A. Nicolaides KH. Plasma insulin in appropriate-
and small-for-gestational-age fetuses. Am J Obstet Gynecol. (1989) 160:1091—-
4. doi: 10.1016/0002-9378(89)90167-1

7. Mesotten D, Joosten K, van Kempen A, Verbruggen S,
ESPGHAN/ESPEN/ESPR/CSPEN working group on pediatric parenteral
nutrition. ESPGHAN/ESPEN/ESPR/CSPEN  guidelines on pediatric
parenteral nutrition: carbohydrates. Clin  Nutr. (2018). 37(6Pt
B):2337-43. doi: 10.1016/j.cInu.2018.06.947

8. Ng SM, May JE, Emmerson AJ. Continuous insulin infusion in
hyperglycaemic extremely-low-birth-weight neonates. Biol Neonate.
(2005) 87:269-72. doi: 10.1159/000083863

9. Hey E. Hyperglycaemia and the very preterm baby. Semin Fetal Neonatal
Med. (2005) 10:377-87. doi: 10.1016/j.siny.2005.04.008

10. Louik C, Mitchell AA, Epstein MF, Shapiro S. Risk factors for neonatal
hypeglycaemia associated with 10% dextrose infusion. AJDC. (1985)
139:783-6. doi: 10.1001/archpedi.1985.02140100045025

11. Beardsall K. Measurement of glucose levels in the newborn. Early Hum Dev.
(2010) 86:263-7. doi: 10.1016/j.earlhumdev.2010.05.005

12. Mitanchez-Mokhtari D, Lahlou N, Kieffer F, Magny JF, Roger M, Voyer M.
Both relative insulin resistance and defective islet beta-cell processing of
proinsulin are responsible for transient hyperglycemia in extremely preterm
infants. Pediatrics. (2004) 113:537-41. doi: 10.1542/peds.113.3.537

13. Beardsall K, Vanhaesebrouck S, Ogilvy-Stuart AL, Vanhole C, Palmer CR,
van Weissenbruch M, et al. Early insulin therapy in very-low-birth-weight
infants. N Engl ] Med. (2008) 359:1873-84. doi: 10.1056/NEJM0a0803725

14. Stensvold HJ, Strommen K, Lang AM, Abrahamsen TG, Steen EK, Pripp
AH, et al. Early enhanced parenteral nutrition, hyperglycemia, and death
among extremely low-birth-weight infants. JAMA Pediatr. (2015) 169:1003—
10. doi: 10.1001/jamapediatrics.2015.1667

15. Pertierra-Cortada A, Ramon-Krauel M, Iriondo-Sanz M, Iglesias-Platas I.
Instability of glucose values in very preterm babies at term postmenstrual
age. ] Pediatr. (2014). 165:1146.e2-53.¢2. doi: 10.1016/j.jpeds.2014.08.029

support of the National Institute for Health Research EME
Program and The National Institute for Health Research
Cambridge Biomedical Research Centre, and the Evelyn
Trust Cambridge without whom our studies would not have
been possible.

16. Mola-Schenzle E, Staffler A, Klemme M, Pellegrini E Molinaro G,
Parhofer KG, et al. Clinically stable very low birthweight infants are at
risk for recurrent tissue glucose fluctuations even after fully established
enteral nutrition. Arch Dis Child Fetal Neonatal Ed. (2015) 100:F126-
31. doi: 10.1136/archdischild-2014-306168

17. Zamir I, Tornevi A, Abrahamsson T, Ahlsson F Engstrom E,
Hallberg B, Hyperglycemia in extremely preterm infants-
insulin treatment, mortality and nutrient intakes. ] Pediatr. (2018).
200:104.e1-10.e1. doi: 10.1016/j.jpeds.2018.03.049

18. Basu SK, Kaiser JR, Guffey D, Minard CG, Guillet R, Gunn AJ, et
al. Hypoglycaemia and hyperglycaemia are associated with unfavourable
outcome in infants with hypoxic ischaemic encephalopathy: a post hoc
analysis of the CoolCap Study. Arch Dis Child Fetal Neonatal Ed. (2016)
101:F149-55. doi: 10.1136/archdischild-2015-308733

19. Beltrand J, Busiah K, Vaivre-Douret L, Fauret AL, Berdugo M,
Cave H, et al. Neonatal diabetes mellitus. Front Pediatr. (2020)
8:540718. doi: 10.3389/fped.2020.540718

20. Fernandez-Martinez MDM, Gomez-Llorente JL, Momblan-Cabo ], Martin-
Gonzalez M, Calvo-Bonachera M, Olvera-Porcel M, et al. Monitoring the
incidence, duration and distribution of hyperglycaemia in very-low-birth-
weight newborns and identifying associated factors. J Perinat Med. (2020)
48:631-7. doi: 10.1515/jpm-2020-0074

21. Doyle LW, Cheong JL, Ehrenkranz RA, Halliday HL. Early (< 8 days)
systemic postnatal corticosteroids for prevention of bronchopulmonary
dysplasia in preterm infants. Cochrane Database Syst Rev. (2017)
10:CD001146. doi: 10.1002/14651858.CD001146.pub5

22. Auerbach A, Eventov-Friedman S, Arad I, Peleg O, Bdolah-Abram T, Bar-
Oz B, et al. Long duration of hyperglycemia in the first 96 hours of life
is associated with severe intraventricular hemorrhage in preterm infants. J
Pediatr. (2013) 163:388-93. doi: 10.1016/j.jpeds.2013.01.051

23. Garg R, Agthe AG, Donohue PK, Lehmann CU. Hyperglycemia and
retinopathy of prematurity in very low birth weight infants. J Perinatol.
(2003) 23:186-94. doi: 10.1038/sj.jp.7210879

24. Beardsall K, Vanhaesebrouck S, Frystyk J, Ogilvy-Stuart AL, Vanhole C, van
Weissenbruch M, et al. Relationship between insulin-like growth factor I
levels, early insulin treatment, and clinical outcomes of very low birth weight
infants. J Pediatr. (2014). 164:1038.e1-44.e1. doi: 10.1016/j.jpeds.2013.12.046

25. Hays SP, Smith EO, Sunehag AL. Hyperglycemia is a risk factor for early
death and morbidity in extremely low birth-weight infants. Pediatrics. (2006)
118:1811-8. doi: 10.1542/peds.2006-0628

26. Alexandrou G, Skiold B, Karlen ], Tessma MK, Norman M, Aden U, et al.
Early hyperglycemia is a risk factor for death and white matter reduction in
preterm infants. Pediatrics. (2010) 125:e584-91. doi: 10.1542/peds.2009-0449

27. Kao LS, Morris BH, Lally KP, Stewart CD, Huseby V, Kennedy KA.
Hyperglycemia and morbidity and mortality in extremely low birth weight
infants. ] Perinatol. (2006) 26:730-6. doi: 10.1038/sj.jp.7211593

28. Ramel SE, Long JD, Gray H, Durrwachter-Erno K, Demerath EW, Rao R.
Neonatal hyperglycemia and diminished long-term growth in very low birth
weight preterm infants. ] Perinatol. (2013) 33:882-6. doi: 10.1038/jp.2013.77

29. Scheurer JM, Gray HL, Demerath EW, Rao R, Ramel SE. Diminished
growth and lower adiposity in hyperglycemic very low birth weight

et al

Frontiers in Pediatrics | www.frontiersin.org

July 2021 | Volume 9 | Article 641306


https://doi.org/10.1016/j.jpeds.2010.04.032
https://doi.org/10.1111/j.1440-1754.2007.01158.x
https://doi.org/10.1016/j.earlhumdev.2015.08.011
https://doi.org/10.1016/0002-9378(89)90453-5
https://doi.org/10.1016/0002-9378(89)90167-1
https://doi.org/10.1016/j.clnu.2018.06.947
https://doi.org/10.1159/000083863
https://doi.org/10.1016/j.siny.2005.04.008
https://doi.org/10.1001/archpedi.1985.02140100045025
https://doi.org/10.1016/j.earlhumdev.2010.05.005
https://doi.org/10.1542/peds.113.3.537
https://doi.org/10.1056/NEJMoa0803725
https://doi.org/10.1001/jamapediatrics.2015.1667
https://doi.org/10.1016/j.jpeds.2014.08.029
https://doi.org/10.1136/archdischild-2014-306168
https://doi.org/10.1016/j.jpeds.2018.03.049
https://doi.org/10.1136/archdischild-2015-308733
https://doi.org/10.3389/fped.2020.540718
https://doi.org/10.1515/jpm-2020-0074
https://doi.org/10.1002/14651858.CD001146.pub5
https://doi.org/10.1016/j.jpeds.2013.01.051
https://doi.org/10.1038/sj.jp.7210879
https://doi.org/10.1016/j.jpeds.2013.12.046
https://doi.org/10.1542/peds.2006-0628
https://doi.org/10.1542/peds.2009-0449
https://doi.org/10.1038/sj.jp.7211593
https://doi.org/10.1038/jp.2013.77
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Beardsall

Hyperglycaemia in the Preterm Infant

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

neonates at 4 months corrected age. ] Perinatol. (2016) 36:145-
50. doi: 10.1038/jp.2015.154

Mitanchez D. Glucose regulation in preterm newborn infants. Horm Res.
(2007) 68:265-71. doi: 10.1159/000104174

Sinclair JC, Bottino M, Cowett RM. Interventions for prevention of neonatal
hyperglycemia in very low birth weight infants. Cochrane Database Syst Rev.
(2011) 2011:CD007615. doi: 10.1002/14651858.CD007615.pub3

Cowett RM, Oh W, Schwartz R. Persistent glucose production
during glucose infusion in the neonate. ] Clin Invest. (1983)
71:467-75. doi: 10.1172/JCI110791

Farrag H, Nawrath L, Healey ], Dorcus E, Rapoza R, Oh W, et
al. Persistent glucose production and greater peripheral sensitivity to
insulin in the neoante vs the adult. Am ] Physiol. (1997). 272:E86-
93. doi: 10.1152/ajpendo.1997.272.1.E86

Chacko SK, Sunehag AL. Gluconeogenesis continues in premature infants
receiving total parenteral nutrition. Arch Dis Child Fetal Neonatal Ed. (2010)
95:F413-8. doi: 10.1136/adc.2009.178020

Chacko SK, Ordonez ], Sauer PJ, Sunehag AL. Gluconeogenesis is not
regulated by either glucose or insulin in extremely low birth weight
infants receiving total parenteral nutrition. ] Pediatr. (2011) 158:891-
6. doi: 10.1016/j.jpeds.2010.12.040

Cowett RM, Andersen GE, Maguire CA, Oh W. Ontogeny of glucose
homeostasis in low birth weight infants. ] Pediatr. (1988) 112:462—
5. doi: 10.1016/S0022-3476(88)80337-8

Lane RH, Crawford SE, Flozak AS, Simmons RA. Localization
and quantification of glucose transporters in liver of growth-
retarded fetal and neonatal rats. Am ] Physiol. (1999) 276:E135-
42. doi: 10.1152/ajpend0.1999.276.1.E135

Santalucia T, Camps M, Castello A, Munoz P, Nuel A, Testar X,
et al. Developmental regulation of GLUT-1 (erythroid/Hep G2) and
GLUT-4 (muscle/fat) glucose transporter expression in rat heart, skeletal
muscle, and brown adipose tissue. Endocrinology. (1992) 130:837-
46. doi: 10.1210/endo.130.2.1370797

Richardson CC, Hussain K, Jones PM, Persaud S, Lobner K, Boehm A,
et al. Low levels of glucose transporters and K+ATP channels in human
pancreatic beta cells early in development. Diabetologia. (2007) 50:1000—
5. doi: 10.1007/s00125-007-0644-x

Permutt MA, Koranyi L, Keller K, Lacy PE, Scharp DW, Mueckler
M. Cloning and functional expression of a human pancreatic islet
glucose-transporter ¢cDNA. Proc Natl Acad Sci USA. (1989) 86:8688-
92. doi: 10.1073/pnas.86.22.8688

King RA, Smith RM, Dahlenburg GW. Long term postnatal development
of insulin secretion in early premature infants. Early Hum Dev. (1986)
13:285-94. doi: 10.1016/0378-3782(86)90062-9
Garofano A, Czernichow P, Breant B. In
impairs rat beta-cell development. Diabetologia.
4. doi: 10.1007/s001250050812

Limesand SW, Rozance PJ, Zerbe GO, Hutton JC, Hay WW Jr.
Attenuated insulin release and storage in fetal sheep pancreatic islets
with intrauterine growth restriction. Endocrinology. (2006) 147:1488-
97. doi: 10.1210/en.2005-0900

Alvarez C, Martin MA, Goya L, Bertin E, Portha B, Pascual-Leone AM.
Contrasted impact of maternal rat food restriction on the fetal endocrine
pancreas. Endocrinology. (1997) 138:2267-73. doi: 10.1210/endo.138.6.5202
Beringue F, Blondeau B, Castellotti MC, Breant B, Czernichow P, Polak
M. Endocrine pancreas development in growth-retarded human fetuses.
Diabetes. (2002) 51:385-91. doi: 10.2337/diabetes.51.2.385

Holst JJ, Gromada J. Role of incretin hormones in the regulation of insulin
secretion in diabetic and nondiabetic humans. Am ] Physiol Endocrinol
Metab. (2004) 287:E199-206. doi: 10.1152/ajpendo.00545.2003

Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP.
Gastroenterology. (2007) 132:2131-57. doi: 10.1053/j.gastro.2007.03.054
Aynsley-Green ~ A.  The endocrinology —of feeding in the
newborn.  Baillieres  Clin  Endocrinol ~ Metab.  (1989)  3:837-
68. doi: 10.1016/S0950-351X(89)80056-4

Lucas A, Bloom SR, Aynsley-Green A. Metabolic and endocrine events at the
time of the first feed of human milk in preterm and term infants. Arch Dis
Child. (1978) 53:731-6. doi: 10.1136/adc.53.9.731

utero undernutrition
(1997) 40:1231-

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Van den Berghe G. How does blood glucose control with insulin save lives in
intensive care? J Clin Invest. (2004) 114:1187-95. doi: 10.1172/JCI23506
Marik  PE, Raghavan M.  Stress-hyperglycemia,
immunomodulation in  sepsis. Intensive  Care
30:748-56. doi: 10.1007/s00134-004-2167-y

Nielson CP, Hindson DA. Inhibition of polymorphonuclear leukocyte
respiratory burst by elevated glucose concentrations in vitro. Diabetes. (1989)
38:1031-5. doi: 10.2337/diabetes.38.8.1031

Vanhorebeek I, De Vos R, Mesotten D, Wouters PJ, De Wolf-Peeters C, Van
den Berghe G. Protection of hepatocyte mitochondrial ultrastructure and
function by strict blood glucose control with insulin in critically ill patients.
Lancet. (2005) 365:53-9. doi: 10.1016/S0140-6736(04)17665-4

Turina M, Fry DE, Polk HC. Jr. Acute hyperglycemia and the innate immune
system: clinical, cellular, and molecular aspects. Crit Care Med. (2005)
33:1624-33. doi: 10.1097/01.CCM.0000170106.61978.D8

Ellger B, Debaveye Y, Vanhorebeek I, Langouche L, Giulietti A, Van Etten E,
et al. Survival benefits of intensive insulin therapy in critical illness: impact of
maintaining normoglycemia versus glycemia-independent actions of insulin.
Diabetes. (2006) 55:1096-105. doi: 10.2337/diabetes.55.04.06.db05-1434
Thaiss CA, Levy M, Grosheva I, Zheng D, Soffer E, Blacher E, et al.
Hyperglycemia drives intestinal barrier dysfunction and risk for enteric
infection. Science. (2018) 359:1376-83. doi: 10.1126/science.aar3318

Hall NJ, Peters M, Eaton S, Pierro A. Hyperglycemia is associated
with increased morbidity and mortality rates with
necrotizing enterocolitis. J Pediatr Surg. (2004). 39:898-901; discussion
898-901. doi: 10.1016/j.jpedsurg.2004.02.005

Fanaroff AA, Korones SB, Wright LL, Verter J, Poland RL, Bauer CR, et
al. Incidence, presenting features, risk factors and significance of late onset
septicemia in very low birth weight infants. The National Institute of Child
Health and Human Development Neonatal Research Network. Pediatr Infect
Dis J. (1998) 17:593-8. doi: 10.1097/00006454-199807000-00004

Finberg L. Dangers to infants caused by changes in osmolal concentration.
Pediatrics. (1967) 40:1031-4.

Dweck HS, Cassady G. Glucose intolerance in infants of very low birth
weight. I. Incidence of hyperglycemia in infants of birth weights 1,100 grams
or less. Pediatrics. (1974) 53:189-95.

Tayman C, Yis U, Hirfanoglu I, Oztekin O, Goktas G, Bilgin BC. Effects of
hyperglycemia on the developing brain in newborns. Pediatr Neurol. (2014)
51:239-45. doi: 10.1016/j.pediatrneurol.2014.04.015

Sonneville R, Vanhorebeek I, den Hertog HM, Chretien F Annane D,
Sharshar T, et al. Critical illness-induced dysglycemia and the brain. Intensive
Care Med. (2015) 41:192-202. doi: 10.1007/s00134-014-3577-0

Satrom KM, Ennis K, Sweis BM, Matveeva TM, Chen J, Hanson
L, et al. Neonatal hyperglycemia induces CXCL10/CXCR3 signaling
and microglial activation and impairs long-term synaptogenesis in the
hippocampus and alters behavior in rats. J Neuroinflammation. (2018)
15:82. doi: 10.1186/s12974-018-1121-9

Schumacher EM, Larsson PG, Pripp AH, Stiris TA. The effect of blood
glucose and pCO2 on spectral EEG of premature infants during the first three
days of life. Neonatology. (2014) 105:297-305. doi: 10.1159/000357291

van der Lugt NM, Smits-Wintjens VE, van Zwieten PH, Walther
FJ. Short and long term outcome of neonatal hyperglycemia in
very preterm infants: a retrospective follow-up study. BMC Pediatr.
10:52. doi: 10.1186/1471-2431-10-52

Jeschke MG, Klein D, Thasler WE, Bolder U, Schlitt HJ, Jauch

and
(2004)

insulin
Med.

in neonates

KW, et al. Insulin decreases inflammatory signal transcription
factor expression in primary human liver cells after LPS
challenge. Mol Med. (2008) 14:11-9. doi: 10.2119/2007-00062.
Jeschke

Leffler M, Hrach T, Stuerzl M, Horch RE, Herndon DN, Jeschke
MG. Insulin attenuates apoptosis and exerts anti-inflammatory effects
in endotoxemic human macrophages. J Surg Res. (2007) 143:398-
406. doi: 10.1016/j.js5.2007.01.030

Klein D, Schubert T, Horch RE, Jauch KW, Jeschke MG.
Insulin treatment improves hepatic morphology and function
through modulation of hepatic signals after severe trauma.
Ann  Surg.  (2004)  240:340-9. doi:  10.1097/01.s1a.0000133353.57
674.cd

Frontiers in Pediatrics | www.frontiersin.org

July 2021 | Volume 9 | Article 641306


https://doi.org/10.1038/jp.2015.154
https://doi.org/10.1159/000104174
https://doi.org/10.1002/14651858.CD007615.pub3
https://doi.org/10.1172/JCI110791
https://doi.org/10.1152/ajpendo.1997.272.1.E86
https://doi.org/10.1136/adc.2009.178020
https://doi.org/10.1016/j.jpeds.2010.12.040
https://doi.org/10.1016/S0022-3476(88)80337-8
https://doi.org/10.1152/ajpendo.1999.276.1.E135
https://doi.org/10.1210/endo.130.2.1370797
https://doi.org/10.1007/s00125-007-0644-x
https://doi.org/10.1073/pnas.86.22.8688
https://doi.org/10.1016/0378-3782(86)90062-9
https://doi.org/10.1007/s001250050812
https://doi.org/10.1210/en.2005-0900
https://doi.org/10.1210/endo.138.6.5202
https://doi.org/10.2337/diabetes.51.2.385
https://doi.org/10.1152/ajpendo.00545.2003
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1016/S0950-351X(89)80056-4
https://doi.org/10.1136/adc.53.9.731
https://doi.org/10.1172/JCI23506
https://doi.org/10.1007/s00134-004-2167-y
https://doi.org/10.2337/diabetes.38.8.1031
https://doi.org/10.1016/S0140-6736(04)17665-4
https://doi.org/10.1097/01.CCM.0000170106.61978.D8
https://doi.org/10.2337/diabetes.55.04.06.db05-1434
https://doi.org/10.1126/science.aar3318
https://doi.org/10.1016/j.jpedsurg.2004.02.005
https://doi.org/10.1097/00006454-199807000-00004
https://doi.org/10.1016/j.pediatrneurol.2014.04.015
https://doi.org/10.1007/s00134-014-3577-0
https://doi.org/10.1186/s12974-018-1121-9
https://doi.org/10.1159/000357291
https://doi.org/10.1186/1471-2431-10-52
https://doi.org/10.2119/2007-00062.Jeschke
https://doi.org/10.1016/j.jss.2007.01.030
https://doi.org/10.1097/01.sla.0000133353.57674.cd
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Beardsall

Hyperglycaemia in the Preterm Infant

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Jeschke MG, Klein D, Bolder U, Einspanier R. Insulin attenuates the
systemic inflammatory response in endotoxemic rats. Endocrinology. (2004)
145:4084-93. doi: 10.1210/en.2004-0592

Krogh-Madsen R, Moller K, Dela E, Kronborg G, Jauffred S, Pedersen BK.
Effect of hyperglycemia and hyperinsulinemia on the response of IL-6,
TNF-alpha, and FFAs to low-dose endotoxemia in humans. Am ] Physiol
Endocrinol Metab. (2004) 286:E766-72. doi: 10.1152/ajpendo.00468.2003
Hinshaw LB, Archer LT, Benjamin B, Bridges C. Effects of glucose or insulin
on myocardial performance in endotoxin shock. Proc Soc Exp Biol Med.
(1976) 152:529-34. doi: 10.3181/00379727-152-39433

Sakurai Y, Aarsland A, Herndon DN, Chinkes DL, Pierre E, Nguyen
TT, et al. Stimulation of muscle protein synthesis by long-term insulin
infusion in severely burned patients. Ann Surg. (1995). 222(3):283-94; 94—
7. doi: 10.1097/00000658-199509000-00007

Shiozaki T, Tasaki O, Ohnishi M, Nishimura T, Hiraide A, Shimazu T, et
al. Paradoxical positive nitrogen balance in burn patients receiving high-
dose administration of insulin for nutritional care. Surgery. (1997) 122:527-
33. doi: 10.1016/S0039-6060(97)90124-0

Ferrando AA, Chinkes DL, Wolf SE, Matin S, Herndon DN, Wolfe
RR, et al. submaximal dose of insulin promotes net skeletal muscle
protein synthesis in patients with severe burns. Ann Surg. (1999) 229:11-
8. doi: 10.1097/00000658-199901000-00002

Gardelis JG, Hatzis TD, Stamogiannou LN, Dona AA, Fotinou AD, Brestas
PS, et al. Activity of the growth hormone/insulin-like growth factor-I
axis in critically ill children. J Pediatr Endocrinol Metab. (2005) 18:363—
72. doi: 10.1515/JPEM.2005.18.4.363

Clemmons DR, Smith-Banks A, Underwood LE. Reversal of diet-induced
catabolism by infusion of recombinant insulin-like growth factor-I in
humans. J Clin Endocrinol Metab. (1992) 75:234-8. doi: 10.1210/jc.75.1.234
Arsenault D, Brenn M, Kim S, Gura K, Compher C, Simpser E. et al.
ASPEN Clinical Guidelines: hyperglycemia and hypoglycemia in the neonate
receiving parenteral nutrition. JPEN ] Parenter Enteral Nutr. (2012) 36:81-
95. doi: 10.1177/0148607111418980

Beardsall K, Dunger D. Insulin therapy in preterm newborns. Early Hum
Dev. (2008) 84:839-42. doi: 10.1016/j.earlhumdev.2008.09.013

Tottman AC, Bloomfield FH, Cormack BE, Harding JE, Mohd Slim MA,
Weston AF, et al. Relationships between early nutrition and blood glucose
concentrations in very preterm infants. J Pediatr Gastroenterol Nutr. (2018)
66:960-6. doi: 10.1097/MPG.0000000000001929

Cowett RM, Oh W, Pollak A, Schwartz R, Stonestreet BS. Glucose disposal
of low birth weight infants: steady state hyperglycemia produced by constant
intravenous glucose infusion. Pediatrics. (1979) 63:389-96.

Burgess L, Morgan C, Mayes K, Tan M. Plasma arginine levels and
blood glucose control in very preterm infants receiving 2 different
parenteral nutrition regimens. JPEN ] Parenter Enteral Nutr. (2014) 38:243—
53. doi: 10.1177/0148607113479130

Andronikou S, Hanning I. Parenteral nutrition effect on serum insulin in the
preterm infant. Pediatrics. (1987) 80:693-7.

Stensvold HJ, Lang AM, Strommen K, Abrahamsen TG, Ogland B, Pripp AH,
et al. Strictly controlled glucose infusion rates are associated with a reduced
risk of hyperglycaemia in extremely low birth weight preterm infants. Acta
Paediatr. (2018) 107:442-9. doi: 10.1111/apa.14164

Gilbertson N, Kovar I1Z, Cox DJ, Crowe L, Palmer NT.
Introduction of intravenous lipid administration on the first day
of life in the very low birth weight neonate. ] Pediatr. (1991)
119:615-23. doi: 10.1016/50022-3476(05)82416-3

Savich RD, Finley SL, Ogata ES. Intravenous lipid and amino acids briskly
increase plasma glucose concentrations in small premature infants. Am |
Perinatol. (1988) 5:201-5. doi: 10.1055/s-2007-999685

Galderisi A, Facchinetti A, Steil GM, Ortiz-Rubio P, Cavallin E
Tamborlane WYV, et al. Continuous glucose monitoring in very
preterm infants: a randomized controlled trial. Pediatrics. (2017).
140:20171162. doi: 10.1542/peds.2017-1162

Farrag HM, Cowett RM. Glucose homeostasis in the micropremie. Clin
Perinatol. (2000). 27:1-22. doi: 10.1016/S0095-5108(05)70004-X

Kawahito S, Kitahata H, Oshita S. Problems associated with glucose toxicity:
role of hyperglycemia-induced oxidative stress. World ] Gastroenterol. (2009)
15:4137-42. doi: 10.3748/wjg.15.4137

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Cowett RM, Farrag HM. Selected principles of perinatal-
neonatal  glucose metabolism.  Semin  Neonatol.  (2004)  9:37-
47. doi: 10.1016/S1084-2756(03)00113-1

Lambell KJ, Tatucu-Babet OA, Chapple LA, Gantner D, Ridley EJ. Nutrition
therapy in critical illness: a review of the literature for clinicians. Crit Care.
(2020) 24:35. doi: 10.1186/s13054-020-2739-4

Thomson L, Elleri D, Bond S, Howlett ], Dunger DB, Beardsall K. Targeting
glucose control in preterm infants: pilot studies of continuous glucose
monitoring. Arch Dis Child Fetal Neonatal Ed. (2018) 104:fetalneonatal-
2018-314814. doi: 10.1136/archdischild-2018-314814

Beardsall K, Ogilvy-Stuart AL, Frystyk J, Chen JW, Thompson M, Ahluwalia
], et al. Early elective insulin therapy can reduce hyperglycemia and increase
insulin-like growth factor-I levels in very low birth weight infants. J Pediatr.
(2007). 151:611.e1-7.el. doi: 10.1016/j.jpeds.2007.04.068

Meetze W, Bowsher R, Compton J, Moorehead H. Hyperglycemia
in extremely- low-birth-weight infants. Biol Neonate. (1998) 74:214-
21. doi: 10.1159/000014027

Vaucher YE, Walson PD, Morrow G III. Continuous insulin infusion in
hyperglycemic, very low birth weight infants. J Pediatr Gastroenterol Nutr.
(1982) 1:211-7. doi: 10.1097/00005176-198201020-00010

Ostertag S, Jovanovic L, Lewis B, Auld P. Insulin pump therapy in the very
low birth weight infant. Pediatrics. (1986) 78:625-30.

Heron P, Bourchier D. Insulin infusions in infants of birth weight less
than 1250g and with glucose intolerance. Aust Paediatr J. (1988) 24:362-
5. doi: 10.1111/j.1440-1754.1988.tb01390.x

Collins JW. Hoppe m, Brown K, Edidin D, Padbury ], Ogata E. A
controlled trial of insulin infusion and parentral nutrition in extremely low
birth weight infants with glucose intolerance. J Pediatr. (1991) 118:921-
7. doi: 10.1016/S0022-3476(05)82212-7

Poindexter BB, Karn CA, Denne SC. Exogenous insulin reduces proteolysis
and protein synthesis in extremely low birth weight infants. ] Pediatr. (1998)
132:948-53. doi: 10.1016/50022-3476(98)70389-0

van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, Schetz
M, et al. Intensive insulin therapy in critically ill patients. N Engl ] Med.
(2001) 345:1359-67. doi: 10.1056/NEJMo0a011300

Agus MSD, Wypij D, Nadkarni VM. Tight glycemic control in critically ill
children. N Engl ] Med. (2017) 376:e48. doi: 10.1056/NEJMc1703642
Macrae D, Grieve R, Allen E, Sadique Z, Morris K, Pappachan J, et al. A
randomized trial of hyperglycemic control in pediatric intensive care. N Engl
] Med. (2014) 370:107-18. doi: 10.1056/NEJMoal302564

Investigators N-SS, Finfer S, Liu B, Chittock DR, Norton R, Myburgh JA, et
al. Hypoglycemia and risk of death in critically ill patients. N Engl | Med.
(2012) 367:1108-18. doi: 10.1056/NEJMoa1204942

Gunst ], Van den Berghe G. Paediatric endocrinology: critical illness -
another trial, but are we any wiser? Nat Rev Endocrinol. (2017) 13:254-
6. doi: 10.1038/nrendo.2017.29

Gunst ], De Bruyn A, Van den Berghe G. Glucose control in the ICU. Curr
Opin Anaesthesiol. (2019) 32:156-62. doi: 10.1097/AC0O.0000000000000706
Vanhorebeek I, Verbruggen S, Casaer MP, Gunst J, Wouters PJ, Hanot
J, et al. Effect of early supplemental parenteral nutrition in the
paediatric ICU: a preplanned observational study of post-randomisation
treatments in the PEPaNIC trial. Lancet Respir Med. (2017) 5:475-
83. doi: 10.1016/52213-2600(17)30186-8

Alsweiler JM, Harding JE, Bloomfield FH. Tight glycemic control with
insulin in hyperglycemic preterm babies: a randomized controlled trial.
Pediatrics. (2012) 129:639-47. doi: 10.1542/peds.2011-2470

Zahid N, Taylor KM, Gill H, Maguire F, Shulman R. Adsorption of insulin
onto infusion sets used in adult intensive care unit and neonatal care settings.
Diabetes Res Clin Pract. (2008) 80:e11-3. doi: 10.1016/j.diabres.2008.02.013
Hewson M, Nawadra V, Oliver J, Odgers C, Plummer J, Simmer K. Insulin
infusions in the neonatal unit: delivery variation due to adsorption. J Paediatr
Child Health. (2000) 36:216-20. doi: 10.1046/j.1440-1754.2000.00488.x
Beardsall K, Thomson L, Elleri D, Dunger DB, Hovorka R. Feasibility
of automated insulin delivery guided by continuous glucose monitoring
in preterm infants. Arch Dis Child Fetal Neonatal Ed. (2020) 105:279-
84. doi: 10.1136/archdischild-2019-316871

Beardsall K, Thomson L, Guy C, Iglesias-Platas I, van Weissenbruch MM,
Bond S, et al. Real-time continuous glucose monitoring in preterm infants

Frontiers in Pediatrics | www.frontiersin.org

July 2021 | Volume 9 | Article 641306


https://doi.org/10.1210/en.2004-0592
https://doi.org/10.1152/ajpendo.00468.2003
https://doi.org/10.3181/00379727-152-39433
https://doi.org/10.1097/00000658-199509000-00007
https://doi.org/10.1016/S0039-6060(97)90124-0
https://doi.org/10.1097/00000658-199901000-00002
https://doi.org/10.1515/JPEM.2005.18.4.363
https://doi.org/10.1210/jc.75.1.234
https://doi.org/10.1177/0148607111418980
https://doi.org/10.1016/j.earlhumdev.2008.09.013
https://doi.org/10.1097/MPG.0000000000001929
https://doi.org/10.1177/0148607113479130
https://doi.org/10.1111/apa.14164
https://doi.org/10.1016/S0022-3476(05)82416-3
https://doi.org/10.1055/s-2007-999685
https://doi.org/10.1542/peds.2017-1162
https://doi.org/10.1016/S0095-5108(05)70004-X
https://doi.org/10.3748/wjg.15.4137
https://doi.org/10.1016/S1084-2756(03)00113-1
https://doi.org/10.1186/s13054-020-2739-4
https://doi.org/10.1136/archdischild-2018-314814
https://doi.org/10.1016/j.jpeds.2007.04.068
https://doi.org/10.1159/000014027
https://doi.org/10.1097/00005176-198201020-00010
https://doi.org/10.1111/j.1440-1754.1988.tb01390.x
https://doi.org/10.1016/S0022-3476(05)82212-7
https://doi.org/10.1016/S0022-3476(98)70389-0
https://doi.org/10.1056/NEJMoa011300
https://doi.org/10.1056/NEJMc1703642
https://doi.org/10.1056/NEJMoa1302564
https://doi.org/10.1056/NEJMoa1204942
https://doi.org/10.1038/nrendo.2017.29
https://doi.org/10.1097/ACO.0000000000000706
https://doi.org/10.1016/S2213-2600(17)30186-8
https://doi.org/10.1542/peds.2011-2470
https://doi.org/10.1016/j.diabres.2008.02.013
https://doi.org/10.1046/j.1440-1754.2000.00488.x
https://doi.org/10.1136/archdischild-2019-316871
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Beardsall

Hyperglycaemia in the Preterm Infant

111.

112.

113.

114.

115.

116.

(REACT): an international, open-label, randomised controlled trial. Lancet
Child Adolesc Health. (2021) 5:265-73. doi: 10.1016/S2352-4642(20)30367-9
Petrou S, Kim S, Bond S, Allison A, Beardsall K, collaborative
R. Cost-effectiveness of real time continuous glucose monitoring
to target glucose control in preterm infants. Semin Perinatol.
2021:151392. doi: 10.1016/j.semperi.2021.151392

Chouthai NS, Sobczak H, Khan R, Subramanian D, Raman S, Rao
R. Hyperglycemia is associated with poor outcome in newborn infants
undergoing therapeutic hypothermia for hypoxic ischemic encephalopathy.
] Neonatal Perinatal Med. (2015) 8:125-31. doi: 10.3233/NPM-15814075
Spies EE, Lababidi SL, McBride MC. Early hyperglycemia is associated with
poor gross motor outcome in asphyxiated term newborns. Pediatr Neurol.
(2014) 50:586-90. doi: 10.1016/j.pediatrneurol.2014.01.043

Al Shafouri N, Narvey M, Srinivasan G, Vallance ], Hansen G. High glucose
variability is associated with poor neurodevelopmental outcomes in neonatal
hypoxic ischemic encephalopathy. ] Neonatal Perinatal Med. (2015) 8:119-
24. doi: 10.3233/NPM-15814107

Basu SK, Salemi JL, Gunn AJ, Kaiser JR, CoolCap Study G. Hyperglycaemia
in infants with hypoxic-ischaemic encephalopathy is associated with
improved outcomes after therapeutic hypothermia: a post hoc analysis of
the CoolCap Study. Arch Dis Child Fetal Neonatal Ed. (2017) 102:F299-
306. doi: 10.1136/archdischild-2016-311385

Pinchefsky EF, Hahn CD, Kamino D, Chau V, Brant R, Moore AM, et
al. Hyperglycemia and glucose variability are associated with worse brain

117.

118.

119.

function and seizures in neonatal encephalopathy: a prospective cohort
study. J Pediatr. (2019) 209:23-32. doi: 10.1016/j.jpeds.2019.02.027

Basu SK, Ottolini K, Govindan V, Mashat S, Vezina G, Wang Y, et al.
Early glycemic profile is associated with brain injury patterns on magnetic
resonance imaging in hypoxic ischemic encephalopathy. J Pediatr. (2018)
203:137-43. doi: 10.1016/j.jpeds.2018.07.041

Vannucci RC, Mujsce DJ. Effect of glucose on perinatal hypoxic-ischemic
brain damage. Biol Neonate. (1992) 62:215-24. doi: 10.1159/000243874
Park WS, Chang YS, Lee M. Effects of hyperglycemia or hypoglycemia
on brain cell membrane function and energy metabolism during the
immediate reoxygenation-reperfusion period after acute transient global
hypoxia-ischemia in the newborn piglet. Brain Res. (2001) 901:102-
8. doi: 10.1016/50006-8993(01)02295-8

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Beardsall. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

July 2021 | Volume 9 | Article 641306


https://doi.org/10.1016/S2352-4642(20)30367-9
https://doi.org/10.1016/j.semperi.2021.151392
https://doi.org/10.3233/NPM-15814075
https://doi.org/10.1016/j.pediatrneurol.2014.01.043
https://doi.org/10.3233/NPM-15814107
https://doi.org/10.1136/archdischild-2016-311385
https://doi.org/10.1016/j.jpeds.2019.02.027
https://doi.org/10.1016/j.jpeds.2018.07.041
https://doi.org/10.1159/000243874
https://doi.org/10.1016/S0006-8993(01)02295-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Hyperglycaemia in the Newborn Infant. Physiology Verses Pathology
	Introduction
	Hyperglycaemia in the Preterm Infant
	Pathogenesis of Hyperglycaemia in the Preterm Infant
	Central and Peripheral Glucose Insensitivity and Insulin Resistance
	Relative Insulin Deficiency
	Feeding and Incretins

	Clinical Consequences of Hyperglycaemia
	Primary Role of Hyperglycaemia
	Impact of Relative Insulin Deficiency

	Clinical Interventions for the Management of Hyperglycaemia
	The Importance of Parenteral Nutrition
	The Role of Insulin

	Hypoxic Ischaemic Encephalopathy

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


