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To my grandfather, Yitzhak

“Let me be contented in everything except in the great
science of my profession. Never allow the thought to
arise in me that I have attained to sufficient
knowledge, but vouchsafe to me the strength, the
leisure and the ambition ever to extend my
knowledge. For art is great, but the mind of man is
ever expanding.”

The prayer of the physician, Maimonides
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Abstract

Background

Survival among very low birth weight (VLBW) and extremely preterm (EPT)
infants has increased markedly during the last decades. Neonatal hyperglycemia
is common in these infants and is known to be associated with adverse outcomes.
However, much about neonatal hyperglycemia is still unknown: which
mechanisms are responsible for it, its long-term risk profile, how to treat it and
even how to define it. This thesis focuses on neonatal hyperglycemia in preterm-
born infants - its prevalence, possible causes (including postnatal nutrition and
its possible programming effect of later outcomes), consequences and treatment.

Methods

Two cohorts were studied in this thesis. The EXtremely PREterm infants in
Sweden Study (EXPRESS) — a national population-based cohort - included all
infants born before completed 27 gestational weeks during the years 2004-2007
in Sweden. Nutritional data as well as glucose measurements (n=9850) and
insulin treatment data for the first 28 days of life were obtained for 580 infants.
In a sub-cohort of 171 children, blood pressure measurements were obtained at a
follow-up visit at 6.5 years of age. Neurodevelopment was assessed at 6.5 years of
age in 436 children. Intellectual ability was assessed using Wechsler Intelligence
Scale for Children IV (WISC-IV; n=355). Gross and fine motor function were
assessed using Movement Assessment Battery for Children 2 (MABC-2; n=345).

The very Low birth weight Infants - Glucose and Hormonal profiles over Time
(LIGHT) study was a prospective cohort study that included 50 VLBW infants
born in Umed, Sweden, between 2016-2019. Infants were placed on continuous
glucose monitoring (CGM) for a 48-hour period when a postmenstrual age (PMA)
of 36 gestational weeks was reached (n=35).

Results

Daily prevalence of hyperglycemia > 10 mmol/L in EPT infants was high during
the first two weeks of life (up to 30%), followed by a slow decrease thereafter.
Protracted hyperglycemia > 8 mmol/L was detected in more than half of VLBW
infants at PMA 36 weeks.

In EPT infants, glucose concentrations during the first 28 days of life were

increased by 1.6% on the day following an increase of 1 g/kg/day in parenteral
carbohydrate intake. Male sex, amnionitis and prior hypoglycemia and
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hyperglycemia episodes were risk factors for hyperglycemia at PMA 36 weeks in
VLBW infants.

In EPT infants, neonatal hyperglycemia > 10 mmol/L was associated with
increased 28-day mortality. Neonatal hyperglycemia, its severity and duration
were associated with increased diastolic blood pressure (DBP) and lower
MABC-2 scores at 6.5 years of age. Insulin treatment was associated with
improved 28- and 70-day survival but not with BP or neurodevelopmental
outcomes at 6.5 years of age.

Higher protein intake during the first eight weeks of life was associated with
higher DBP at 6.5 years of age. An increase of the carbohydrate intake by
1 g/kg/day during this period was associated with an increase of 0.18 SDS in
systolic (SBP) and 0.14 SDS in DBP at 6.5 years. Growth during the same period
was not associated with BP at 6.5 years.

Conclusions

Neonatal hyperglycemia during the first four weeks of life was more common in
EPT infants than has previously been described. Remaining glucose disturbances
were common at PMA 36 weeks in VLBW infants. Parenteral glucose intakes
within the range given seems to have had low contribution to glucose
concentration variability. Neonatal hyperglycemia was associated with increased
28-day mortality as well as with increased blood pressure and reduced motor
skills at 6.5 years of age. Carbohydrate intake in the immediate postnatal period
was indepentently associated with increased blood pressure at 6.5 years of age.
The results add to the knowledge regarding important risk factors and health
effects of neonatal hyperglycemia. Different treatment options for neonatal
hyperglycemia should be evaluated in animal models and in randomized
controlled clinical trials in premature infants.



Enkel sammanfattning pa svenska

Bakgrund

Overlevnaden hos for tidigt fédda barn har forbéttrats markant under de senaste
decennierna. Hos dessa barn ar férhdjda blodsockernivier under de forsta 28
dagarna av livet (neonatal hyperglykemi) vanligt férekommande och &ar
forknippat med sdmre kortsiktiga hilsoutfall. Mycket kvarstir som inte ar kant
kring neonatal hyperglykemi: vilka mekanismer som orsakar det, vad de
langsiktiga hilsoutfallen blir, hur hyperglykemi bor behandlas samt hur den bor
definieras. Denna avhandling fokuserar pd neonatal hyperglykemi hos for tidigt
fodda barn, dess forekomst, eventuella riskfaktorer, konsekvenser och
behandling. Gillande riskfaktorer undersoktes bland annat den niring som
tillfors spadbarnet i borjan av livet och dess mojliga paverkan pa hilsoutfall
senare i livet.

Metoder

Delarbeten I-III dr baserade pa data fran EXtremely PREterm infants in Sweden
Study (EXPRESS) — en nationell populationsbaserad studie som inkluderade alla
barn som foddes i Sverige fore 27 graviditetsveckor under aren 2004—2007. Data
kring nutrition, blodsockernivéer (totalt 9850 viarden) samt insulinbehandling
registrerades dagligen for de forsta 28 dagarna av livet hos 580 barn. Hos en
grupp som inkluderade 171 av dessa barn mittes blodtryck vid en uppfoljning vid
6,5-ars alder. Neurologisk utveckling utviarderades hos 436 barn vid 6,5-4rs dlder.
Kognitiv utveckling utvirderades med hjilp av Wechsler Intelligence Scale for
Children IV (WISC-IV) hos 355 barn. Grov- och finmotorisk funktion
utvirderades med hjdlp av Movement Assessment Battery for Children 2
(MABC-2) hos 345 barn.

Delarbete IV ar baserat pa the very Low birth weight Infants - Glucose and
Hormonal profiles over Time (LIGHT) studien, en prospektiv studie som
inkluderade 50 barn med mycket 1lag fodelsevikt (< 1500 g) som foéddes i Umed
under aren 2016-2019. En kontinuerlig blodsockermatare sattes pd 35 av barnen
for en 48-timmars period vid en alder motsvarande 36 graviditetsveckor.

Resultat

Forekomsten av neonatal hyperglykemi hos extremt for tidigt fodda barn ckade
under de forsta tvd veckorna av livet och sjonk direfter ldngsamt under
efterféljande veckor. Hyperglykemi forekom hos mer &n hilften av barnen med
mycket 14g fodelsevikt, kontrollerat vid dlder motsvarande 36 graviditetsveckor.



Blodsockernivderna hos extremt for tidigt fodda barn 6kade med 1,6% dagen efter
en Okning av glukos (socker i naringslosning) med 1 g/kg/dag. Hos barn med
mycket 1ag fodelsevikt hade pojkar storre risk an flickor att fa hyperglykemi vid
en alder motsvarande 36 graviditetsveckor. Aven infektion i fostervattnet och
tidigare blodsockerrubbningar under vardperioden var riskfaktorer for
hyperglykemi.

Neonatal hyperglykemi var forknippat med 6kad dodlighet fore 28 dagars alder
hos extremt for tidigt fodda barn. Insulinbehandling var forknippad med battre
overlevnad vid bade 28- och 70 dagars élder. Forekomsten, svarighetsgraden och
durationen av neonatal hyperglykemi visade samband med hogre diastoliskt
blodtryck och ligre MABC-2 score vid 6,5-ars alder. Insulinbehandling hade inget
statistiskt samband med dessa utfall.

Hogre proteinintag under de forsta atta veckorna av livet visade samband med
hogre diastoliskt blodtryck vid 6,5-ars &lder. Okning i kolhydratintaget under
denna period var forknippad med ©kat systoliskt och diastoliskt blodtryck vid
6,5-ars alder. Tillvixten under samma period var inte statistiskt kopplad till
senare blodtrycksniva.

Slutsatser

Neonatal hyperglykemi visades vara vanligare hos extremt for tidigt fodda barn
4n man tidigare trott. Resultaten tyder pa att blodsockerrubbningar verkar vara
vanliga dven vid en dlder motsvarande 36 graviditetsveckor hos barn med mycket
lag fodelsevikt. Tillforsel av glukos (sockerdropp) verkar vara associerad med
enbart ringa péaverkan pa blodsockernivaerna. Neonatal hyperglykemi var
forknippat med 6kad dodlighet fore 28 dagars dlder samt med forhojt blodtryck
och simre motorisk utveckling vid 6,5-ars alder. Okat kolhydratintag under de
forsta atta veckorna i livet visade statistiskt samband med forhojt blodtryck vid
6,5-ars alder. Resultaten bidrar med kunskap kring viktiga riskfaktorer for
neonatal hyperglykemi och dess péverkan pa hilsoutfall upp till 6,5-ars alder.
Olika behandlingsalternativ for neonatal hyperglykemi bor utvdrderas i
djurmodeller samt i randomiserade kontrollerade kliniska studier hos for tidigt
fodda barn.
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Background

Extremely preterm and very low birth weight infants

Approximately 7000 infants are born prematurely (before completed 37
gestational weeks) in Sweden each year, which accounts for about 6% of all births
in the country. Over 100 000 children who currently live in Sweden have been
born prematurely. Very low birth weight (VLBW) infants are those who weigh
< 1500 grams at birth and extremely low birth weight (ELBW) infants are those
who weigh < 1000 grams at birth. Extremely preterm (EPT) infants are those
born < 28 completed weeks of gestation and they represent about 0.3% of all
births (1).

A dramatic improvement in the prognosis for premature infants has been brought
in recent decades by the advances in neonatal intensive care, especially with
regards to EPT infants. In Sweden, infants born before completed 27 gestational
weeks between 2004-2007 had a 1-year survival rate of 70%, while those born
between 2014-2016 had a 1-year survival rate of 77% (2). Still, half of the surviving
EPT infants suffer from neonatal morbidities and 34% of them have moderate to
severe neurodevelopmental disabilities (NDD) at 6.5 years of age (3, 4). Brain
injuries occurring early during the postnatal life (i.e. after birth) are associated
with high rates of chronic conditions and special healthcare needs later in life,
and those children have been shown to have higher risk for motor skills deficits
and poor visual-motor integration at 6.5 years of age (5-7).

Already from birth, these infants have increased energy requirements due to
growth and low content of energy storage tissues. Up to 120 kcal/kg/day might
be needed by these infants (8). This high energy requirement, as well as the
infant’s basal need for maintenance of body tissues, need to be provided by the
nutritional intake of these infants. Early nutritional intake is an independent
predictor of the infant’s growth (9). Since preterm infants do not tolerate
receiving large amounts of nutrition enterally (i.e. via the gastrointestinal tract),
it is therefore recommended to begin parenteral nutrition (i.e. via infusion) for
these infants as soon as possible after birth.

Key points

The survival of preterm infants has increased but these infants have
higher risk for morbidity throughout their childhood.

Preterm infants have low energy stores while their energy needs are
extremely high and should be supplied by parenteral nutrition.




Why is glucose so important and how much is needed?

Glucose is the primary energy source in fetal life and in the early neonatal period
(10). It is a crucial energy source for the brain, the renal medulla and the
erythrocytes, and is utilized by the muscles, liver, heart, kidneys and gut. The
ELBW infant utilizes three to four times more glucose per kg body weight than
adults due to their higher brain to body ratio (11). The endogenous production of
glucose (i.e. what the infant can produce from other nutrients and energy stores)
provides only 1/3 of the glucose needed. The stable ELBW infant has been
estimated to require a glucose supply rate of 6 mg/kg/min (8.6 g/kg/d) with an
additional 2-3 mg/kg/min (2.9-4.3 g/kg/d) to support protein anabolism (i.e.
protein building, thereby growth) (10). On the other hand, glucose intakes beyond
12 mg/kg/min (17.3 g/kg/d) would be converted to fat, a process which is not
energy efficient.

EPT infants were shown to experience low glucose concentrations earlier after
birth than term-born infants and thus exogenous glucose (i.e. from an outside
source) should be provided as soon as possible after birth (12). Carbohydrates are
usually supplied in parenteral nutrition in the form of dextrose (D-Glucose). The
latest European Society for Pediatric Gastroenterology, Hepatology and Nutrition
(ESPGHAN) guidelines for parenteral nutrition in children published 2018
recommend a carbohydrate intake of 4-8 mg/kg/min (5.8-11.5 g/kg/d) on day 1
of life and a target intake of 8-10 mg/kg/min (11.5-14.4 g/kg/d) thereafter (13). It
is also recommended to avoid hyperglycemia > 8 mmol/L due to increased
morbidity and mortality, and repetitive blood glucose concentrations > 10
mmol/L should be treated with insulin infusion after first adjusting the glucose
infusion rate.

Key points

Glucose is an important energy source in preterm infants, especially
for the brain.

Preterm infants cannot produce enough glucose and thus need to
receive it via parenteral nutrition.

Definition(s) of Hyperglycemia in preterm infants

Healthy term-born neonates maintain glucose concentrations between
1.3-8.3 mmol/L even when unfed up to six hours (14). However, there is no
definitive definition of neonatal hyperglycemia, especially in preterm infants, and
a wide range of definitions is being used by different neonatal units (15). Some of
the different definitions used in research publications are presented in Figure 1.



Twice > 8.5

4 hours apart4

. 5
> 8.9 lasting 4 hours Persistently high

Figure 1. Different definitions for neonatal hyperglycemia used in the literature. Glucose
concentrations expressed in mmol/L. * Pertierra-Cortada et al. (16); 2 Scheurer et al. (17);
3 Sabzehei et al. (18); 4 Alsweiler et al. (19); 5 Meetze et al. (20); ¢ Yoon et al. (21);

7 Fernandez-Martinez et al. (22); 8 Beardsall et al. (23); 9 Yoo et al. (24); *° Bermick et al.
(25).

(usually >
11.1) requiring

. . . . 10
insulin infusion

The American Society for Parenteral and Enteral Nutrition has recommended in
its 2012 guidelines to maintain serum glucose concentrations < 8.3 mmol/L in
neonates receiving parenteral nutrition (26). In clinical practice though, plasma
glucose concentrations < 10 mmol/L are many times overlooked, and even higher
glucose concentrations are sometimes not treated as long as the hyperglycemia
episode is not prolonged and can be controlled to some extent by decreasing the
glucose infusion rate.

Key point
There is no clear definition for hyperglycemia in preterm infants.

Prevalence of Hyperglycemia

Different patient populations and definitions used for hyperglycemia have led to
various prevalence rates being reported in the literature. Studies have thus far
focused mainly on hyperglycemia occurring during the first two weeks of life
(Table 1).



Table 1. Prevalence of hyperglycemia in preterm infants.

Study Type of study N Definition Postnatal
period

VLBW infants
Scheurer Prospective 53 > 8.3 Weeks 1-2 45%
et al. (17)
Yoon Prospective 141* >10 Week 1 30%
et al. (21)
Sabzehei Retrospective 564 > 8.3 Admission 32%
et al. (18) period
ELBW infants
Hays Retrospective 82 > 8.3 Week 1** 57%
et al. (27) >13.9 32%
Blanco Retrospective 169 | =8.3;twice | Weeks 1-2 88%
et al. (28)
> 8.3 98%
Bermick Retrospective 216 > 11.1; Days 0-10 35%
et al. (25) insulin-
treated
> 11.1 85%
Yoo Retrospective 260 >16.7; Weeks 1-2 46%
et al. (24) insulin-
treated

* Preterm infants born < 34 gestational weeks; ** excluding 15t day of life; Glucose
concentrations expressed in mmol/L.

Continuous glucose monitoring (CGM; see Methods) allows monitoring glucose
concentrations continuously during a certain time period, as opposed to relying
on blood samples taken at certain time points without knowing the trend of the
glucose concentrations before or after these specific time points. Results from
studies using CGM are shown in Table 2.

Table 2. Prevalence of hyperglycemia in VLBW infants using prospective CGM-derived
data.

Study N Definition  Postnatal period
> 8 80%
> 10 57%
Beardsall 188 > 15 Week 1 23%
etal. (23) > 20 9%
> 10 32%
10% of the time*
Szymonska 63 >8.3 Week 1 43%
et al. (29)
Fernandez- 60 > 10 Week 1 37%
Martinez et al. (22)
Iglesias Platas 38 > 10 Weeks 1-2 58%
et al. (30)

* Equivalent of 15 hours; Glucose concentrations expressed in mmol/L.
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In VLBW infants who were clinically stable at postmenstrual age (PMA) 32-33
weeks, CGM-derived data showed that 37% had hyperglycemia > 8.3 mmol/L and
further 29% had combined dysglycemia (both hyperglycemia and hypoglycemia)
(31). Hyperglycemia > 11.1 mmol/L was detected in 32%. Infants who were ELBW
experienced longer and more severe dysglycemia episodes. Hyperglycemia lasted
for more than 30 minutes in 39% of the episodes.

A cohort of 60 very preterm infants (VPT; < 32 gestational weeks) were
monitored for glucose concentrations using CGM during 48 hours around PMA
38 weeks (16). Hyperglycemia > 10 mmol/L was found in 23% and further 13%
had combined dysglycemia. Hyperglycemia lasted for a mean duration of four
hours.

Key points

Hyperglycemia is common in preterm infants during the first two
weeks of life.

Two studies have suggested that hyperglycemia might also be
prevalent later during the admission period.

Pathogenesis of hyperglycemia

Normal glucose metabolism

During pregnancy, the mother is the primary supplier of glucose to the fetus via
the placenta (32). The fetal pancreas starts to secrete insulin in response to
glucose after 20 weeks of gestation and insulin secretion increases thereafter
during the third trimester (33). Insulin has an important role in glucose
homeostasis, and is a major anabolic hormone active in growth. It enhances fatty
acid synthesis in the liver and glucose uptake in adipose tissue promoting fat
deposition (34).

After birth, glucose supply from the mother suddenly ceases and blood glucose
concentrations drop. The insulin secretion by the neonate must then adapt to the
new glucose intakes that the neonate is exposed to. This insulin-glucose
stabilization process is crucial in order to be able to supply the brain and other
vital organs with sufficient glucose as their energy source. The stabilization
process occurs through activation of hepatic glycogenolysis (i.e. breaking down
glycogen to glucose) and gluconeogenesis (i.e. producing new glucose) in
response to a reduction in insulin secretion and an increase in counterregulatory
hormones (cortisol, glucagon, growth hormone and catecholamines) (35-37). The
last step in both glycogenolysis and gluconeogenesis is catalyzed by the same



enzyme, glucose-6-phosphatase. The activity of this enzyme is upregulated by the
decrease in insulin levels. In healthy term newborns, this metabolic maturation
process happens over the first few days of life: the activity level of the enzyme is
low before birth, it increases to approximately 10% of the activity levels measured
in adults by term age and rapidly increases up to adult activity levels by three days
of age (38-40). During this time enteral intakes increase but until effective enteral
feeds are established, glycogenolysis and gluconeogenesis are the only sources of
glucose in the neonate.

To be able to utilize glucose, it needs to be transported into cells. This is facilitated
by glucose transporters (GLUTSs), “channels” transporting glucose into cells.
GLUT-1 is expressed especially in the blood-brain barrier and on erythrocytes
(41). GLUT-2 is found primarily on pancreatic p-cells, liver and kidney. GLUT-3
is found in the brain. GLUT-4 is expressed in heart, skeletal muscle and adipose
tissues, and responds to insulin. This means that while insulin facilitates the
influx of glucose into muscle and fat cells via GLUT-4, it has no role in promoting
the uptake of glucose in the brain. During fetal and early neonatal life, GLUT-1 is
the predominant type of glucose transporter, enabling available glucose to be
taken up by the brain and erythrocytes, and is replaced gradually by the other
tranporter types as the infant matures (42).

Insulin resistance

Pollak et al. postulated that hyperglycemia might be caused due to insufficient
effect of insulin on the peripheral tissues (muscle, fat) (43). In a preterm baboon
model, Blanco et al. have shown that reduced peripheral insulin sensitivity was
present in the first weeks of life, with reduced response to insulin along its
signaling pathway and lower content of GLUT-4, which led to impaired glucose
uptake (44). Insulin resistance might also be induced by increased levels of
proinflammatory cytokines (Tumor necrosis factor-a, Interleukin-1,
Interleukin-6) due to, for example, sepsis and necrotizing enterocolitis (NEC)
(45). Some concerns were raised that high amino acid intake, by enhancing
glucose production, might exacerbate insulin resistance (46). Furthermore,
premature infants were shown to have lower insulin sensitivity even later in life,
at 4 to 10 years of age (47). Table 3 summarizes the evidence supporting the
theory that insulin resistance is common in preterm infants.

On the other hand, Meetze et al. found that baseline serum insulin levels before
onset of hyperglycemia did not correlate with later development of hyperglycemia
(20). Furthermore, insulin levels increased in most infants in response to
hyperglycemia which argues for an adequate pancreatic response to changes in
glucose concentrations. VPT neonates born small for gestational age (SGA) were
found to have lower insulin and C-peptide levels than appropriate for gestational



Table 3. Evidence for insulin resistance in preterm infants.

Hawdon 16 Preterm (< 34 weeks) | 1 insulin:glucose ratio
et al. (48)
Salis n.a. VPT (< 32 weeks) 1 insulin, C-peptide
et al. (49)
Ahmad 19 VPT (< 32 weeks) 1 insulin, HOMA-IR
et al. (50)
Bagnoli 16 VPT (< 30 weeks) 1 glucagon, insulin, HOMA-IR
et al. (51)
Goldman 4 VLBW | response to insulin
et al. (52)
Rao 16 VLBW | glucose tolerance during weeks
etal. (53) 1-2 of life
283 VLBW - insulin treatment and dose did
Beardsall not affect IGF-1 levels
et al. (54) - | IGF-1in infants with
hyperglycemia
Cekmez 30 ELBW 1 insulin, HOMA-IR, visfatin
et al. (55)

HOMA-IR — Homeostatis Model Assessment for Insulin Resistance; IGF-1 — Insulin-like
Growth Factor 1

age preterm neonates, and their quantitative insulin check index (a measure of
insulin sensitivity) was higher, indicating higher insulin sensitivity (56).

Relative insulin deficiency — f-cell dysfunction

Bansal et al. have shown in a model of preterm lambs that preterm birth reduced
B-cell mass both at 4 weeks after term age and at 12 months (equivalent to
adulthood) (57). This was associated with a decrease in insulin secretion at four
months (equivalent to juvenile age) and reduced insulin mRNA expression in
adulthood. On top of that, hyperglycemia further downregulated pancreatic gene
expression in adulthood, suggesting that - if transferred to human
pathophysiology - preterm infants might have a reduced B-cell mass which can
lead to diabetes at a later age, and hyperglycemia might exacerbate this process.

Low endogenous C-peptide production (a marker for insulin production) was
found to be prevalent in critically ill children with both respiratory and
cardiovascular failure who developed hyperglycemia (58). In VPT neonates, boys
were shown to have lower insulin secretion than girls, and insulin levels did not
differ between hyperglycemic and normoglycemic neonates (59, 60). Proinsulin
(a less active protein that cannot effectively regulate glucose concentrations and
needs to be processed to insulin first in order to exert its regulatory effect) levels
in preterm neonates were higher than in term-born neonates, with proinsulin
levels falling in hyperglycemic neonates after insulin infusion (48, 60). These



findings led to the conclusion that processing of proinsulin in B-cells is partially
defective in hyperglycemic VPT infants.

Relative insulin deficiency — deficient incretin response

Incretins are hormones secreted by cells in the gastrointestinal system and
include glucagon-like peptide 1 and glucose-dependent insulinotropic
polypeptide. In adults, incretins augment insulin secretion in response to meals.
Normal establishment of enteral feeds is often delayed in preterm infants and
thus normal stimulation of incretins by nutrition does not occur. This might
contribute to the relative insulin deficiency in these infants as Salis et al. found
that enteral feeds in premature neonates result in an increase in glucagon-like
peptide 1 levels (49). Yet even when fed enterally, Lucas et al. found that preterm
neonates do not present an adequate incretin response compared to term-born
neonates (39). The delayed introduction of enteral feeds in these infants might
hinder the maturation of insulin secretion in response to blood glucose, as it has
been shown in neonatal rat models (61). Thus, when enteral feeds are finally
started, the response of increasing glucagon-like peptide 1 levels might not be
enough to regulate the blood glucose since insulin is not secreted in sufficient
amounts.

Insufficient control of glucose production

It is postulated that hyperglycemia might be caused by persisting hepatic glucose
production, supported by evidence in infants with severe respiratory disease
and/or who were exposed to severe bacterial infection (43, 62). Farrag et al. found
that neonates have persistent glucose production (63). It was shown that VPT
neonates had incompletely suppressed glucose production following glucose
infusion, and insulin levels affected the regulation of plasma glucose more than
plasma glucose level itself (64, 65). Chacko et al. investigated VPT neonates who
received total parenteral nutrition providing glucose at rates exceeding normal
infant glucose turnover rates, i.e. infants who were supposed to react to the high
intake of glucose by lowering the rate of gluconeogenesis. It was shown that
gluconeogenesis continued to produce glucose in a rate of 1.3 mg/kg/min
(1.9 g/kg/d) and this rate was not affected by the total glucose infusion rate and
glucose concentration (66). A persistent endogenous glucose production in spite
of glucose infusion was found in low birth weight infants at age 2-5 weeks as well
(67). It was also found that gluconeogenesis in ELBW neonates remained
unchanged despite a large reduction in the glucose infusion rate (instead of
increasing, as expected) (68). This might support the findings by Hume et al.,
where preterm infants had lower activity of glucose-6-phosphatase, thus
implying lower activity of gluconeogenesis (69).



Other mechanisms

Cortisol levels are increased during the first days of life in preterm infants, and
the lower the gestational age is at birth - the higher the cortisol levels (70, 71).
High cortisol levels might lead to hyperglycemia by stimulating gluconeogenesis
and by decreasing glucose uptake by muscle and fat tissue cells.

The pathophysiological effects of hyperglycemia

Hyperglycemia leads to increased uptake of glucose by cells. Glucose overload in
the cell increases the generation of oxygen free radicals (“glucotoxicity”), which
in turn might cause mitochondrial dysfunction and increased apoptosis (i.e. cell
death) (33). Other effects of hyperglycemia include reduced neutrophil activity,
decreased complement function and a change in the balance of proinflammatory
cytokines, which might lead to an increased susceptibility for infections (72).

Key points

Conflicting evidence exists regarding the mechanisms causing
neonatal hyperglycemia.

Scientific evidence points to a combination of insulin resistance,
relative insulin deficiency (P-cell dysfunction, deficient incretin
response) and incomplete control of glucose production.

Risk factors for hyperglycemia

Prematurity, low birth weight and growth retardation

It has been shown in animal models that intrauterine growth retardation (IUGR)
leads to impairment of fetal pancreatic function and altered glucose-stimulated
insulin secretion (73). Conflicting results have been published regarding
gestational age (as a measure for prematurity) and relative size at birth
(represented by birth weight z-scores) as risk factors for neonatal hyperglycemia
(Table 4).

Asphyxia

Asphyxia is the term used for a prolonged oxygen deprivation in the newborn. A
marker for asphyxia is a persistently low Apgar score after birth. In VLBW infants,
Apgar score < 6 at 5 minutes after birth was associated with more than four times
higher risk for neonatal hyperglycemia (in unadjusted models) (18). In ELBW
infants, low Apgar scores at 1 minute were associated with hyperglycemia (20,
24).



Table 4. Prematurity, low birth weight and growth retardation as risk factors for neonatal
hyperglycemia in preterm infants.

~ hyperglycemia |

' Pertierra-Cortada | ~  VPT | IUGR
et al. (16)
Yoon et al. (21) 141 Preterm (< 34 weeks) | SGA
Iglesias Platas et al. (30) 38 VLBW ELBW, EPT
Beardsall et al. (23) 188 VLBW | GA, | BW z-score
Scheurer et al. (17) 53 VLBW | GA, | BW, | BL, | BHC,
<> Z-SCOTes
Szymonska et al. (29) 63 VLBW | GA
Sabzehei et al. (18) 564 VLBW ELBW, < EPT
Ferndndez-Martinez 60 VLBW | GA, | BW, « IUGR
et al. (22)
Blanco et al. (28) 169 ELBW | GA, & BW
Yoo et al. (24) 260 ELBW | GA, | BW, < SGA
Stensvold et al. (74) 195 ELBW | GA, & BW z-score
Meetze et al. (20) 56 ELBW | BW

GA - gestational age; BW — birth weight; BL — birth length; BHC — birth head
circumference.

Respiratory distress syndrome and ventilator support

VLBW infants with hyperglycemia during the first week of life were more likely
to have received ventilator support (22). Similarly, respiratory distress syndrome
and ventilator support in ELBW infants during the first two weeks of life were
associated with 11.2 and 3.6 times higher risk for hyperglycemia > 16.7 mmol/L,
respectively (24).

Parenteral glucose intake

Hawdon et al. showed that glucose production rate in neonates was not affected
by insulin or glucagon levels and thus was a relatively constant factor determining
blood glucose concentration, but the change in blood glucose concentration was
rather associated with the rate of glucose infusion (75). The conclusion was that
blood glucose concentrations are affected mostly by the exogenous glucose given
to the infant.

A retrospective study by Tottman et al. compared 190 VLBW infants born before
and 267 infants born after a new parenteral nutrition protocol (more protein, less
fat and carbohydrates, but also less energy) was implemented (76). Infants in the
“after” group had lower glucose concentrations and experienced less
hyperglycemia > 8.5 mmol/L both during the first week of life and during the first
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four weeks of life (First week: 27% versus 42%; first four weeks: 39% versus 51%).
Insulin usage rates did not differ though. Increased carbohydrate intake during
the first week of life, but not during the entire period of the first four weeks of life,
was associated with increased risk for hyperglycemia (25% increase in risk for
each 1 g/kg/d increase in the intake).

It was shown that VLBW neonates receiving parenteral glucose infusion (either
as a supplement to oral feedings or as the only source of nutrition) had more
hyperglycemia than exclusively oral-fed neonates, and hyperglycemia was related
to glucose infusion rates > 6.7 mg/kg/min (9.6 g/kg/d) (77, 78). Another study in
VLBW neonates showed that infants who received a glucose infusion rate of
8 mg/kg/min (11.5 g/kg/d) did not have hyperglycemia, while infants who
received glucose infusion rates of 11 and 14 mg/kg/min (15.8 and 20.2 g/kg/d)
did develop hyperglycemia (79). In ELBW infants, a maximum daily glucose
infusion rate of > 5.1 mg/kg/min (7.3 g/kg/d) (but not the carbohydrate intake)
was an independent predictor of hyperglycemia > 12 mmol/L during the first
week of life (74).

On the other hand, other studies have not been able to detect a significant
association between glucose infusion rate and neonatal hyperglycemia. In the
Neonatal Insulin Replacement Therapy in Europe (NIRTURE) study, a
randomized controlled trial (RCT) in VLBW infants that used CGM registration
during the first week of life, no association was found between mean glucose
infusion rate during the first week of life and the risk for hyperglycemia (23). A
large retrospective study as well as a recently published prospective study using
CGM in VLBW infants have shown similar results (18, 22).

Parenteral lipid intake

It was shown that lipid infusion contributes to hyperglycemia, possibly by
stimulating gluconeogenesis due to provision of more available substrate for the
process (80, 81). In the NIRTURE study, parenteral lipid infusion was shown to
be an independent risk factor for hyperglycemia, perhaps due to the lipid infusion
impairing insulin sensitivity (23). Table 5 presents conflicting results from
observational studies regarding change in parenteral lipid intake and its effect on
the risk of neonatal hyperglycemia.

Steroid treatment

Antenatal (i.e. pre-birth) synthetic corticosteroid treatment given to mothers was
not associated with hyperglycemia during the first three days of life, but long
exposure (> one week) for antenatal steroids was associated with a four times
higher risk for hyperglycemia (82). The use of systemic steroids (hydrocortisone
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Table 5. Parenteral lipid intake and the risk of neonatal hyperglycemia in preterm infants.

Study Population Changein Hyperglycemia Change in odds

N) parenteral definition for
lipid intake hyperglycemia

Tottman VLBW > 8.5 mmol/L | 44%
etal. (76) (457) T1g/kg/d

Stensvold ELBW > 12 mmol/L 1 41%
etal. (74) (195)

and dexamethasone) in VLBW infants was shown to be associated with an
increased risk for hyperglycemia > 10 mmol/L (83). Cochrane meta-analyses
have shown that postnatal systemic steroid treatment given to preterm infants at
any time was associated with hyperglycemia (84, 85). On the other hand, a
retrospective study in ELBW neonates did not detect an association between
postnatal steroid use and hyperglycemia (28). Furthermore, Cochrane
meta-analyses concluded that ventilated VLBW infants treated with inhaled
corticosteroids during the first week of life for preventing bronchopulmonary
dysplasia had a 48% lower risk of hyperglycemia, but no difference was noted
when the treatment was given later than the first week of life (86, 87).

Inotrope treatment

The use of inotropes in the NIRTURE study was associated with a 3.4 times
higher risk for hyperglycemia (23). A recent prospective study in VLBW infants
has confirmed this association, reporting that the need for inotropic drugs
increased the risk of hyperglycemia by more than 4 times (22). This association
might be caused by inotropes increasing insulin resistance as well as reducing
insulin secretion.

Sepsis

Sepsis was found to be an independent risk factor for hyperglycemia in the
NIRTURE study (23). Another study showed that early-onset sepsis was
associated with hyperglycemia in VLBW neonates (29). Antibiotics use during the
first two weeks of life was found to be associated with ten times higher odds for
hyperglycemia in ELBW infants (24). However, a prospective study in VLBW
neonates and a retrospective study in ELBW neonates did not observe similar
results (22, 28).

Stress

Both disease processes and the medical treatment provided (blood sampling,
intubation, infusion etc.) increase physiologic stress in the sick neonate (88).
Stress leads to a counterregulatory hormone reaction, which in turn leads to
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decreased insulin secretion from the pancreas and increased glycogenolysis and
gluconeogenesis, thereby to hyperglycemia.

Hypophosphatemia

An observational study including 148 ELBW infants found that the hazard risk of
hyperglycemia > 8.3 mmol/L at any given time was 3 times higher for each 0.41
mmol/L decrease of phosphate level at that time and 3.85 times higher for each
0.41 mmol/L decrease of phosphate level on the previous day (89). The authors
suggested that hypophosphatemia might thus be associated with hyperglycemia.

Neonatal diabetes mellitus

Type 1 (insulin-dependent) diabetes mellitus presenting in neonates is rare and
autoimmune antibodies are not frequently detected in infants diagnosed with
diabetes before 6 months of age (90). Thus, most of the patients with neonatal
diabetes mellitus will have a monogenic form of diabetes. Early insulin
administration is crucial in treating this group of patients. Approximately 50% of
these patients will have permanent diabetes requiring life-long treatment with
insulin, while in the remaining patients, the diabetes will be transient and remit
within a few weeks or months.

Key points

Many risk factors have been proposed for neonatal hyperglycemia,
including prematurity, growth retardation, parenteral nutrition,
perinatal morbidities and medical treatment.

Conflicting results have been shown for most of these risk factors.

Outcomes of hyperglycemia

Mortality

In VLBW infants, neonatal hyperglycemia and its duration were found to be
associated with a higher mortality risk (18, 22, 29, 30). Hays et al. showed that
increased blood glucose concentration in ELBW infants was associated with an
increased mortality risk (27). Large observational studies in ELBW infants
demonstrated that hyperglycemia > 10 mmol/L during the first week of life and
> 12 mmol/L lasting for at least three hours were risk factors for death (91, 92).
On the other hand, some retrospective studies in ELBW infants did not observe
such an association between hyperglycemia and mortality, after adjusting for
gestational age and major morbidities (24, 28).
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A small study including 33 VPT infants found that mortality during admission
was higher among the subgroup of hyperglycemic EPT infants (93). EPT infants
who had blood glucose concentrations > 8.3 mmol/L on the first day of life and
those who had blood glucose concentrations > 8.3 mmol/L four or more times
during the first week of life were shown to have had significantly increased
mortality rates (94, 95).

Retinopathy of prematurity

Hyperglycemia in VLBW infants, its episode frequency, mean blood glucose
concentration in the first week of life, and increased insulin use were all shown to
be independent risk factors for the development of retinopathy of prematurity
(ROP) (18, 30, 96-98). Similarly, ROP patients were found to have previously had
higher average glucose concentrations and higher incidence of hyperglycemia
> 8.3 mmol/L than non-ROP patients (99).

Retrospective studies in ELBW infants have shown similar results, with
hyperglycemia being an independent risk factor for ROP (28, 100). A
retrospective cohort study including 114 ELBW infants found that ROP patients
had higher time-weighted glucose concentrations during the first 10 and 30 days
of life (101). Longer periods of time having blood glucose concentrations > 6.6
mmol/L were associated with severe ROP, rather than isolated exposures to
glucose concentrations > 8.3 mmol/L.

A possible explanation for the mechanism responsible for these findings might be
that hyperglycemia induces inflammation and apoptosis in the retina which leads
to neuronal degeneration (102).

Growth

In VLBW infants, hyperglycemia > 8.3 mmol/L during the first two weeks of life
was associated with lower weight, shorter length and head circumference, and
lower percent body fat at four months corrected age, as well as with poor growth
up to two years of age (17, 103). On the other hand, van der Lugt et al. did not find
an association between hyperglycemia and growth at two years of age (93).

Intraventricular hemorrhage

It was previously shown that preterm infants who have hyperglycemia have an
increased risk for intraventricular hemorrhage (IVH) (18, 27). Auerbach et al.
reported that longer duration of hyperglycemia > 6.9 mmol/L during the first four
days of life was associated with higher incidence of severe IVH (104).
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The presence of insulin-treated hyperglycemia during the first 10 days of life in
ELBW infants was associated with a 2.6 times higher risk for IVH (25). It is worth
noting though that hyperglycemia in itself was not an independent predictor of
IVH, rather only in the simultaneous presence of hypernatremia. Also worth
mentioning is that it was not established whether IVH preceeded or followed the
development of hyperglycemia. Other studies did not find an association between
IVH and hyperglycemia (22, 28, 95).

Brain function and neurodevelopmental disability

Hyperglycemic rats were found to have lower brain weight and more severe brain
damage, especially in the hippocampus (105). In these animal models, neonatal
hyperglycemia was found to induce oxidative stress and damage, apoptosis, and
increase in inflammatory cytokines, resulting in microglial activation and
astrocytosis, which led to long-term changes in synaptogenesis and behaviour
(106). Higher glucose concentrations were associated with higher methylation of
leucine-rich alpha-2-glycoprotein 1, a protein known to be associated with
neurodevelopment (107). In neonatal rats, hyperglycemia was also associated
with upregulation of Poly (ADP-ribose) polymerase-1 (a nuclear enzyme involved
in DNA repair and cell survival) and NF-kB expression (which regulates
microglial activation), which led to microgliosis in the brain (108).

A Swedish study including 94 EPT infants who underwent brain magnetic
resonance imaging scan at term age found that hyperglycemia > 8.3 mmol/L on
the first day of life was an independent risk factor for white matter reduction (95).
A prospective study including 41 infants born < 31 gestational weeks found that
increased blood glucose concentrations were associated with decreased total
absolute band power, a measure expressing background brain activity (109).

van der Lugt et al. found more abnormal neurological and behavioural
development in VLBW infants with insulin-treated hyperglycemia (93).
Hyperglycemia > 8.3 mmol/L was shown to be associated with lower survival
without NDD at 18 months as well as with poorer gross motor outcomes at 4 years
of age in term-born children who had moderate-severe hypoxic ischemic
encephalopathy or asphyxia (110, 111). A retrospective study including 443 VLBW
infants showed that hyperglycemia during the first week of life was associated
with lower survival without NDD at two years of age, but this association did not
remain significant after adjusting for gestational age, birth weight z-score and
socioeconomic status (112).
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Sepsis

Kao et al. showed that ELBW infants who had hyperglycemia > 10 mmol/L during
the first week of life had higher risk for dying or developing a culture-proven
infection during the same period (91). On the other hand, van der Lugt et al. found
that sepsis was more prevalent in VLBW infants with birth weight > 1000 grams
who had hyperglycemia, but not in ELBW infants (93). In line with these findings,
Alexandrou et al. did not find an association between hyperglycemia and sepsis
in EPT infants (95).

Necrotizing enterocolitis

One study by Kao et al. found that hyperglycemia > 10 mmol/L during the first
week of life in ELBW infants increases the risk for developing stage II/III NEC,
but this finding was not repeated by others (91).

Blood pressure

In adults with hypertension, impaired glucose tolerance was associated with
increased arterial stiffness (113). Sustained hyperglycemia was shown to activate
the renin-angiotensin system in adults with type 1 (insulin-dependent) diabetes
mellitus, thereby increasing systemic and renal vasomotor tonus, increasing the
blood pressure (BP) (114, 115). Rat models showed that hyperglycemia exerts its
blood pressure-elevating effect in two phases: an early phase due to an efferent
sympathetic discharge, and a delayed phase due to activation of the
renin-angiontensin system (116). Hyperglycemia in preterm baboons was shown
to accelerate kindey maturation and result increased oxidative stress, which later
might lead to increased BP (117). No study has investigated the association
between hyperglycemia and later BP in preterm infants.

Key points

Neonatal hyperglycemia is associated with many adverse outcomes,
including increased mortality and higher risk of ROP, diminished
growth, IVH, white matter reduction, lower brain activity, sepsis and
NEC, though conflicting results have been shown.

Very little or no evidence exists regarding the possible associations
between neonatal hyperglycemia and NDD and BP later in life.
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Management of hyperglycemia

Different neonatal units and different clinicians have different approaches for
treatment of neonatal hyperglycemia in preterm infants. The majority would
decrease parenteral glucose intake as the initial measure, and only if this would
prove to be insufficient, start insulin treatment (15). Insulin treatment instead of
glucose intake reduction, on the other hand, could help optimize early energy
intakes, which have been shown to be important for postnatal growth (9, 118).
The starting dose of insulin differs greatly between different units, with the most
common starting dose being 0.05 IU/kg/h. Current evidence for the benefits of
this treatment is sparse and contradicting (see below), and a cochrane review has
concluded that there is insufficient evidence published to determine whether
treatments for neonatal hyperglycemia have any effect (119).

Reduction of glucose infusion rate

The American Society for Parenteral and Enteral Nutrition recommended to
avoid excess energy and glucose delivery in hyperglycemic infants receiving
parenteral nutrition (26). However, no trials have been done comparing
reduction of parenteral glucose infusion with no reduction as treatment for
hyperglycemia. A cochrane review has thus concluded that there is insufficient
evidence from trials in VLBW infants to determine whether lower or higher
glucose infusion rates affect mortality and morbidity (120).

In a study including 195 ELBW infants, Stensvold et al. compared infants born
before and after a strict strategy aiming at avoiding fluctuations in glucose
infusion rates was implemented at the University hospital in Oslo, Norway (74).
In the “after” group, glucose infusion rate was reduced to a minimum of
4 mg/kg/min (5.8 g/kg/d) if blood glucose concentrations approached
10-12 mmol/L. The maximum glucose infusion rate decreased from
6.3 mg/kg/min (9.1 g/kg/d) to 5.8 mg/kg/min (8.4 g/kg/d), severe
hyperglycemia (two consecutive glucose values > 12 mmol/L at least three hours
apart) during the first week of life decreased from 48% to 23%, insulin use
decreased from 39% to 16% and mortality decreased from 26% to 10%.
Hyperglycemia > 10 mmol/L decreased as well, from 68% to 35%. Total protein
and energy intakes were higher in the “after” group.

Adjusting parenteral amino acid and lipid intakes

Some amino acids (e.g. lysine, threonine and branched chain amino acids)
stimulate insulin secretion. This was shown for arginine as well, whereas low
plasma arginine levels were associated with poorer blood glucose control (121). A
small study comparing preterm neonates receiving only glucose infusion with
neonates receiving both glucose and amino acid infusion showed that neonates
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receiving amino acid infusion had higher insulin levels, thereby suggesting that
amino acid infusion has an insulinogenic glucose-decreasing effect (122). Studies
investigating the association between a parenteral amino acid intake intervention
and hyperglycemia are summarized in Table 6. A cochrane meta-analysis
concluded that higher amino acid intake in parenteral nutrition was associated
with a reduction in hyperglycemia > 8.3 mmol/L, but without reduction in the
incidence of hyperglycemia treated with insulin (123).

Table 6. Associations between parenteral amino acid intake interventions and
hyperglycemia in preterm infants.

Thureen RCT <1300¢g 3 g/kg/d 1 insulin levels
et al. (124) (28) (versus 1 g/kg/d)

Burattini RCT <1250¢g 4 g/kg/d | hyperglycemia > 9.7
et al. (125) (131) (versus 2.5 g/kg/d) | mmol/L

Tottman Before- VLBW 1 1g/kg/d | hyperglycemia > 8.5
et al. (76) after (457) on weeks 1-4 mmol/L

Mahaveer | Before- < 29 weeks 13.5-4 g/kg | insulin treatment
et al. (126) after (76) on week 1

A study in 29 VLBW infants found that introducing parenteral lipid infusion at
day one versus day eight of life was associated with decreased blood glucose
concentrations (127).

Insulin treatment

In VLBW infants

A number of small case series studies investigated continuous insulin infusion as
treatment for neonatal hyperglycemia in VLBW infants and showed positive
results (Table 7). A retrospective study in hyperglycemic VLBW infants supported
these results (128).

Two RCTs were carried out in VLBW infant populations. The first included
42 infants and compared a more aggressive nutrition regimen (higher protein and
non-protein intakes and insulin treatment for hyperglycemia) with a control
group (lower intakes and glucose infusion rate reduction as treatment for
hyperglycemia). Only a temporary benefit of improved weight gain in the first
week of life was found. Furthermore, higher incidence of hyperglycemia was
found in the intervention group (129). The other RCT, the Hyperglycaemia and
Insulin in Neonates Trial (HINT), included 88 infants with hyperglycemia (> 8.5
mmol/L twice at least four hours apart). A tight glycemic control group
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Table 7. Continuous insulin infusion as treatment for neonatal hyperglycemia in VLBW
infants.

Vaucher | Hyperglycemia > 7 mmol/L | - GIR: 5.8 mg/kg/min — 11.2 mg/kg/min

et al. + - Energy intake: 29 kcal/kg/d —
(130) GIR < 4.2 mg/kg/min 56 keal/kg/d
(age 0-3d) - Net weight gain in 80% of infants
(N =10) or - Hypoglycemia < 1.4 mmol/L:
< 7.5 mg/kg/min (age > 4d) < 1% of samples
Ostertag Hyperglycemia - GIR: up to 11.2 mg/kg/min
etal. or - Energy intake: 50 kcal/kg/d —
(131) GIR < 6 mg/kg/min 70 keal/kg/d
- Weight change: -23 g/d — +13 g/d
(N =10) - Hypoglycemia < 1.4 mmol/L: none
Heron Hyperglycemia - GIR: 7 mg/kg/min — 9.2 mg/kg/min
et al. - Energy intake: 61 kcal/kg/d —
(132)* 80 keal/kg/d
- Hypoglycemia < 2 mmol/L:
(N =15) 2.8% of samples

* Birth weight < 1250 g; GIR — glucose infusion rate.

immediately receieved insulin infusion at o0.05 IU/kg/h with a target blood
glucose of 4-6 mmol/L. A standard practice group was treated with insulin at the
same infusion rate but only if blood glucose was > 10 mmol/L or if the infant had
persistent glycosuria > 2+, energy intake < 100 kcal/kg/d, was older than
72 hours of age and was not acutely stressed; target blood glucose was
8-10 mmol/L. The study showed that tight glycemic control resulted in greater
weight gain and head circumference growth up to PMA 36 weeks, but linear
growth (leg growth rate) during the same period was compromised and more
hypoglycemia events were noted (19). Furthermore, no effect was found on
survival without NDD, intelligence scores or motor skills at seven years of age
(133). However, treated infants who had their blood glucose concentrations in the
range 4-6 mmol/L had a higher survival rate and were more likely to survive
without NDD and low full scale intelligence quotient (FSIQ).

In ELBW infants

A prospective cohort study found that ELBW infants with hyperglycemia (> 12
mmol/L twice at least four hours apart; N = 88) required longer duration and
higher infusion rates of insulin to maintain normoglycemia, compared with
hyperglycemic infants with birth weight > 1000 g (N = 27) (134).

An RCT in 24 ELBW infants with hyperglycemia (> 9.9 mmol/L with glycosuria)

assigned the infants to receive either total parenteral nutrition and insulin
infusion or a reduction of glucose infusion rate (135). Insulin-treated infants
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tolerated higher glucose infusion rates (20.1 mg/kg/min versus 13.2 mg/kg/min),
had greater non-protein energy intake (125 kcal/kg/d versus 86 kcal/kg/d) and
greater weight gain (20 g/kg/d versus 8 g/kg/d), without increasing the rate of
hypoglycemia (0.2%).

An RCT by Meetze et al. enrolled 56 ELBW infants (20). Hyperglycemic infants
(> 13.3 mmol/L or > 8.9 mmol/L lasting at least four hours) received either
insulin infusion or a reduction of glucose intake while normoglycemic infants
served as a control group. Insulin infusion was started at a rate of 0.1 IU/kg/h.
Glucose infusion rate was reduced until blood glucose decreased or until a
minimum of 5 mg/kg/min (7.2 g/kg/d) was reached (in which case insulin
infusion was started). Glucose target range was 5-8.9 mmol/L. None of the
infants receiving insulin had hypoglycemia < 3.3 mmol/L. Lower energy intake
was found in the glucose reduction group and these infants remained in a
catabolic state (energy intake < 60 kcal/kg/d) longer than the control group
(8.6 days versus 4.1 days). On the other hand, insulin-treated infants received low
intakes as well (mostly due to delay in enteral feeds), but they were in a catabolic
state for a shorter period than infants in the glucose reduction group (5.5 days).
The authors concluded that while glucose reduction is an efficient treatment for
hyperglycemia, it affects the nutrition intakes markedly, while insulin treatment
is also an efficient treatment without an increased risk for hypoglycemia.

On the other hand, in a retrospective study by Binder et al., 34 ELBW infants with
hyperglycemia who were treated with insulin infusion were compared to
42 hyperglycemic infants who did not receive insulin treatment (136). No
difference was found between the groups regarding non-protein energy intake,
time to energy intake of 100 kcal/kg/d, time to regain birth weight and change in
weight during the first two months of life. Hypoglycemia < 2.2 mmol/L was found
in < 0.5% of the blood samples in insulin-treated infants.

Preventive insulin therapy

Only one RCT to date, the NIRTURE study, has looked into insulin infusion as a
preventive therapy for hyperglycemia. This study was preceded by a pilot study
that included 17 VLBW infants within 24 hours from birth and randomized them
to receive either early elective fixed-dose insulin during the first week of life or
standard care (137). All infants were monitored by CGM that did not affect the
clinical decision making. In the standard care group, hyperglycemia (two
measurements > 10 mmol/L) was managed by switching to a less concentrated
glucose infusion (5%) if glucose infusion rate was > 5 mg/kg/min (7.2 g/kg/d).
Otherwise, an insulin infusion was started at 0.05 IU/kg/h and titrated according
to a sliding scale. Infants in the intervention group received a fixed-dose
(0.025 1U/kg/h) insulin infusion within 24 hours of birth (and if blood glucose
was > 3.5 mmol/L). A 20% glucose infusion was given as long as glucose
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concentrations were < 4 mmol/L. Insulin infusion was stopped if glucose
concentrations were < 2.6 mmol/L, followed by increasing the glucose infusion.
Hyperglycemia was treated as in the standard care group. Target glucose range
was 2.6-10 mmol/L. Both groups received the same energy intake. The
intervention group had better glucose control and less time was spent in
hyperglycemia (7.6% versus 35.9%). No difference was found in hypoglycemia
rates (0.2% versus 0.4%).

The NIRTURE study itself used the same design as described above, apart from a
higher insulin infusion rate of 0.05 IU/kg/h in the intervention group (138).
Infants in the intervention group had less hyperglycemia, received a higher
carbohydrate intake and lost less weight during the first week of life. However,
hypoglycemia was more common in the intervention arm (29% versus 17%). It
was more prevalent among infants who had birth weight > 1000 g in the
intervention arm, but not among ELBW infants (34% versus 12% in non-ELBW
infants, 26% versus 23% in ELBW infants). No differences were found in
morbidity and mortality at term age or in growth at 28 days of life, but the protein
intake in the study was substantially low (1.23 g/kg/d). The recruiting of patients
was suspended due to concerns for excess periventricular leukomalacia. No
significant difference was found regarding this condition but it was found that
28-day mortality was higher in the intervention group (12% versus 6%). Data
regarding neurodevelopmental outcomes has not been published yet.

The American Society for Parenteral and Enteral Nutrition recommended
therefore against the use of early insulin therapy to prevent hyperglycemia and
recommended the use of insulin infusion only for those patients with persistent
hyperglycemia where reduction of glucose infusion rates, elimination of
medications predisposing to hyperglycemia and correction of underlying causes
of hyperglycemia have failed to correct the hyperglycemia (26). Ogilvy-Stuart et
al. suggested that neonatal hyperglycemia should be treated by maintaining
glucose infusion rates between 6-12 mg/kg/min and glucose concentrations < 10
mmol/L, if necessary, with the use of insulin (45).

Problems with insulin treatment

As mentioned above, rates of hypoglycemia associated with insulin treatment
were quite low in smaller studies (20, 130-132, 135, 136). In a prospective study
using CGM during the first weeks of life in 38 VLBW infants, no relationship
between insulin treatment and hypoglycemia could be found (30). A retrospective
study in ELBW infants found a 4% prevalence of hypoglycemia < 2.2 mmol/L in
hyperglycemic infants treated with insulin (24). Another retrospective study in
infants born < 29 gestational weeks found hypoglycemia < 2 mmol/L in 1.3% of
the samples (12% of the infants) but no association to survival or
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neurodevelopmental outcomes at one year of age was observed (139). However,
large RCTs in VLBW infants have shown high rates of hypoglycemia (19, 138).

Information regarding the bioavailability and half-life time of insulin is derived
from studies in adults and older children but no information is available for
insulin treatment kinetics in preterm infants. Furthermore, it was shown that
insulin infusion in ELBW infants decreases proteolysis, but also protein
synthesis, resulting no net reduction in protein catabolism, and concerns were
also raised for accompanying lactic acidosis (140).

It was previously described that more than 75% of the insulin in an insulin
infusion is adsorbed by glass and polyvinylchloride containers and by the infusion
set (141). This delays the time to reach steady state of insulin delivery, i.e. longer
time is needed for the treatment to be effective. Therefore, it was suggested to
administrate insulin in combination with human serum albumin. Priming the
tubing used with an insulin flush before initiation of insulin infusion therapy
blocks nonspecific binding sites, enhances the delivery of insulin to the patient
and might accelerate the correction of hyperglyclemia (142).

Key points

Both adjusting parenteral nutrition and insulin infusion as treatment
for neonatal hyperglycemia have shown promising results in smaller
studies.

However, larger studies have raised concerns for adverse outcomes
associated with both treatments.

Thus, no clear recommendation for treatment of neonatal
hyperglycemia could be made.

Hypoglycemia

Definition

As with hyperglycemia, hypoglycemia also lacks a clear definition, especially in
the preterm infant population, and the range of different definitions used is wide
(143). A meta-analysis suggested the following definitions for hypoglycemia in
full-term newborns (144): < 1.6 mmol/L (age 1-2 hours), < 2.2 mmol/L (age
3-47 hours), < 2.6 mmol/L (age 48-72 hours). The American Academy of
Pediatrics defined the operational threshold for hypoglycemia as 2.2 mmol/L in
the first four hours of life and 2.6 mmol/L therafter (145). In a recently published
meeting abstract, CGM data from the first five days of life in 67 term healthy
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infants included in the Glucose in Well Babies (GLOW) study showed that glucose
concentrations are stable around 3.3 mmol/L during the first 48 hours of life and
increase to a new plateau at 4.6 mmol/L after 72 hours (146).

Prevalence

Preliminary results from the GLOW study show that hypoglycemia < 2.6 mmol/L
in healthy newborns is common mainly during the first 72 hours of life and only
a few patients have later episodes of hypoglycemia (146). CGM registration
detected hypoglycemia in approximately 40% of VLBW infants during the first
two weeks of life, and mostly during the first two days of life (30, 147). A large
study by Lucas et al. demonstrated that 67% of infants born
< 1850 g experienced hypoglycemia < 2.6 mmol/L during their admission period,
with only 10% experiencing hypoglycemia after the first month of life (148).
Table 8 presents prevalence rates for hypoglycemia later during the admission
period in different populations of preterm infants.

Table 8. Prevalence of hypoglycemia during later periods of admission in preterm infants.

™) period
Mola- VLBW PMA32-33 | 41% |
Schenzle (41) weeks - 37% of episodes lasted
etal. (31) 30 min
Pertierra- VPT <26 PMA 36-39 | 23%
Cortada (60) lasting weeks
et al. (16) 30 min
Staffler VLBW <25 Exclusively | 23%
et al. (149) (> 1000 g) enterally
(44) fed
ELBW 44%
(54)

Glucose concentrations expressed in mmol/L. Mola-Schenzle et al. and Pertierra-Cortada
et al. used CGM-derived data while Staffler et al measured blood glucose concentrations.

Pathophysiology

Preterm infants are vulnerable to hypoglycemia due to lack of energy stores and
a lower capacity for production of alternative energy sources (150, 151). Glycogen
storage in the liver does not occur until the third trimester, and therefore the
ELBW infant has a limited glycogen reserve (10). It was postulated that poorly
coordinated counterregulatory hormone response, as well as peripheral
insensitivity to these hormones, might also contribute to hypoglycemia (152).
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Risk factors
SGA status, Apgar score < 5 at 5 minutes after birth and lower body mass index
(BMI) at birth were found to be risk factors for hypoglycemia (148).

Outcomes

Much controversy exists regarding potential brain damage caused by
hypoglycemia. On the one hand, hypoglycemia has been associated with adverse
neurological outcomes and radiological findings in multiple studies (148, 153-
157). Frequent, moderate hypoglycemia was associated with greater
developmental deficits than severe but less frequent hypoglycemia, but the
specific threshold in which hypoglycemia exerts its effect on the brain is
unknown. It was recently shown that children born moderate to late preterm or
term who were exposed to severe (< 2 mmol/L), recurrent (> 3 episodes) or
clinically undetected (< 2 mmol/L for at least 10 minutes detected only by CGM)
neonatal hypoglycemia episodes had reduced executive and visual motor function
at 4.5 years of age (158).

On the other hand, large studies in children born preterm did not find differences
in neurodevelopmental outcomes at an array of ages from 2 to 18 years between
children who were and were not exposed to hypoglycemia (158-160).
Furthermore, a recently published large RCT in otherwise healthy newborns with
asymptomatic moderate hypoglycemia (< 2.6 mmol/L) showed that using a lower
glucose treatment threshold of 2 mmol/L was not inferior to a treatment
threshold of 2.6 mmol/L with regard to neurodevelopmental outcomes at
18 months of age (161). A recent systematic review and meta-analysis concluded
that neonatal hypoglycemia was associated with visual-motor impairment but not
with neurodevelopmental impairment in early childhood, while it was associated
with neurodevelopmental impairment and low literacy and numeracy in
mid-childhood (162).

Treatment

In 2017, Swedish national guidelines for the prevention and treatment of
hypoglycemia in neonates born > 35 gestational weeks were published (163).
Hypoglycemia should be prevented by promoting breastfeeding and skin-to-skin
contact with the parent(s) as soon as possible after birth (within 1 hour).
Hypoglycemia < 2.6 mmol/L should be treated with dextrose gel and feeding. If
the hypoglycemia persists, or if blood glucose is < 1.5 mmol/L, glucose infusion
should be started.
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Key points

Hypoglycemia is common in preterm infants, especially in the first
days of life.

It might affect the neurodevelopment of the infants, but this effect is
debated.

Blood pressure

Increased BP is a known risk factor for stroke and death from cardiovascular
disease. It has been previously shown that children (at all age ranges) and adults
born preterm have increased BP as well as increased risk for cerebrovascular
disease compared with term-born peers (164-170). A small reduction of 2 mm Hg
in the BP at the individual level leads to a reduction of 17% in the prevalence of
hypertension, 6% in the risk for congestive heart disease and 15% in the risk for
stroke and transient ischemic attacks in the population level (171).

Mechanisms

The mechanisms by which BP levels are affected by preterm birth are not fully
understood. Different theories include underdevelopment of the kidneys with
lower number of nephrons, disturbed growth of the vascular tree leading to
increased peripheral vascular resistance, and increased activity along the
sympathetic-adrenal axis (172-174). A recently published study suggested that
decreased growth in the postnatal period induces higher cortisol and
dehydroepiandrosterone levels at six years of age, which in turn were associated
with higher systolic blood pressure (SBP) at this age (175).

Early programming hypothesis

Barker et al. formulated the early programming hypothesis: events or insults
occurring during sensitive periods of development early in life, so called critical
periods, can affect long-term metabolism (176). Thus, IUGR, low birth weight and
prematurity might cause hypertension, coronary heart disease and diabetes. In
the same way, postnatal nutrition and early growth might affect long-term
outcomes. The causality implied in the hypothesis has thus far been difficult to
prove.
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Growth and blood pressure

Birth weight and birth weight z-score

In the general population, it was found that lower birth weight z-scores were
associated with higher SBP and diastolic blood pressure (DBP) at adult age (177).
At 9-11 years of age, SBP and DBP were lower by 2.8 and 1.4 mm Hg for each 1 kg
increase in birth weight, respectively (178). Other studies, including a large
meta-analysis, have shown similar results (179-187). Among adolescents and
adults born preterm, however, multiple studies have failed to show a significant
association between birth weight and birth weight z-scores and cardiovascular
measures, especially BP, later in life (167, 188-190).

Growth

Weight gain and weight gain velocity during the first years of life in preterm
infants were shown to be associated with higher SBP and DBP at 6.5 and 16 years
of age (191, 192). A subanalysis of 38 VLBW-born children included in the
NIRTURE study found that SBP at 2 years of age was significantly positively
correlated with increase in length and length z-scores between 6-12 months of age
and with increase in weight, length, and length z-scores between term age and
2 years of age (but not between term age and 6 months of age) (193). DBP was
not associated with growth. Contrarily, earlier results from a regional subset of
the EXtremely PREterm infants in Sweden Study (EXPRESS) including 68
children born EPT showed that increased weight z-score change between PMA 36
weeks and 2.5 years of age was associated with lower SBP and DBP z-scores at 6.5
years of age (164). A longitudinal cohort study in adolescents born preterm did
not find any association at all between weight gain during the immediate
postdischarge period and later BP (194). Finally, a Finnish longitudinal cohort
study including 125 adults born VLBW did not find an association between weight
gain and linear growth during weeks 1-3 and 4-6 of life and BP at the ages of 22.5
and 25.1 years (195).

Nutrition and blood pressure

In mice models, underfeeding during the early postnatal period led to defective
insulin secretion, while overfeeding led to insulin resistance. Both underfed and
overfed mice had increased BP (196). Multiple studies have provided evidence for
the association between nutrition and BP in term infants, especially with regards
to breastfeeding which was repeatedly shown to be associated with decreased BP
at later age (197-201). Increased maternal carbohydrate intake during pregnancy
was associated with increased SBP in the child at four years of age (202).

In preterm infants, however, more conflicting results were found. The Helsinki

study of VLBW-born adults (N = 125) found that neither higher protein, fat nor
carbohydrate intakes during postnatal weeks 1-3, 4-6 or 7-9 were associated with
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BP in adulthood (195). An RCT including 758 preterm infants who received early
diets with different nutrient contents (preterm formula versus standard formula
versus donor breast milk) did not find a programming effect of the nutritional
intake and weight gain on BP at 7.5-8 years of age (203). Surprisingly, in the very
same cohort it was later found that breast milk consumption was associated with
lower mean BP by 4.2 mm Hg at age 13-16 years, thereby supporting the theory
of early programming of later cardiovascular outcomes by early-life nutrition
(204).

Nutrition, growth and blood pressure

Results from the EXPRESS cohort have previously shown that energy and protein
intakes are independent predictors of neonatal growth (9). An RCT that used
protein-energy supplementation versus low energy/no protein supplementation
in 450 infants born full term in the 1970s showed no effect of the nutrition given
or of length gain z-scores during the first two years of life on BP in adulthood
(205). On the other hand, an RCT in 6-8 years old children born SGA who as
neonates received either standard or a nutrient-enriched formula found that
children who received the higher protein intake had higher DBP by 3.5 mm Hg
than the control group, and faster weight gain in infancy was associated with
higher BP later in life (206). This raised a concern for possible “overnutrition”,
where overzealous nutrition in order to promote growth might affect long-term
cardiovascular disease programming.

Key points

Increased blood pressure is common in children and adults born
preterm.

Programming of blood pressure by early-life nutrition and growth
has been suggested.
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Objectives

The primary aim of this doctoral thesis was to investigate neonatal hyperglycemia
in VLBW and EPT infants, including its epidemiology, risk factors (including the
possible associations with nutritional intakes), consequences and treatment. A
secondary aim was to investigate the programming effect of early-life nutrition
and growth on cardiovascular outcomes in children born EPT.

The specific aims were:

- To describe the trends in blood glucose concentrations during the first
four weeks of life in EPT infants, to determine its relation to the
nutritional intake, and to investigate its association with neonatal
mortality, as well as any differences associated with insulin treatment
(Paper I).

- To investigate the associations between early-life nutrition, postnatal
growth and neonatal hyperglycemia, and BP at 6.5 years of age in
EPT-born children (Paper II).

- To explore the associations between neonatal hyperglycemia in EPT
infants and neurodevelopmental outcomes at 6.5 years of age (Paper III).

- To determine the prevalence and duration of and risk factors for
hyperglycemia episodes at PMA 36 weeks in VLBW infants (Paper IV).
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Materials and Methods

Study population

The EXPRESS cohort (Papers I-I1II)

The EXPRESS cohort is a population-based study including all infants born
before 27 completed gestational weeks in Sweden between April 1, 2004 and
March 31, 2007. All neonatal units in Sweden, including all seven University
hospitals with their respective uptake areas, participated in the study. The study
included 707 live-born infants, of them 602 survived the first 24 hours of life.
Included and excluded infants in papers I and II are described in Figures 3 and
4. For Paper III this is described in Figure 1 in the respective paper.

Live-born EPT infants
N =707

Dl le3eis 2 B (Y = 105)1 ( Chromosomal or congenital

L anomalies (N = 8)

Missing perinatal data (N = 14)J

Included in analyses
N =580

[ Died before 48 hours (N = 11) ]7

Included in analyses involving
hyperglycemia on 2 consecutive days
N =569

N

[ Died before 72 hours (N = 12)

J

Included in analyses involving
hyperglycemia on 3 consecutive days
N =557

Figure 3. Included and excluded infants in Paper I.
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Live-born EPT infants
N =707

Died before 6.5 years (N = 213)
Congenital heart/lung

malformations (N = 12)

Live in non-participating
regions (N = 232)

follow-up at 6.5 years
N =250

Declined participation (N = 38) Lost to follow-up (N = 7)

[
J L
[ Invited to cardiovascular}
) (
J L

Performed follow-up
N =205

Follow-up visit not

[ within time period (N = 27)

Ongoing cardiovascular disease
(N=2)

No measurements obtained (N = 5))

Included in analyses
N=171

Figure 4. Included and excluded infants in Paper II.

The LIGHT study (Paper IV)

The Very Low Birth Weight Infants - Glucose and Hormonal Profiles over Time
(LIGHT) study is a prospective cohort study including 50 VLBW infants born
between October 1, 2016 and November 30, 2019 and admitted to the neonatal
intensive care unit (NICU) at Umea University hospital, Sweden. Included and
excluded infants in paper IV are described in Figure 1 in the respective paper.
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Data collection
A summary of the data collected in the different papers is presented in Table 9.

Table 9. Data collection in Papers I-IV.

Paper I PaperIl | PaperIIl PaperIV

Perinatal data X X X X
Daily glucose data X X X X *
Daily insulin data X X X X*
Anthropometric X X ** X X
measurements at birth

Nutrition data X X

Blood pressure data X

Neurodevelopmental X

outcomes data

CGM data X

* Only data regarding hyperglycemia, hypoglycemia and insulin treatment during the
entire admission period (yes/no). ** Also on days 28 and 56 of life.

Perinatal data
For all papers, perinatal data was prospectively collected from the medical
journals and from the Swedish Neonatal Quality register (SNQ).

Glucose data

For Papers I-III, all available glucose measurements were retrospectively
retrieved from the medical records of the patients, and data for the first four
weeks of life was used. For each calender day, first, highest and lowest glucose
concentrations were registered, regardless if the blood sample was arterial,
venous or capillary. Most commonly, glucose concentrations were analyzed by
blood gas analyzer at the neonatal unit. Samples taken from a venous line where
glucose was simultaneously infused were excluded. For Paper IV, prospectively
collected dichotomous data regarding the occurrence of hyperglycemia and
hypoglycemia during admission period (yes/no) was registered.

Imsulin data

For Papers I-111, data regarding insulin treatment were registered retrospectively
from the medical records of the patients for each treatment day. As no guidelines
were in place for hyperglycemia treatment, insulin was given according to the
clinical judgement of the attending neonatologist. For Paper IV, dichotomous
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data regarding the administration of insulin during the admission period
(yes/no) were extracted.

Anthropometric data

For Papers I-111, prospectively registered weight and length measurements were
used, including measurements registered at birth and on days 28 and 56 of life.
Missing data were interpolated linearly based on existing data. Z-score
calculations were based on a Swedish growth reference for infants born > 24
gestational weeks (207). A Canadian reference was used for infants born < 24
gestational weeks (208). SGA was defined as birth weight < -2 SD. For paper II,
we used prospectively registered height and weight measurements taken on a
cardiovascular follow-up visit at 6.5 years of age. For Paper IV, only data
regarding measurements at birth were extracted.

Nutrition data (Papers I, IT)

Data regarding nutrition were retrospectively collected from hospital records
daily for the first four weeks of life and weekly thereafter (on days of life 35, 42,
etc.) (9). The data included macronutrient intakes (carbohydrates, protein and
fat) - enteral, parenteral and total. Intakes included flush solutions and saline
infusions. Transfused blood products were included only in paper I. Nutrient
intakes were calculated using manufacturer data and breast milk analyses (using
midinfrared spectrophotometry analyses). When breast milk analyses were not
available, an average content was assumed for the sample. Daily nutrition intakes
were calculated between 6am and 6am the following day.

Blood pressure data (Paper II)

We used prospectively collected data from a cardiovascular follow-up visit at
6.5 years of age. The follow-up visit was scheduled during morning time. After
15 minutes of rest in the examination room while sitting, a validated oscillometric
device (Omron HEM 907; Omron Healthcare, Kyoto, Japan) was used to measure
SBP and DBP in the right arm which was placed at the level of the heart. Three
measurements, at least two minutes apart, were performed. Mean and z-scores
were calculated using age-, sex-, and height-adjusted BP coefficients for children

(209).

Neurodevelopmental outcomes data (Paper II1I)

Prospectively collected data were used from a neurodevelopmental assessment
performed at a follow-up visit at 6.5 years of age. Intellectual ability was assessed
using Wechsler Intelligence Scale for Children IV (WISC-IV) (210). This is a
four-domain test administered by a psychologist. The domains tested include
verbal comprehension, perceptual reasoning, working memory and processing
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speed. Summarizing scores from all four domains, a full scale index was
calculated and was converted to a gender- and age-specific scale, the 1Q score

(FSIQ).

Motor skills were assessed by using the Movement Assessment Battery for
Children 2 (MABC-2) test (211). This is a standardized three-domain test,
administered by a physiotherapist, which aims to identify children who have
motor function impairment by assessing ball skills, static and dynamic balance
and manual dexterity through eight tasks. It is validated for use in children
3-16 years old. Higher scores indicate better motor function.

Functional level in children with cerebral palsy was assessed by using the Gross
Motor Function Classification System (GMFCS) (212). The need of hearing aids
was registered. An ophthalmologist performed a visual acuity test. Data from all
of the aforementioned evaluations (except MABC-2), as well as a clinical
examination and a medical record review, were used to assign the children an
NDD category (Table 10).

Table 10. Definitions of neurodevelopmental disability categories.

FSIQ score > -2 SD <-2SD
Cognitive disability on No/mild Moderate/severe
clinical examination or

medical record review

GMFCS score 1 >2
Visual acuity >20/63 <20/63
Need of hearing aid No Yes

Continuous glucose monitoring data (Paper IV)

Rationale

Monitoring glucose concentrations in premature infants is done at a higher
frequency on the first days and weeks of life, but when the clinical condition of
the infants stabilize and they do not seem to be at risk of glucose disturbances any
longer, this monitoring is done in increasing intervals until it eventually stops.
This means that there are prolonged periods in which we do not know if, how
much and for how long these infants are actually exposed to glucose disturbances.
CGM is a method used primarily in type 1 (insulin-dependent) diabetes mellitus
patients which allows for continuous registration of glucose concentrations over
time. Currently commercially available CGM devices are not recommended by the
manufacturer for use under two years of age (213).
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The method

The device uses a disposable oxidase-based platinum electrode, the sensor, which
is inserted under the skin. Interstitial glucose catalyzed generates an electrical
signal sent to the transmitter unit that is placed on the skin. From the transmitter,
data are being transmitted further to a monitor device. The “first generation”
models collect real time data every 10 seconds and a mean value calculated for
the previous 5 minutes is the final output. “Newer generation” algorithms are able
to provide real-time data.

Safety

CGM is able to detect more hyperglycemia and hypoglycemia episodes than blood
sampling, and it has been reported to be a safe and clinically adequate method to
estimate glucose concentrations in preterm infants (22, 30, 138, 147, 214-218).
The procedural pain associated with insertion of the CGM device has previously
been shown to be milder (lower pain scores) than the pain associated with heel
stick (219). Disadvantages of the method are discussed later, see Discussion.

Study procedure

All infants included in the LIGHT study who remained in the study at PMA
36 weeks + 2 days (n=35) were continuously monitored for glucose by using a
CGM system. This time point was chosen because: a) this is a period where
glucose concentrations are rarely routinely monitored for; b) the infants are
nearing term age; and c) the infants are not usually discharged from the hospital
prior to this age. A Dexcom G4 PLATINUM sensor (Dexcom Inc., San Diego,
California), a “first generation” device, was inserted in the frontolateral aspect of
the thigh of the infant. Registration time was 48 hours and clinical decisions were
not made based on CGM data. The procedure was performed at the University
hospital in Umea as well as at four county hospitals. Calibration of the CGM
device was done every 12 hours by pediatric nurses using point-of-care
glucometers (Accucheck Inform II, Roche Diagnostics, Basel, Switzerland or
HemoCue Glucose 201+, HemoCue, Angelholm, Sweden, depending on the
hospital).

Post hoc correction

CGM values calibrated by Accucheck point-of-care glucometers were significantly
lower by 1.0 mmol/L (95% CI of difference 0.98 — 1.09) compared to CGM values
calibrated by HemoCue devices. We therefore corrected CGM values calibrated
by Accucheck devices with a factor of +0.5 mmol/L while CGM values calibrated
by HemoCue devices were corrected with a factor of -0.5 mmol/L.
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Figure 5. A Dexcom G4 PLATINUM CGM transmitter. Dimensions (including sensor
pod): 3.8 x 2.3 x 1.0 cm. Weight (including sensor pod): 8.5 g. © Picture by Itay Zamir.

Quality control

Trained staff at the neonatal units collected the data in the EXPRESS study and
double controls were performed continuously with the original records. At each
of the seven health care regions in the EXPRESS study there were two study
coordinators (one obstetric and one pediatric) responsible for quality control of
the data collection. Furthermore, internal and external controls were performed
on a random sample of infants. Unreasonable values identified in descriptive
statistics were cross-checked against the original records. All glucose records in
the LIGHT study were collected by trained staff at the neonatal unit as well. All
data registration was supervised by the author of this thesis.

Definition of hyperglycemia

Since no clear definition for neonatal hyperglycemia exists, we tested different
combinations of glucose concentration thresholds commonly used in the
literature (see Background) and frequencies.
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Papers I-11T

In these papers, four thresholds were used to define neonatal hyperglycemia:
> 8, 10, 12 and 14 mmol/L. The threshold of 14 mmol/L was not used in Paper I,
while results for hyperglycemia > 8 mmol/L were reported only in Paper III (see
Results). Three frequency definitions for neonatal hyperglycemia were used:
occurring at least once, on 2 and on 3 consecutive days during the first 28 days of
life. Results for the first of these definitions were not reported in Paper II (see
Results). Thus, 12 definitions in total were used (Table 11).

Table 11. Various definitions of neonatal hyperglycemia used in Papers I-III.

Frequency Glucose threshold (mmol/L)

At least once Paper III | Papers], III Papers I, III | Paper I11
On 2 consecutive days Paper III | Papers I-III | Papers I-III | Papers II-111

On 3 consecutive days Paper III | Papers I-III | Papers I-III | Papers II-III

Paper 1V

Protracted hyperglycemia was defined as interstitial glucose concentrations > 8
mmol/L lasting for at least 30 minutes. Protracted hypoglycemia was defined as
interstitial glucose concentrations < 2.6 mmol/L (< 2.8 mmol/L in
Accucheck-calibrated CGM data) lasting for at least 30 minutes.

Statistical analysis

In all papers, data were analyzed by using SPSS Statistical software (IBM corp.
Released 2016. IBM SPSS Statistics for Windows, version 24.0. Armonk, NY: IBM
Corp.). In paper I, R (version 3.3.2, R Foundation for Statistical Computing,
Vienna, Austria) was used as well. The significance level in all papers was set to
p < 0.05.

Paper1

Generalized additive models including a random effect for each patient and a
smooth spline adjusting for an average time trend in observed glucose
concentrations were used to investigate the associations between nutritional
intakes and plasma glucose concentrations. In practice, we investigated how the
daily nutritional intakes were associated with glucose concentrations on the
following day. Days on which the infants received insulin treatment were
excluded from these analyses in order to avoid the effect of insulin on glucose
concentrations. Logistic regression models were used to explore the associations
between hyperglycemia and insulin treatment, and mortality up to 28 and 70 days
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of age. All models were adjusted for gestational age at birth and birth weight, with
some of the models adjusted for further morbidity factors.

Paper 1T

Multiple linear regression models were used to investigate the associations
between nutritional intakes, growth parameters and duration of neonatal
hyperglycemia, and BP z-scores at 6.5 years of age. Total intakes were calculated
for weeks 1-4, 5-8 and 1-8 of life. Analyses of covariance were used to analyze
differences in BP z-scores between children who were and were not exposed to
neonatal hyperglycemia. All models were adjusted for gestational age at birth and
heart rate at follow-up.

Paper 11T

Generalized linear mixed models including a random effect for twins/triplets
(and in some models also for treating hospital) were used to evaluate the
associations between neonatal hyperglycemia, its duration and insulin treatment,
and neurodevelopmental outcomes at 6.5 years of age. Models were adjusted for
variables that were shown to be associated with both exposure and outcome
variables and that significantly affected the association of interest.

Paper IV

Pearson correlation coefficient was calculated in order to evaluate the agreement
between CGM and capillary glucose values and a Bland-Altman plot was
constructed. Mann-Whitney and chi-square tests were used to compare
continuous and binary variables between groups, respectively. Linear regression
models were used to assess possible risk factors for time spent in hyperglycemia
and hypoglycemia.

Ethical approval

All studies in this thesis were carried out according to the Declaration of Helsinki
— Ethical principles for medical research involving human subjects, developed by
the World medical association. The EXPRESS study (including the follow-up
described in Paper III) was approved by the regional ethics committee in Lund,
Sweden (no. 42/2004, 138/2008, 524/2009, 488/2015, 18/2016, 970/2016).
The follow-up described in Paper II was approved by the regional ethics
committee in Stockholm, Sweden (no. 520-31/2/2010, amendment
no. 376-32/2011). Parents provided informed consent for data acquisition. The
ethical committee granted waiver of consent for additional data acquisition
regarding nutrition data. The LIGHT study was approved by the regional ethics
committee in Umed, Sweden (no. 226-31M/2016). Parents provided informed
consent for all study procedures.
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Power analysis

The LIGHT study was planned to include 50 VLBW infants. A large drop-out
margin of 40%, leaving 30 infants in the study, was taken into consideration. It
was calculated that including 30 infants would provide the study a power of 80%
at a significance level of 5% to detect a significant association between glucose
concentrations and total carbohydrate intake (based on results presented in
Paper I — an association between a 3.0% increase in glucose concentration
following a 1 g/kg/d increase in total carbohydrate intake; see Results).
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Results

Patient characteristics

Table 12 describes baseline charecteristics of the infants included in the different
studies. In paper IV, out of the 35 VLBW infants included in the CGM registration

at PMA 36 weeks, 22 were ELBW.

Table 12. Baseline characteristics of infants included in papers I-IV.

Infants included, N 580 171 533 35

Gestational age (weeks), 25.3 (1.1) 25.4 (1.0) 25.3 (1.1) 27.3 (2.6)

mean (SD)

Birth weight (g), mean (SD) 763 (168) 782 (165) 761 (170) 929 (276)

Birth weight z-score, mean -0.79 (1.2) -0.71 (1.2) -0.80 (1.2) | -1.41(1.5)

(SD)

Males, N (%) 317(54.7) | 95(56.0) | 288(54.0) | 12(34.3)

Multiple gestation, N (%) 121 (20.9) 35 (20.5) 116 (21.8) 3(8.6)

Apgar score at 5 minutes 7(2) 7(2) 7(2) 7(2)

after birth, mean (SD)

IVH grade 3-4, N (%) 78 (13.4) 19 (11.1) 76 (14.3) 3(8.6)

NEC, N (%) 33(5.7) 10 (5.8) 29 (5.4) 0 (0.0)

Duration of mechanical 14.2 (17.1) 14.5 (15.6) 14.5 (17.5) 7.7 (12.9)

ventilation treatment (days),

mean (SD)

Culture-verified sepsis, 263 (45.4) 92 (53.8) 245 (46.0) 3(8.6)

N (%)

Patent ductus arteriosus, 339 (58.4) | 103(60.2) 310 (58.2) 21 (60.0)

N (%)

ROP stage 3-5, N (%) 173 (34.5) | 60(35.7) 158 (35.2) 6 (17.1)
(N=501) | (N=168) (N = 449)

Bronchopulmonary 390 (67.2) | 132 (77.2) 357 (67.0) 16 (45.7)

dysplasia, N (%)

Insulin treatment, N (%) 86 (14.8) 15 (8.8) 77 (14.4) 7 (20.0)

Prevalence and duration of glucose disturbances

Neonatal hyperglycemia in EPT infants

We observed that 51% of EPT infants had hyperglycemia > 10 mmol/L at least
once during the first week of life. The prevalence of neonatal hyperglycemia (i.e.
during the first 28 days of life) in EPT infants according to different threshold
and frequency definitions is presented in Table 13.
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Table 13. Prevalence of neonatal hyperglycemia (according to various definitions) in EPT
infants.

86.7% 65.4% 46.1%
69.8% 44.3% 20.4%
52.6% 20.4% 16.2%
41.6% 18.5% 8.3%

Glucose concentrations expressed in mmol/L.

Mean glucose concentrations, as well as the daily prevalence of hyperglycemia,
increased steadily during the first and second weeks of life, reaching a peak of
hyperglycemia in 30% of tested infants on day 12 of life (Paper I). Thereafter, a
slow decrease was noted during weeks three and four of life, but nevertheless,
> 20% of tested infants had hyperglycemia at week four of life.

Glucose disturbances at postmenstrual age 36 weeks in VLBW
infants

Most (63%) of the VLBW infants who were monitored with CGM at PMA
36 weeks had protracted dysglycemia (hyperglycemia, hypoglycemia or both;
Paper IV). Protracted hyperglycemia was registered in 54% of the infants, with
11% having had protracted hyperglycemia > 10 mmol/L. Protracted hypoglycemia
was registered in 29% of the infants. Hyperglycemia and hypoglycemia episodes
lasted for a mean of 4.3 and 2.0 hours, respectively. Almost half of the patients
who experienced protracted dysglycemia had only one or two episodes, while over
40% experienced five episodes or more.

Risk factors for glucose disturbances

Nutrition and Neonatal hyperglycemia in EPT infants

Table 14 summarizes the associations observed between macronutrient
parenteral and total intakes during the neonatal period and glucose concentration
in EPT infants.

Glucose disturbances at postmenstrual age 36 weeks in VLBW
infants

Hyperglycemia

Amnionitis and prior hypoglycemia episodes during the admission period were
risk factors for protracted hyperglycemia at PMA 36 weeks in VLBW infants
(Paper IV). Other possible risk factors, such as sepsis, were not significantly
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Table 14. Associations between change in mean daily macronutrient intakes and glucose
concentration in EPT infants during the first 28 days of life.

Intake Change in Change in mean daily highest

mean daily intake glucose concentration

Parenteral
Carbohydrate 11.6%*
Protein T1g/kg/d | 1.4%**
Lipid 1 3.0%*
Total
Carbohydrate 1 3.0%*
Protein T1g/kg/d 10.8%
Lipid 1 0.3%

* p < 0.001; ** p < 0.05. Generalized additive models including all macronutrient intakes
simultaneosly, a random effect for each patient and a smooth spline adjusting for an
average time trend in observed glucose concentrations. Adjusted for gestational age at
birth and birth weight.

associated with hyperglycemia. Infants with protracted hyperglycemia at PMA
36 weeks were exposed to prior hyperglycemia (> 8 mmol/L) episodes during the
admission period more often than infants who were normoglycemic (or who were
non-hyperglycemic). Factors observed to be associated with time spent in
hyperglycemia at PMA 36 weeks in univariable linear regression models are
presented in Table 15. In multivariable models, male sex remained significantly
associated with longer time spent in hyperglycemia at PMA 36 weeks (Paper IV).

Table 15. Risk factors associated with time spent in hyperglycemia > 8 mmol/L at
postmenstrual age 36 weeks in VLBW infants.

Median time (IQR) spent in p value

hyperglycemia, min

Males Females
Sex 250 (96-459) 50 (0-110)
Yes No
SGA 15 (0-69) 100 (40-230) 0.046
Prior hyperglycemia > 8 Yes No
during admission 100 (46-283) 5 (0-25) 0.004
IQR - interquartile range (25%-75% percentiles). Glucose concentrations expressed in
mmol/L. Univariable linear regression analyses.
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Hypoglycemia

No risk factors differentiating infants with protracted hypoglycemia at PMA
36 weeks from those without hypoglycemia could be identified (Paper IV).
Factors observed to be associated with time spent in hypoglycemia at PMA 36
weeks in univariable linear regression models are presented in Tables 16 and 17.

Table 16. Risk factors associated with time spent in hypoglycemia at postmenstrual age
36 weeks in VLBW infants.

Median time (IQR) spent in
hypoglycemia, min

p value

Prior hyperglycemia > 12 Yes No
during admission 28 (8-185) 0 (0-25) 0.008
Prior insulin treatment Yes No
during admission 165 (20-190) 0 (0-32.5) 0.016

Prior hypoglycemia < 2.6 Yes No

during admission 0 (0-18.8) 20 (0-170) 0.039
IQR - interquartile range (25%-75% percentiles). Glucose concentrations expressed in
mmol/L. Univariable linear regression analyses.

Table 17. Risk factors associated with time spent in hypoglycemia at postmenstrual age
36 weeks in VLBW infants.

Unit of change Change in time spent = p value

in hypoglycemia, min
Gestational age + 1 week
Birth weight +100g -14.9 0.003
Birth length +1cm -10.7 0.009

Birth head +1cm -17.7 0.001
circumference
Apgar at 5 min + 1 point -14.7 0.037

Apgar at 10 min + 1 point -22.5 0.013
CPAP treatment + 1day +1.4 0.017
duration

Univariable linear regression analyses.

In multivariable models, lower Apgar scores at 10 min after birth and prior
hyperglycemia > 12 mmol/L during the admission period remained significantly
associated with longer time spent in hypoglycemia at PMA 36 weeks (Paper IV).

Combined dysglycemia

Lower Apgar scores at 10 minutes after birth and longer treatment (in days) with
continuous positive airway pressure (CPAP) were risk factors associated with
protracted combined dysglycemia (having both protracted hyperglycemia and
hypoglycemia) at PMA 36 weeks (Paper IV).
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Outcomes of neonatal hyperglycemia in EPT infants

Mortality

Hyperglycemia > 10 mmol/L occurring at least once during the first 28 days of
life in EPT infants was associated with a 2.45 times higher 28-day mortality risk
(p = 0.006; Paper I). Similarly, neonatal hyperglycemia > 10 mmol/L on
2 consecutive days was associated with a 2.55 times higher 28-day mortality risk

(p = 0.005).

Blood pressure

SBP z-scores were higher by 0.31 (equivalent to 2.4 mm Hg) in EPT-born children
who were exposed as infants to neonatal hyperglycemia > 12 mmol/L on
2 consecutive days (Paper II). Higher DBP z-scores were found in children who
were exposed as infants to neonatal hyperglycemia of various definitions,
independently of carbohydrate intake (Table 18 and Paper II). Longer duration
of hyperglycemia > 12 and 14 mmol/L was associated with higher SBP and DBP
z-scores (Table 19 and Paper II). However, hyperglycemia > 8 mmol/L
(regardless of its duration) was not associated with SBP or DBP z-scores. SBP z-
scores were not associated with neonatal hyperglycemia occurring at least once
during the first 28 days of life (regardless of threshold).

Table 18. Associations between neonatal hyperglycemia of various definitions and
diastolic blood pressure at 6.5 years of age in children born EPT.

Definition of Change in Equivalent change in
neonatal hyperglycemia DBP z-score DBP, mm Hg

at least once -0.12 -0.9

>10  on 2 consecutive days -0.10 -0.7

on 3 consecutive days + 0.24* +1.7

at least once + 0.06 + 0.4

on 2 consecutive days + 0.23*% +1.6

on 3 consecutive days + 0.34% +2.4

at least once + 0.22% +1.6

on 2 consecutive days +0.33% +23

on 3 consecutive days +0.27 +1.9

* p < 0.05; Glucose concentrations expressed in mmol/L. Analyses of covariance adjusted
for gestational age at birth and heart rate at follow-up.
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Table 19. Associations between duration of neonatal hyperglycemia of various definitions
and blood pressure at 6.5 years of age in children born EPT.

Definition of Change in Change Equivalent Change  Equivalent
neonatal duration, in SBP change in in DBP change in
hyperglycemia day z-score SBP, z-score DBP,
mm Hg mm Hg

> 10

>12
> 14

*p < 0.01; ** p < 0.05; Glucose concentrations expressed in mmol/L. Multivariable linear
regression models adjusted for gestational age at birth and heart rate at follow-up.

Neurodevelopmental disabilities

Neonatal hyperglycemia was not associated with higher odds for moderate to
severe NDD or with lower odds for survival without moderate to severe NDD at
6.5 years of age in children born EPT (Paper III). Neonatal hyperglycemia was
not associated with WISC-IV scores at 6.5 years of age (Paper III).

Lower MABC-2 scores were found in children exposed to neonatal hyperglycemia
> 8, 10 and 14 mmol/L on 3 consecutive days, > 10 and 12 mmol/L on
2 consecutive days and > 14 mmol/L occurring at least once (Figure 6 and
Paper III). Longer exposure to neonatal hyperglycemia, regardless of threshold,
was associated with lower MABC-2 scores (Table 20 and Paper III).

Table 20. Associations between duration of neonatal hyperglycemia of various definitions
and MABC-2 scores at 6.5 years of age in children born EPT.

Definition of neonatal Change in Change in MABC-2 score
hyperglycemia duration

>8

> 10

> 12

>14
* p < 0.001; ** p < 0.005; Glucose concentrations expressed in mmol/L. For reference,
MABC-2 total scores < 56 and < 67 are equivalent to the 5th and 15th centiles (i.e. high-
risk for, and at risk of motor impairment), respectively. Generalized linear mixed models
including a random effect for twins/triplets. All analyses were adjusted for clinical risk
index for babies (CRIB), no. of days without available glucose measurements during weeks
1-4 of life, sex, patent ductus arteriosus operated during weeks 1-2 of life, duration of
mechanical ventilation treatment during weeks 1-2 of life, educational status of mother
and age at follow-up, unless otherwise specified. 2 Not adjusted for duration of mechanical
ventilation treatment during weeks 1-2 of life; » Not adjusted for sex; ¢ Not adjusted for no.
of days without available glucose measurements, sex and educational status of mother.
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Figure 6. Exposure to neonatal hyperglycemia of various definitions and MABC-2 scores
at 6.5 years of age in children born EPT.
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Insulin treatment in EPT infants

EPT infants who were exposed to hyperglycemia > 10 and 12 mmol/L (regardless
of its frequency) during the first 28 days of life and who received insulin
treatment had higher 28- and 70-day survival rates, even when adjusting for
multiple perinatal morbidities (Paper I).

Insulin-treated hyperglycemic infants had lower gestational age at birth and birth
weight, higher clinical risk index for babies (CRIB) score and received mechanical
ventilation for a longer period, compared to non-insulin-treated hyperglycemic
infants (Paper I). We did not observe differences in NEC, IVH or sepsis outcomes
between treated and non-treated hyperglycemic infants (Paper I).

We did not observe differences in the odds for moderate to severe NDD or for
survival without moderate to severe NDD at 6.5 years between insulin-treated
and non-insulin-treated hyperglycemic infants (Paper III). Neither did we
observe differences in WISC-IV nor in MABC-2 scores. Insulin treatment was not
associated with BP at 6.5 years of age.

More than a third (36.7%) of the infants who received insulin treatment
experienced hypoglycemia < 2.6 mmol/L on the same day they received insulin
treatment. The daily prevalence of hypoglycemia in insulin-treated infants was
higher than in non-insulin-treated hyperglycemic infants during most of the first
28 days of life, but it stabilized at 5% (0-10%) from day 4 of life and onwards.

Blood pressure at 6.5 years of age in EPT-born children

Early postnatal nutrition and blood pressure

Carbohydrate intake

Total carbohydrate intakes during weeks 1-4, 5-8 and 1-8 of life were significantly
associated with SBP and DBP z-scores at 6.5 years of age in children born EPT
(Paper II). Increasing the carbohydrate intake by 1 g/kg/d during the first eight
weeks of life was associated with an increase of 0.18 SD in SBP and 0.14 SD in
DBP at 6.5 years of age (Table 21).

Protein intake

Total protein intake during the first eight weeks of life was associated with DBP
z-scores at 6.5 years of age (Paper II). Increasing the protein intake by 1 g/kg/d
during the first eight weeks of life was associated with an increase of 0.4 SD in
DBP at 6.5 years of age (Table 21). No associations with SBP were observed.

47



Lipid intake
Total lipid intakes during either weeks 1-4, 5-8 or 1-8 of life were not associated
with SBP or DBP z-scores at 6.5 years of age (Table 21 and Paper II).

Table 21. Associations between change in mean daily macronutrient intakes and blood
pressure at 6.5 years of age in children born EPT.

Intake / Change in Equivalent change Equivalent change
Postnatal mean daily in SBP, mm Hg in DBP, mm Hg
period intake

Carbohydrate
Weeks 1-4 1 11* 1 0.9*
Weeks 5-8 T1g/kg/d 10.9% 10.6*
Weeks 1-8 1 1.4% 1 1.1*
Protein
Weeks 1-4 111 11.6
Weeks 5-8 T1g/kg/d 117 117
Weeks 1-8 12.9 1 2.8%*
Lipid
Weeks 1-4 o) lo.s3
Weeks 5-8 T1g/kg/d lo1 lo.2
Weeks 1-8 lo.2 l 0.4

*p < 0.01; ** p < 0.05. Multivariable linear regression models adjusted for gestational age
at birth and heart rate at follow-up.

Early postnatal growth and blood pressure

No significant associations were observed between weight and weight change
during the first eight weeks of life and BP at 6.5 years of age (Paper IT). However,
increase in weight z-score between week 5 of life and PMA 36 weeks, as well as
greater BMI and ponderal index at PMA 36 weeks, were associated with increased
SBP z-scores (Table 22). Shorter length measurements at four and eight weeks of
life (but not length gain) were associated with incrased DBP z-scores (Paper II).

Table 22. Associations between growth parameters and systolic blood pressure at 6.5
years of age in children born EPT.

Unit of change = Equivalent change
in SBP, mm Hg

Weight z-score change, +1 1 1.1*

week 5 of life to PMA 36 weeks

BMI at PMA 36 weeks + 1 kg/m?2 10.8*%

Ponderal index at PMA 36 weeks +1kg/m3 10.3*
*p < 0.05. Multivariable linear regression models adjusted for gestational age at birth and
heart rate at follow-up.

48



Discussion

Discussion of methodology

Study design

The studies in this project all used an observational approach with, to varying
extent, retrospective and prospective data collection. Major strengths of this
project include a population-based observational design, large population size
and high participation rate in follow-up. The use of well validated psychological
and motor skill tests, as well as a systematic procedure for measuring blood
pressure, add to the validity of the results. This supports the internal validity of
the studies, i.e. the outcomes of the studies, with good approximation, could
describe the true situation in the study population. In paper IV, the study was
powered to detect an association between carbohydrate intake and glucose
concentrations, but not to detect differences in secondary outcomes, such as risk
factors for hyperglycemia.

Study population

Since these studies included almost all children born EPT in Sweden between
2004 and 2007 even at follow-up, there are good grounds to believe that the
findings are representative for this patient population in a western world NICU
setting. Different NICUs in Sweden differ from one another by their treatment
traditions while clinical outcomes are relatively comparable. For example, while
the NICU at Umeé University hospital implements CPAP and insulin treatments
more often than other NICUs in the country, the survival rate for EPT infants is
comparable at all NICUs (1).

Some changes in clinical practice in the NICUs in Sweden have occurred since the
EXPRESS study was first started. Nutrition is now routinely calculated in most of
the Swedish NICUs using the same computer program, which was not the
standard during the EXPRESS study period. This leads to nutrition intakes closer
to those recommended by ESPGHAN (220). No specific change regarding
neonatal hyperglycemia and its treatment was introduced during or after the
study period.

Drop-out and attrition bias

Longitudinal studies (studies following a group of patients over a period of time)
are bound to be affected to some extent by drop-out of participants due to
different reasons (death, loss to follow-up, decline to participate in a follow-up).
This might lead to attrition bias, i.e. only a specific group of patients, that may
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differ in its baseline characteristics or outcome variables from the rest of the
cohort, is followed-up and thus might not represent the entire population studied.
In paper I, this bias might have been caused by the fact that a decreasing number
of neonates was tested for glucose towards the end of the first month of life. It is
thus possible that glucose concentrations were monitored mainly in those infants
who were suspected to have glucose concentration disturbances in the first place.
To address this possible bias, we have compared hyperglycemia rates between
different NICUs based on their frequency of glucose testing and did not observe
any significant differences. Therefore, it is unlikely that hyperglycemia rates were
overestimated due to attrition bias. In papers II-IV, a bias might have been
introduced due to drop-out of patients before the follow-up was performed.
However, drop-out analyses have confirmed that the infants remaining in the
different studies did not differ significantly in their baseline characteristics from
the infants that did not remain in the studies. Thus, there are good grounds to
believe that the results are generalizeable for the entire original study population.

Confounding

Observational studies are prone to confounder bias, limiting the ability to
investigate causality. A confounder is a variable external to the association
studied, which is associated with both the exposure and the outcome, as well as
had occurred before the exposure could have affected the outcome. Confounders
might affect associations studied, and although we have carefully considered,
included and accounted for different confounders in our analyses, residual
confounding effect might still remain. Similarly, “overadjusting” might also be a
problem, leading to unnecessary diminished associations. However, we have
carefully chosen the confounding variables accounted for and they were not
inserted to models based on results in univariable models only.

Multiple testing

When many associations are being tested for, some might appear to be significant
by chance. Some suggest that in these cases the p-value should be diminished
(e.g. p-value should be < 0.01 to be regarded as significant) to reduce the risk for
this problem. However, different post hoc tests for multiple testing problem
(Benjamini-Hochberg, Bonferroni) showed that most of the results in our studies
remained significant. A problem associated with applying these post hoc tests is
that the power of the study is then being reduced markedly, which is of
importance especially in this patient group.
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Data quality

Glucose concentrations, nutritional intakes, anthropometric measurements as
well as morbidity data are meticulously documented at NICUs in Sweden.
However, some misclassification of morbidities and erroneous documentation of
data in clinical charts might always be present to some extent. Adding or
revalidating data is a difficult task in such a large cohort as in Papers I-III,
especially since the medical journals are paper-written and physically located in
almost 40 different hospitals throughout the country. Data quality was controlled
as previously described in the Methods section.

Continuous glucose monitoring method

Advantages

e CGM might help to delineate and define what should be regarded as
“normal” regarding glucose metabolism, as was shown in the Glucose in Well
Babies (GLOW) study (146).

e Studies have shown that more dysglycemia episodes can be detected using
CGM than with blood sampling (22, 30, 221).

e Using CGM reduces the number of blood samples needed to monitor glucose
concentrations as well as involves minimal pain (219, 221).

e Using CGM in the NICU might lead to better management of glucose
concentrations by guiding glucose and insulin infusion practices (216, 221-
224).

e The CGM method allows for many more glucose concentration
measurements, which in turn increases the number of data points available
and thus the power of studies.

Safety

CGM systems have been studied in the population of preterm infants and shown
to be a safe and clinically adequate method to estimate glucose concentrations
(22, 147, 214-218). The NIRTURE study used CGM during the first week of life in
infants born as early as 23 gestational weeks and the method was well tolerated

(138).

Disadvantages

e Limited point accuracy: This due to delayed diffusion of glucose to the
interstitial space, especially at the lower ranges of glucose concentrations
(30). This might lead to a time delay in the detection of hypoglycemia.
Furthermore, calibrations done during dysglycemia periods can be
inaccurate due to this lag between blood and interstitial glucose
concentrations.
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e Drift phenomenon: There is a drift in the readings between calibrations due
to changes in the probe surface (biofilm build-up) (225). This causes sensor
inaccuracy over time, and if the calibration algorithm relies on previous
calibration points, then new calibration points will still be “tainted” by the
drift that affected the previous ones.

e Lowest detection threshold: CGM devices have lowest detection threshold of
2.2 mmol/L.

e Margin of error: A typical CGM device has a mean absolute relative
difference of 7-12% (226). Furthermore, CGM error might be greater due to
error in the calibration, using point-of-care glucometers (227).

¢ Not recommended for use: CGM systems are not yet recommended by the
manufacturers for use in preterm infants.

e Notreal-time data: “Older” generation devices, such as the one used in Paper
IV, present data for the past five minutes and not real-time data.

The results of our study thus need to be interpreted with caution. CGM is a good
method for research of the physiology of glucose disturbances in preterm infants.
However, further technical advancements and greater knowledge as to how to
interpret the large database generated by this method are needed to be achieved
before any recommendation regarding the clinical management of glucose
disturbances based on CGM data can be made.

Point-of-care glucometers

As was shown in Paper IV, capillary glucose concentrations registered in hospitals
that used Accucheck Inform II as their point-of-care glucometer differed
significantly from those registered in hospitals that used HemoCue Glucose 201+.
A higher correlation with the CGM-derived measurements was shown with the
HemoCue Glucose 201+ glucometer (r = 0.77) than with AccuCheck Inform II (r
= 0.54). That is despite that both devices have been shown to be precise and
reliable (228, 229). However, it was previously shown that Accucheck Inform II
tends to overreport hypoglycemia in newborn infants (227). HemoCue Glucose
201+ used in a NICU setting, on the other hand, was shown to report slightly
(though not statistically significant) higher glucose concentrations (by 0.33
mmol/L) than laboratory values (230). We have not yet compared the reported
glucose concentrations with laboratory values due to ongoing data extraction.
CGM-generated values determined by the calibration values obtained using these
glucometers have undoubtedly been affected by the difference between the two
glucometers used, and the introduction of a correction factor (see Methods)
might have ameliorated the problem but have probably not completely eliminated
it.
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Ethical considerations

Insertion of the CGM sensor used in Paper IV was done by a medical team
member (physician or nurse) after being trained in performing the procedure by
a nurse specially trained in the care of diabetes mellitus in children. Inserting the
CGM sensor, as well as taking capillary glucose concentrations every 12 hours for
calibration of the sensor, involved some pain and discomfort for the infants. On
the other hand, adding to the growing body of knowledge regarding CGM use in
preterm infants might lead to more common use of the method in younger infants
in the future, thereby markedly reducing the number of blood sampling
performed, and thereby reducing pain and discomfort in these infants.

The children (and their parents) had no personal benefit of participating in the
studies, apart from the right to receive any information acquired in connection
with the studies. These families have contributed to research that will hopefully
improve future diagnostics and treatment of dysglycemia in preterm infants.
Important to note is that consent was given by the parents/guardians to the
children and not by the children themselves which might raise an ethical
discussion regarding research studies involving participants who were not able to
give consent to their own participation. However, the need to improve the
medical treatment of these infants using evidence from human-based medical
research necessitates performing studies without the consent of the actual
participant who is not able to consent rather with the consent of a
parent/guardian.

Discussion of the results

Prevalence and duration of glucose disturbances

Neonatal hyperglycemia in EPT infants

We observed that 87% of EPT infants experienced hyperglycemia > 8 mmol/L
during the first 28 days of life. A retrospective chart review of 169 ELBW infants
found that 88% had hyperglycemia > 8.3 mmol/L during the first two weeks of
life (28). Another retrospective study including 93 ELBW infants found that more
than 50% had hyperglycemia > 8.3 mmol/L during the first week of life (27). Yet
another retrospective study including 114 ELBW infants observed that
approximately 80% of the infants had hyperglycemia > 8.3 mmol/L during the
first 30 days of life (101). Our study, being the largest cohort of the
aforementioned studies (and the only one focusing on EPT and not ELBW
infants), supports these earlier results.
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We observed that 51% of EPT infants experienced hyperglycemia > 10 mmol/L
during the first week of life. Furthermore, 53% and 42% of the infants
experienced hyperglycemia > 12 and > 14 mmol/L during the first 28 days of life,
respectively. A steady increase in the hyperglycemia rate up to day 12 of life was
observed, with a slow rate reduction thereafter. These results are in line with
previously published results from a retrospective study that observed persistent
blood glucose concentrations > 11.1 mmol/L that required insulin treatment in
35% of 216 ELBW infants during the first 10 days of life (25). Another
retrospective study including 260 ELBW infants found that 39% had
hyperglycemia > 11.1 mmol/L during the first two weeks of life, and further 46%
had hyperglycemia > 16.7 mmol/L and were treated with insulin (24). Daily
prevalence of hyperglycemia peaked on days 3-4 of life and then peaked again at
days 7-11 of life. These results too are congruent with our findings, apart from our
finding of one peak (and not two peaks) of daily hyperglycemia prevalence.

Glucose disturbances at postmenstrual age 36 weeks in VLBW infants

We have shown that more than half of VLBW infants have protracted
(= 30 minutes) episodes of hyperglycemia > 8 mmol/L at PMA 36 weeks, and
many have protracted hypoglycemia as well. These results resemble previously
published rates of glucose disturbances in VLBW infants monitored by CGM at
PMA 32-33 and 36-39 weeks (16, 31). These observed glucose disturbances occur
during a period where glucose concentrations are not usually monitored due to
the perceieved clinical stability of the patients and might imply the need for a
closer monitoring of glucose concentrations in these infants even later during the
admission period.

Risk factors for glucose disturbances

Neonatal hyperglycemia in EPT infants

Parenteral glucose infusion

It was previously shown in ELBW infants that higher glucose infusion rate and
early enhanced parenteral nutrition are risk factors for hyperglycemia (74, 92). A
“before-after” study in VLBW infants found that increasing the carbohydrate
intake during the first week of life (but not later) by 1 g/kg/d was associated with
a 25% increased risk for hyperglycemia (76).

Contrary to our hypothesis and the common clinical belief, our results showed
that parenteral and total carbohydrate intakes were associated with a very small
effect on glucose concentrations - only a 1.6% increase in glucose concentration
for every 1 g/kg/d increase in the parenteral carbohydrate intake. Other studies
have found similar results. Blanco et al. have found that only 21% of
hyperglycemia episodes could be explained by iatrogenic (treatment-induced)
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causes, while other studies did not find any association between the rate of
glucose infusion and carbohydrate intake and hyperglycemia (16, 18, 22, 23, 28).
Furthermore, we showed that hyperglycemia was common during weeks three
and four of life, a period in which parenteral nutrition intake is usually low,
suggesting that etiologies other than parenteral nutrition might contribute to the
occurrence of hyperglycemia.

The magnitude of the association between the intake and hyperglycemia might
have been attenuated by analyzing the summation of intake during an entire day
versus the highest glucose concentration value on the following day. Another
possible explanation might have been that glucose infusion rates were adjusted
according to previous glucose concentrations, but this potential bias has been
minimized by the pairing described above. Nutritional intakes that were adjusted
according to a certain glucose concentration value could not have affected the
analysis involving the intake on the previous day. Furthermore, we have excluded
days on which the infants received insulin treatment in order to avoid the effect
of insulin on glucose concentrations and to isolate as much as possible the
association between nutritional intakes and glucose concentrations.

Our conclusion is that glucose infusion affects glucose concentrations, but this
effect is smaller than previously thought, at least within the range of glucose
infusion rates given in our cohort, and hyperglycemia in EPT infants does not
seem to be solely the result of the nutrition given to the infant.

Parenteral lipid infusion

We observed that an increase in the parenteral lipid intake was associated with
lower glucose concentrations on the following day. This is in contrast to results
from previous studies that observed that parenteral lipid infusion increased the
risk for hyperglycemia (23, 74, 80, 81). Our findings are supported by the
previously mentioned “before-after” study in VLBW infants by Tottman et al.,
where it was found that increasing the lipid intake by 1 g/kg/d during the first
four weeks of life was associated with a 44% decrease in the odds for
hyperglycemia > 8.5 mmol/L (76). The effect of lipid infusion might depend on
the overall nutritional status of the infant. These findings call for further studies
in order to delineate the effects of parenteral lipid intakes on glucose metabolism.

Parenteral amino acid infusion

In our study, higher parenteral amino acid intake was associated with lower
glucose concentrations. These findings support multiple previous studies,
including a meta-analysis, that reported that parenteral amino acid infusion in
preterm infants have an insulinogenic glucose-decreasing effect, thereby
decreasing the risk for hyperglycemia (76, 122-124).
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Hyperglycemia at postmenstrual age 36 weeks in VLBW infants

Exposure to amnionitis and glucose disturbances earlier during the admission
period was associated with increased risk for hyperglycemia at PMA 36 weeks.
Male sex and prior hyperglycemia were risk factors for spending longer time in
hyperglycemia at PMA 36 weeks. We observed that infants born SGA spent less
time in hyperglycemia at PMA 36 weeks than non-SGA infants, while
Pertierra-Cortada et al. found that IUGR/SGA was a risk factor for hyperglycemia
(16). This difference in the results might be due to slightly different definitions
for hyperglycemia, as well as different outcome variables (occurrence of
hyperglycemia versus time spent in hyperglycemia).

Hypoglycemia at postmenstrual age 36 weeks in VLBW infants

We found that prior exposure to hypoglycemia was a protective factor, while prior
exposure to hyperglycemia as well as prior insulin treatment were risk factors for
spending longer time in hypoglycemia at PMA 36 weeks. Lower gestational age at
birth, smaller size at birth, as well as being a sicker infant (lower Apgar scores,
longer CPAP treatment), put the infant at risk for spending longer time in
hypoglycemia at PMA 36 weeks. However, Pertierra-Cortada et al. did not find
anthropometric measurements at birth to be associated with hypoglycemia at
term age in VLBW infants (16). This difference might be due to different
definitions and outcome variables, as mentioned previously for hyperglycemia,
but our results might also reflect the well-known fact that these infants have lower
energy reserves and are thus prone for hypoglycemia. Allthough in our study
smaller size at birth (in absolute measurements) was shown to be associated with
spending longer time in hypoglycemia, gestational age-adjusted z-scores of the
respective anthropometric measurements were not associated with such an
outcome, implying that it is prematurity (i.e. gestational age) that explains the
association between smaller size at birth and time spent in hypoglycemia at PMA
36 weeks rather than the actual size of the infant. In multivariable models, we
have observed that lower Apgar scores and prior exposure to hyperglycemia
rather than the size of the infant remained significant risk factors for longer
periods of hypoglycemia at PMA 36 weeks.

Outcomes of neonatal hyperglycemia in EPT infants

Mortality

In our study, a 2.45 times higher 28-day mortality risk was observed in infants
exposed to hyperglycemia > 10 mmol/L during the first 28 days of life. Our results
support previous findings, including hyperglycemia > 8.3 mmol/L during the first
days of life being a risk factor for increased mortality in EPT infants
(93-95). This evidence is strengthened by a series of retrospective studies that
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showed that increased mortality risk was associated with hyperglycemia of
different definitions in ELBW infants (27, 91, 92).

Blood pressure and a possible early metabolic programming effect of glucose
disturbances

The association between neonatal hyperglycemia and higher BP z-scores at
6.5 years of age described in Paper II is a novel finding. A possible mechanism
could be that hyperglycemia activates the renin-angiotensin system and increases
the setpoint of the vasomotor tone, resulting in increased BP. Increased
vasomotor tone due to transient hyperglycemia was previously shown in young
adults with type 1 (insulin-dependent) diabetes mellitus (114, 115). Furthermore,
in Paper IV we have observed that prior exposure to glucose disturbances was
associated with longer periods with glucose disturbances at PMA 36 weeks. This
leads the author of this thesis to hypothesize that early-life glucose disturbances
and/or their treatment might induce a compensatory programming effect on
metabolic regulation mechanisms later in life. Further studies are needed to
investigate this hypothesis.

Neurodevelopmental outcomes

We did not observe an association between neonatal hyperglycemia and survival
without NDD at 6.5 years of age. These results support previous results published
by Tottman et al., who did not find an association between neonatal
hyperglycemia and survival without NDD at two years of age (112).

We have reported a novel finding — a significant association between neonatal
hyperglycemia and its duration and lower MABC-2 scores at 6.5 years of age. This
association was observed already when a threshold of 8 mmol/L was used for
defining hyperglycemia. This is in contrast to results from the HINT trial, where
no association was found between glucose concentrations and MABC-2 scores
(133). However, all infants in the HINT trial were hyperglycemic to begin with in
order to be included in the study, while our study compared hyperglycemic
infants with non-hyperglycemic infants. Our results are supported by a recently
published meeting abstract by Goldner Pérez et al., where it was reported that
hyperglycemia (8.3-10 mmol/L) during the first week and month of life was
associated with worse motor skills at 18-24 months of age in 68 children born
VLBW (231). Such hyperglycemia during the first week of life was also associated
with language deficits.

As described previously (see Background), hyperglycemia might affect the brain
by inducing oxidative damage, apoptosis and microglial activation, while also
causing increased methylation associated with neurodevelopmental problems in
animal models (106-108). In EPT infants, hyperglycemia was shown to be
associated with white matter reduction (95).
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Definition of neonatal hyperglycemia — a continuum

While we observed that reduced motor skills at 6.5 years of age were associated
with glucose concentrations > 8 mmol/L, increased BP was only associated with
glucose concentrations > 10 and 12 mmol/L and longer exposure to
hyperglycemia (Table 23). Thus, it seems that different tissues have different
sensitivity to glucose toxicity and are affected to a different extent by glucose
concentrations. It might be so that the brain is affected already at lower glucose
concentrations and after a shorter duration of hyperglycemia, while the blood
vessels and the renin-angiotensin axis (if these actually are the mechanisms
causing the increased BP in these children) are more resilient to the effects of
glucose, and higher glucose concentrations and longer periods of hyperglycemia
are needed to affect them. Thus, in the opinion of the author of this thesis, the
definition of neonatal hyperglycemia should rather be seen as a continuum,
combining both glucose concentration threshold and duration, rather than a
single threshold at a certain timepoint.

Table 23. Significant associations between neonatal hyperglycemia of various definitions
and adverse outcomes at 6.5 years of age in children born EPT.

| Motor skills

| Motor skills | Motor skills
1 Blood pressure

| Motor skills 1 Blood pressure
1 Blood pressure
| Motor skills 1 Blood pressure | Motor skills

1 Blood pressure
Glucose concentrations expressed in mmol/L.

Insulin treatment in EPT infants

We described a novel finding of an association between insulin treatment in EPT
infants exposed to hyperglycemia > 10 mmol/L and increased 28- and 70-day
survival. The association remained significant after adjusting for multiple
perinatal comorbidities, and was present despite the fact that the infants treated
with insulin were generally sicker than the non-treated group.

A number of small studies in VLBW and ELBW infants have shown that
continuous intravenous insulin infusion is an effective treatment for
hyperglycemia, allowing an increase in the so-much-needed energy intake, as well
as an increase in weight gain, with hypoglycemia being detected in only as much
as 3% of the blood samples (128, 130-132, 135, 232). An RCT in hyperglycemic
VLBW infants found that a tighter glucose control with insulin infusion enabled
a greater weight gain, and while no difference in mortality was noted, more
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hypoglycemia was seen (58% versus 27%) (19). No data was published for the
subgroup of ELBW infants in that study. An RCT by Meetze et al. compared
glucose infusion reduction with insulin infusion as treatment for hyperglycemia
in ELBW infants and observed higher energy intakes and no hypoglycemia
episodes in the insulin-treated group (20).

The NIRTURE study, investigating a preventive insulin treatment for
hyperglycemia during the first week of life, did show an increased carbohydrate
intake and decreased weight loss during the first week of life in treated infants
(138). However, a higher 28-day mortality rate was found in the intervention
group, while no differences were found in morbidity and mortality at term age.
Furthermore, treated infants had more hypoglycemia. Interestingly, the
increased hypoglycemia rate was due to increased risk for hypoglycemia among
infants who had a birth weight > 1000 g, while no difference in hypoglycemia
rates was found in ELBW infants.

It is important to have in mind that the NIRTURE study treated all infants with
insulin as long as the infants were not hypoglycemic. Thereby, it is possible that
this might explain the higher hypoglycemia rate among treated infants compared
to other studies. On the other hand, of all the studies mentioned above, the
NIRTURE study was the only one using CGM which might have led to unveiling
of hypoglycemia episodes that otherwise would have gone by undetected.

We did not observe any differences in comorbidities that have previously been
associated with hyperglycemia (NEC, IVH, sepsis) between insulin-treated and
non-insulin-treated infants, but these diagnoses were quite rare in our cohort,
which might have affected the power of our study to detect such differences. Many
of the infants were hypoglycemic on the same day they received insulin infusion,
a somewhat higher rate than the hypoglycemia rate seen among ELBW infants in
the NIRTURE study. However, hypoglycemia occurred mostly during the first
days of life, whereas less than 10% of the insulin-treated infants were
hypoglycemic from day four of life and onwards.

It might be so that ELBW infants are in greater need of insulin treatment than
VLBW infants are. This might explain why treated ELBW infants did not have
more hypoglycemia than control infants in the NIRTURE study, and why our
findings, being the largest study to date in this patient population, show a higher
survival rate in treated infants. However, it is important to remember that insulin
infusion might easily lead to hypoglycemia, and thus glucose concentrations must
be carefully monitored while insulin infusion is ongoing.
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We did not observe any advantage for insulin treatment regarding NDD, survival
without NDD, FSIQ or MABC-2 scores at 6.5 years of age. This is in contrast with
results from the HINT study, where hyperglycemic infants treated with insulin
and having their blood glucose concentrations in the range 4-6 mmol/L were
more likely to survive without NDD and low FSIQ at seven years of age (133).
However, due to the retrospective design of our studies, no comment can be made
regarding the effectiveness of insulin treatment and if glucose concentrations
were actually effectively controlled by it. Our definition for NDD was slightly
different than in the HINT study (lower FSIQ score, higher visual acuity
threshold, no MABC-2 criterion). Furthermore, we adjusted for factors that were
not regarded as confounders in the HINT study. Also important to have in mind
is that tight glycemic control was not shown to be advantageous in the HINT
study either (no difference in NDD, survival without NDD, FSIQ or
MABC-2 scores). Our results are also supported by previous results by Heald et
al., where insulin treatment was not associated with neurodevelopmental
outcomes at one year of age (139).

Blood pressure at 6.5 years of age in children born EPT

Nutrition and blood pressure

Our results show an association between increased protein intake during the first
eight weeks of life and increased DBP at 6.5 years of age. Our finding that
increased carbohydrate intake during the first eight weeks of life is associated
with increased BP at 6.5 years of age is a novel finding. Studies in animals have
shown that overfeeding is associated with increased BP (196). In preterm infants
though, studies have shown conflicting results regarding protein intake and BP
(195, 203, 204). It might be so that EPT infants are more vulnerable to the
programming effects of early nutrition than more mature infants. A possible
mechanism for that would be that increased nutritional intakes lead to
hyperfiltration in the kidneys with resulting glomerulosclerosis. This might
activate the renin-angiotensin system and result increased BP.

Growth and blood pressure

We did not observe an association between birth weight and BP. Multiple large
studies have previously found that higher birth weight and birth weight z-scores
are associated with increased BP at later age (177-187). Yet these studies did not
focus on preterm infants. Our findings are in line with other studies focusing on
patients born preterm, including a meta-analysis including 1571 adults born
VLBW (167, 188-190, 233).
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We did not observe an association between weight and length gain during the first
eight weeks of life and BP at 6.5 years of age. Yet we did observe an association
between increased weight gain from week 5 of life to PMA 36 weeks and increased
SBP. A multicenter longitudinal study including 911 preterm infants showed that
for each additional z-score of weight gain between term age and one year of age,
SBP at 6.5 years of age was higher by 0.7 mm Hg (191). An observational cohort
study including 296 children born VLBW found that weight gain velocity between
birth and 3 years of age, but not between birth and 18 months of age, was a
predictor of increased SBP and DBP at 16 years of age (192). Another study did
not find any association between infant weight gain and later BP in preterm borns
(194). The Helsinki cohort study of VLBW-born adults found no relation between
weight gain and linear growth during weeks 1-3 and 4-6 of life and BP in
adulthood (195). It might be so that growth during later months of life has a
programming effect on BP but early postnatal growth does not seem to have such
an effect in preterm infants.

Significance

Our results support the theory that early-life “overnutrition” might have a
programming effect on outcomes later in life, in this case BP. This effect is not
necessarily exerted via growth. As mentioned previously, even a small reduction
of 2 mm Hg in the BP in the individual level might lead to substantial reductions
in the prevalence of hypertension and its complications in the population level
(171). Thus, our results might be of significant clinical importance in the
population level.
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Main findings

e Neonatal hyperglycemia was very common in EPT infants throughout the
first 28 days of life

e Protracted (= 30 minutes) hyperglycemia and hypoglycemia episodes
were common in VLBW infants at postmenstrual age 36 weeks

e Parenteral carbohydrate intake was associated with glucose
concentrations but the effect size was small

e Male sex, amnionitis and prior hyperglycemia and hypoglycemia were
risk factors for hyperglycemia at postmenstrual age 36 weeks

e Infants who had lower Apgar scores and who were exposed to
hyperglycemia during the admission period spent more time in
hypoglycemia at postmenstrual age 36 weeks

e Neonatal hyperglycemia was associated with increased mortality at
28 days of life

e Neonatal hyperglycemia was associated with increased blood pressure
and reduced motor skills at 6.5 years of age

e Insulin treatment was associated with increased survival at 28 and
70 days of life, but not with neurodevelopmental or cardiovascular

outcomes at 6.5 years of age

e Increased protein and carbohydrate intakes during the first eight weeks
of life were associated with higher blood pressure at 6.5 years of age

e  Growth during the first eight weeks of life was not associated with blood
pressure at 6.5 years of age
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Clinical implications and future research

The present study shows that neonatal hyperglycemia is a common condition in
preterm infants and not only during the first few weeks of life. Our results stress
the need to continue and monitor preterm infants, especially those with specific
risk factors, for glucose disturbances during later weeks and months of the
admission period. Parenteral nutrition is a powerful tool in the “toolbox” of the
neonatologist but it must be used carefully, in consideration with possible
long-term health outcomes. Further studies are needed to delineate the effect of
parenteral nutrition on glucose concentrations and to clarify its role in the
treatment of hyperglycemia. Our results also suggest that it might be prudent to
closely monitor the blood pressure and motor skills development of these infants
as they grow up.

The LIGHT study will look into the associations between nutrition and glucose
concentrations. Furthermore, blood samples were collected at seven days of age
and at PMA 36 weeks. These will be analyzed for different hormone levels,
exploring the mechanisms contributing to neonatal hyperglycemia in preterm
infants. In addition, the effects of hyperglycemia on the brain will be investigated
using brain magnetic resonance imaging scans that were performed at term age.

A broader use of CGM in the NICU may introduce artificial intelligence-guided
therapy for neonatal hyperglycemia in conjunction with parenteral nutrition.
Studies such as HINT2 and REACT (REAI time ConTinuous glucose monitoring
in the newborn) are already studying the possibility of using CGM systems to
support computer-guided insulin treatment (216, 223, 234). Novel treatments for
neonatal hyperglycemia might also be a promising research direction.

Questions still remain regarding the definition of neonatal hyperglycemia, both
in blood glucose threshold and in duration. The mechanisms causing
hyperglycemia are still poorly understood and the benefit of different treatment
modalities is debated. Further research is needed, both in animal models and in
humans, to clarify the pathophysiology of neonatal hyperglycemia. Large
randomized controlled trials are needed in order to assess different treatment
modalities, all while harnessing the technology of continuous glucose monitoring.
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