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Relationships between Early Nutrition, Illness, and Later Outcomes among
Infants Born Preterm with Hyperglycemia
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Objective To evaluate the effects of hyperglycemia on body composition and neurodevelopment, and how early
nutrition and illness modify these relationships in infants born preterm.
Study design Prospective data were collected from infants born <32 weeks of gestational age (N = 97), including
inpatient days of hyperglycemia (blood glucose >150 mg/dL) and nutrient intake. Body composition was measured
at discharge and 4 months’ postmenstrual age (PMA). Bayley Scales of Infant Development III (BSID-III) were
administered at 12 months’ PMA. Linear regression analysis was performed, adjusting for birth gestational age. As-
sociations between hyperglycemia, body composition, and BSID-III were analyzed in models accounting for first-
week nutrition and early illness severity via Score for Neonatal Acute Physiology-II.
ResultsMean birth gestational age was 27.8 (SD 2.4) weeks. Hyperglycemia occurred in 48.5% of infants. Hyper-
glycemia for ³5 days was negatively associated with fat mass and fat free mass z scores at discharge, and fat free
mass z score at 4 months’ PMA (P < .05 all). Hyperglycemia for ³5 days was negatively associated with cognition,
language, andmotor scores on the BSDI at 12months (P £ .01 all). Associations with body composition and BSID-III
were diminished when models included first week nutrition yet remained unchanged when illness severity was
included.
Conclusions In infants <32 weeks, ³5 days of hyperglycemia is associated with decreased lean mass at
4months’ PMA and poorer neurodevelopmental outcome at 12months’ PMA. These associationsmay bemediated
by decreased first week nutrition, potentially related to reduced glucose infusion rate for management of hypergly-
cemia. (J Pediatr 2020;223:29-33).
N
eonatal hyperglycemia (blood glucose concentration >150 mg/dL) is common in infants with very low birth weight
(VLBW), particularly during the first 2 weeks of postnatal life, with a reported incidence of 30%-80%.1-3 Hyperglyce-
mia in this population is associated with increased death andmorbidities such as sepsis,4,5 retinopathy of prematurity,6

necrotizing enterocolitis,7 and intraventricular hemorrhage (IVH).8

Less is known about longer-term complications of neonatal hyperglycemia in infants with VLBW. Decreased body weight,
length, and head circumference have been demonstrated in infants with hyperglycemia out to 2 years of postmenstrual age
(PMA).9 Decreased adiposity at 4 months’ corrected age has been noted in infants with hyperglycemia for 5 or more days
in the first 2 weeks after birth, compared with those without hyperglycemia.10 Hyperglycemia during the neonatal period
also may have significant effects on the developing brain; it is associated with decreased white matter at term age.11 One study
found associations with abnormal neurodevelopment and behavior out to 2 years’ corrected age,4 and another did not find any
associations.9

The relationship between hyperglycemia and poorer long-term outcomes is complex. Nutrient intake, illness-related factors
(ie, clinical instability, inflammatory states), and management strategies for hyperglycemia have all been implicated as medi-
ators of these associations.9,12,13 Although early illness and instability can influence long-term growth and neurodevelopment,14

this is not always a modifiable factor. Early provision of adequate protein and caloric intake is associated with improved growth
and long-term neurodevelopmental outcomes15,16; however, early nutrient intake is often restricted in infants with hypergly-

cemia through reduction of glucose infusion rates (GIR).
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BSID-III Bayley Scales of Infant Development III

DOL Days of life

FFM Fat free mass

GIR Glucose infusion rate

IVH Intraventricular hemorrhage

PMA Postmenstrual age

SNAP-II Score for Neonatal Acute Physiology-II

VLBW Very low birth weight
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The objective of this study was to determine the influence
of early nutritional provision and illness on the relationships
between early hyperglycemia and later growth and neurode-
velopmental outcomes. We hypothesized that infants born
preterm with VLBW and hyperglycemia would have
decreased fat free mass z scores at hospital discharge and
4 months’ PMA and lower scores on the Bayley Scales of In-
fant Development III (BSID-III) at 12 months’ PMA, and
that these relationships would be driven by decreased
nutrient intake rather than critical illness in the first week
of life.

Methods

A retrospective post hoc analysis was performed on data
collected from a prospective study of infants recruited at
the neonatal intensive care unit of the University of Minne-
sota Masonic Children’s Hospital from February 2012 to
June 2016. Inclusion criteria included birth weight <1500 g
and appropriate for gestational age status, between the 10th
and 90th percentile at birth on the Fenton Growth Curve.17

Exclusion criteria included infants born with a congenital
anomaly that would affect growth, enrollment in an interven-
tional research study, or non–English-speaking parents/
guardians (interpreters were not available at follow-up study
visits). Infants who lived out of state also were excluded from
recruitment due to inability to reliably attend outpatient
visits. Written informed consent was obtained from the par-
ents. The study protocol was approved by the University of
Minnesota institutional review board.

Blood glucose was measured at least daily during the first
week of life and later as clinically indicated. When additional
glucose measures were obtained clinically, these values also
were collected and used for this analysis. Inpatient hypergly-
cemia days were recorded, as defined, by 1 or more blood
glucose measurements >150 mg/dL (>8.3 mmol/L). Infants
were distributed into 3 categories based on the days of hyper-
glycemia, consisting of 0 days, 1-4 days, and ³5 days.

The infants were followed daily, while inpatient, by the
neonatal nutrition support service. Nutritional data were re-
corded by the neonatal dieticians, including daily calorie and
protein intake. First week intake was defined by the total
number of kcal/kg/d and g/kg/d of protein received on days
of life (DOL) 2-8. Cumulative weekly energy (kcal/kg/d)
and protein (g/kg/d) deficits were calculated based on daily
goals of 120 kcal/kg/d and 4 g/kg/d protein. Clinical and
nutritional management were jointly agreed on by the neona-
tologist and the nutrition support service. Illness severity
scores on DOL 1-2 were assessed using the Score for Neonatal
Acute Physiology-II (SNAP-II).18,19 The presence or absence
of IVH grade 2 or greater was recorded.

Body composition (fat mass, fat free mass, and % fat mass)
wasmeasured using air-displacement plethysmography (PEA
POD; COSMED, Ltd, Concord, California)20 at hospital
discharge and 4 months’ PMA. Infants were eligible for
body composition measurement if they were able to remain
30
on room air for approximately 5 minutes. The discharge
measurement was defined as each infant’s measurement
closest to 40 weeks’ PMA and between 34 and 42 weeks’
PMA.
The BSID-III (Pearson Education, San Antonio, Texas)

was administered at 12 months’ PMA by a single experienced
pediatric neuropsychologist during the neonatal intensive
care unit follow-up clinic visit at the University of Minnesota
Masonic Children’s Hospital.

Statistical Analyses
Descriptive statistical values were calculated (mean, SD, me-
dian, minimum and maximum values). Logistic regression
analysis was performed to test for associations between
days of hyperglycemia and body composition measurements
(fat mass, fat free mass, and % fat mass) at discharge and
4 months’ PMA, as well as BSID-III scores at 12 months’
PMA. Model 1 was adjusted for gestational age at birth
only for associations with body composition, and for gesta-
tional age at birth, head circumference z score at discharge,
and IVH for associations with neurodevelopment.
To assess the influence of early nutritional provision and

illness on the aforementioned associations, first-week protein
and calorie deficits were added to model 2 and SNAP-II score
on DOL 1-2 to model 3. Analysis was conducted using SAS,
version 9.4 (SAS Institute, Cary, North Carolina).

Results

Subject recruitment is documented in the Figure (available at
www.jpeds.com). During the recruitment period, a total of
476 infants with VLBW were admitted to the neonatal
intensive care unit. Consent was obtained for 120 infants,
and 97 had complete data collected. There was loss to
follow-up resulting in 78% with body composition at
4 months’ PMA and 68% with neurodevelopmental scores
at 12 months’ PMA.
Subject characteristics are documented in Table I.

Hyperglycemia occurred in 48.5% of infants; 27% had 1-
4 days of hyperglycemia and 21% had 5 or more days of
hyperglycemia; 83 subjects (86% of the cohort) had a body
composition measurement between 34 and 42 weeks’ PMA
(discharge measurement; remaining infants were unable to
maintain saturations on room air for 5 minutes at this
gestational age) and 76 patients (78% of the cohort) had
body composition measurements at 4 months’ PMA. Sixty-
six subjects (68% of the cohort) had BSID-III scores at
12 months’ PMA. The subset of patients followed through
12 months’ PMA were slightly less mature at birth
compared with those lost to follow-up (27.5 weeks vs
28.5 weeks) (P = .04) but were similar with regards to sex,
birth weight, birth weight z score, and days of inpatient
hyperglycemia (P ³ .2 for all).
Comparison of characteristics between infants who were

hyperglycemic and infants were not hyperglycemic are shown
in Table II (available at www.jpeds.com). Infants with
Gonzalez Villamizar et al
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Table I. Patient cohort characteristics

Variables n % Mean SD Min Max

Sex
Female 47 48.5
Male 50 51.5

Gestational age at birth, wk 97 27.79 2.39 22.10 32.40
IVH, grade 2 or greater
No 79 81.4
Yes 18 18.6

SNAP-II score, day 1-2
0 18 18.6
1-13 44 45.4
14-40 35 36.1

Glucose level ³150 mg/dL, d
0 50 51.5
1-4 d 26 26.8
³5 d 21 21.6

PMA, discharge, wk 83 37.57 2.21 34.00 41.90
Fat mass z score, discharge 83 1.73 1.18 �0.49 5.00
Fat free mass z score, discharge 83 �1.44 1.21 �5.02 1.43
% fat mass z score, discharge 83 2.24 1.11 �0.13 4.66
PMA, wk, 4-mo CA visit 76 57.66 1.72 54.00 63.00
Fat mass z score, 4-mo PMA 76 �1.08 1.25 �4.56 1.96
Fat free mass z score, 4-mo PMA 76 0.06 1.52 �3.39 3.50
% fat mass z score, 4-mo PMA 76 �1.16 1.25 �4.59 1.37
Bayley Cognition, 12-mo PMA 66 100.7 14.33 60.00 135.0
Bayley Language, 12-mo PMA 65 86.97 13.73 50.00 121.0
Bayley Motor, 12-mo PMA 66 90.38 14.46 58.00 124.0

PMA, Postmenstrual age.
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hyperglycemia were born earlier, had lower birth weights,
and greater numbers of postnatal steroid days than their
nonhyperglycemic counterparts. In contrast, there were no
significant differences in birth length and head
circumference z scores, as well as antenatal steroid
exposure between the groups.

Associations between inpatient hyperglycemia days and fat
mass z scores, fat free mass z scores, and % fat mass z scores
are shown in Table III. Hyperglycemia for ³5 days was
negatively associated with both fat mass (P = .007) and fat
free mass (P = .003) z scores at discharge, and only fat free
mass (P = .017) z score was negatively associated at
Table III. Association of body composition compartments z
hyperglycemia

Mo

Measures n Hyperglycemia days b (SE)

Fat mass z score, discharge 83 1-4 days vs 0 �0.14 (0.
5+ days vs 0 �1.41 (0.

Fat free mass z score, discharge 83 1-4 days vs 0 �0.14 (0.
5+ days vs 0 �1.61 (0.

% fat mass z score, discharge 83 1-4 days vs 0 �0.17 (0.
5+ days vs 0 �0.96 (0.

Fat mass z score, 4-mo CGA 76 1-4 days vs 0 �0.14 (0.
5+ days vs 0 �1.09 (0.

Fat free mass z score, 4-mo CGA 76 1-4 days vs 0 �0.38 (0.
5+ days vs 0 �1.77 (0.

% fat mass z score, 4-mo CGA 76 1-4 days vs 0 �0.008 (0.
5+ days vs 0 �0.55 (0.

*Model 1 adjusted for gestational age at birth.
†Model 2 adjusted for gestational age at birth, average first week kilocalorie deficit, and average fi
‡Model 3 adjusted for gestational age at birth, day of life 1-2 SNAP-II score (0, 1-13, 14+ days).

Relationships between Early Nutrition, Illness, and Later Outcom
4 months’ PMA. Similar associations were identified after
we controlled for early illness using SNAP-II scores (model
3). However, when first-week nutrient intake (protein and
caloric deficits) was added to the model, the associations
were significantly diminished for all measurements (all
P >.05) (model 2). Additional models (data not shown)
accounting for average weekly kilocalorie and protein
deficit, days on positive pressure, days on steroids, and
days on antibiotics did not show substantial change in P
values or beta coefficients.
Associations of BSID-III scores in cognition, language, and

motor domains at 12 months’ PMA with inpatient hypergly-
cemia days are shown in Table IV. Hyperglycemia for ³5 days
was negatively associated with scores on the BSID-III at
12 months in cognition (P < .02), language (P < .02), and
motor (P < .01) areas. Addition of severity of illness
measured by SNAP-II scores largely did not alter the
associations; all remained significant. However, when first-
week nutrient intake (protein and caloric) was added, the
previously noted association was diminished (all P >.05).
Additional models, as described previously for body
composition analysis, did not show substantial change in P
values or beta coefficients.
Discussion

Early hyperglycemia occurred in nearly one-half of our cohort
and at a similar rate to other published reports.1,2,21Hypergly-
cemia (>150 mg/dL) for ³5 days during hospitalization in in-
fants with VLBW<32 weeks was associated with decreased fat
free mass, fat mass, and % fat mass at hospital discharge, and
the association with decreased fat free mass persisted at
4 months’ PMA. Those infants with hyperglycemia for
³5 days also had lower neurodevelopmental scores at
12months’ PMAwhen comparedwith infants without hyper-
glycemia. This relationship appears to be driven by decreased
nutrient intake during the first week of life. These findings add
scores at discharge and 4 months CGA with inpatient

del 1* Model 2† Model 3‡

P value b (SE) P value ßb (SE) P value

30) .642 �0.09 (0.31) .750 �0.22 (0.31) .479
51) .007 �1.14 (0.56) .048 �1.52 (0.51) .004
32) .663 �0.03 (0.30) .903 �0.18 (0.31) .558
53) .003 �0.96 (0.56) .090 �1.72 (0.52) .001
29) .560 �0.14 (0.29) .618 �0.24 (0.29) .419
48) .048 �0.81 (0.53) .133 �1.05 (0.49) .035
38) .710 �0.08 (0.38) .834 �0.07 (0.38) .848
63) .089 �1.07 (0.73) .144 �0.97 (0.63) .130
43) .379 �0.20 (0.43) .643 �0.39 (0.44) .377
73) .017 �1.06 (0.82) .203 �1.79 (0.74) .019
39) .982 �0.001 (0.39) .998 0.06 (0.38) .860
65) .394 �0.74 (0.75) .324 �0.42 (0.65) .515

rst-week protein deficit.
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Table IV. Association of Bayley Scores at 12 months’ CGA with inpatient hyperglycemia

Model 1* Model 2† Model 3‡

Measures N Hyperglycemia days b (SE) P value b (SE) P value b(SE) P value

Bayley Cognition, 12-mo CGA 66 1-4 days vs 0 �3.09 (4.30) .474 �2.07 (4.51) .648 �3.22 (3.99) .423
5+ days vs 0 �15.92 (6.97) .026 �11.08 (8.14) .178 �17.75 (6.58) .009

Bayley Language, 12-mo CGA 65 1-4 days vs 0 �7.89 (4.11) .059 �6.19 (4.41) .166 �7.81 (4.17) .066
5+ days vs 0 �15.68 (6.56) .020 �10.73 (7.79) .174 �15.83 (6.80) .023

Bayley Motor, 12-mo CGA 66 1-4 days vs 0 �2.42 (4.00) .548 �3.29 (4.15) .430 �2.27 (3.99) .571
5+ days vs 0 �16.22 (6.49) .015 �16.30 (7.48) .033 �16.71 (6.57) .013

*Model 1 adjusted for gestational age at birth, IVH (grade 2+, <2), head circumference z score at discharge.
†Model 2 adjusted for gestational age at birth, IVH (grade 2+, <2), head circumference z score at discharge, average first-week kilocalorie deficit, and average first-week protein deficit.
‡Model 3 adjusted for gestational age at birth, IVH (grade 2+, <2), head circumference z score at discharge, day of life 1-2 SNAP-II score (0, 1-13, 14+ days).
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to the limited literature relating days of hyperglycemia with
diminished growth and altered body composition measure-
ments in infancy10 and early childhood.9

Our findings indicate that decreased nutrient provision in
the first week of life is largely responsible for the relationship
between hyperglycemia and poor infancy growth. One com-
mon management strategy for hyperglycemia is to decrease
the GIR.22 Previous studies have shown that this may not
be an effective strategy, as the relationship between dextrose
provision, GIR and hyperglycemia is not well characterized.
For example, studies by Beardsall et al and Pertierra-
Cortada et al were not able to link episodes of hyperglycemia
with carbohydrate intake or dextrose infusions, respec-
tively.21,23 Given this previous information in combination
with our study findings, decreased nutrient provision may
actually lead to poorer long-term outcomes of decreased
growth and poorer neurodevelopmental outcomes without
the benefit of reducing the incidence of hyperglycemia.

The relationship between hyperglycemia and its long-term
consequences on neurodevelopment has been studied in a
limited fashion in infants born preterm with VLBW. In a
study by Van der Lugt et al, a cohort of patients born very
preterm was followed out to 2 years’ corrected age.4 They
found that infants born preterm who experienced hypergly-
cemia had a greater incidence of abnormal neurologic and
behavioral outcomes, evaluated by way of limited neurologic
assessment and parent self-reporting through the Pediatric
Symptom Checklist. Similar relationships have been seen in
children with type 1 diabetes, who have poorer neurodevel-
opment compared with their healthy counterparts, including
impaired cognitive development, compromised learning,
consolidation, and organizational abilities.24,25 In a cohort
of infants <1500 g or <30 weeks, those with hyperglycemia
during the first week were less likely to survive without neu-
rodevelopmental impairment (68% vs 84% in normoglyce-
mic) at 2 years of age.13 However, this association was
primarily mediated by gestational age, birth weight z score,
and socioeconomic status. Our study demonstrates an asso-
ciation between early persistent hyperglycemia and scores on
the BSID-III, a standardized developmental test for infants
and children. Compared with infants with no hyperglycemia,
those who experienced ³5 days of hyperglycemia had scores
of up to 15 points lower on all 3 subscales even after we
adjusted for the presence of IVH and head circumference
32
z scores at discharge. We also found that nutrient intake in
the first week largely drove the relationship between early
persistent hyperglycemia and later neurodevelopment. This
association between first-week nutrient intake and improved
neurodevelopment has been shown in other studies as well.15

Limiting nutrient intake may not eliminate hyperglycemia
but could contribute to the poorer outcomes in this popula-
tion. In addition to decreased nutrient provision, an influ-
ence of inflammation on the growth hormone/insulin-like
growth hormone axis or insulin deficiency may have played
a role in the growth and neurodevelopmental effects,26,27

but these were not tested in our cohort.
Glycemic control of infants with VLBW remains controver-

sial. Previous studies by Tottman et al and Alsweiler et al have
addressed the use of insulin to maintain tight glycemic control
in patientswith long-term follow-up to 36months’ and 7 years’
corrected age.12,28 Although Tottman et al described no differ-
ences in survival without neurodevelopmental impairment in
patients with tighter glucose control, they did show poorer
linear growth that persisted to 7 years of age. The mechanisms
involved in these outcomes are still not clear; however, under-
nutrition during critical times of illness might be a significant
factor to consider in this relationship. The benefits of using in-
sulin preferentially over decreasing nutritional support shortly
after birth requires further investigation. Zamir et al demon-
strated decreased mortality in patients who received insulin
treatment for hyperglycemia.1

There is no current gold-standard strategy for manage-
ment of hyperglycemia among infants with VLBW, andman-
agement typically includes a combination of GIR reduction
and/or insulin administration.22 The importance of opti-
mized early nutrition to support long-term outcomes29,30

may need to be balanced by the risk of hypoglycemia associ-
ated with tight glucose control with insulin.1,28,31,32 Further
investigation, including randomized trials, is needed to iden-
tify the strategy that will optimize early glucose control and
achieve the best growth and neurodevelopmental outcomes.
Important limitations of our study include a relatively

small sample size and recruitment from a single institution.
The number of glucose measurements recorded on each
enrolled patient varied according to clinical discretion, which
could underestimate the true hyperglycemic state of each pa-
tient. The follow-up rate of 68% at 12 months’ corrected age
may make the results less representative of the original
Gonzalez Villamizar et al
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sample of patients recruited; however, the groups were
largely similar with regards to birth weight, sex, and days of
hyperglycemia. Finally, the observational nature of the study
limits the ability to determine causality.

In summary, 5 ormore days of hyperglycemia was associated
with alterations in body composition (fat mass, fat free mass,
and % fat mass) at hospital discharge in our cohort of infants
withVLBW,withpersistent associationsbetweenhyperglycemia
and fat freemass at 4months’ corrected age. Persistent hypergly-
cemia also was associated with impaired neurodevelopment at
12 months’ corrected age. These relationships appear to be
mediated by decreased nutrient intake during the first week of
life rather than the severity of illness. Randomized trials of insu-
lin therapy combined with nutritional adjustments are needed
to determine the optimal strategy to improve long-term growth
and neurodevelopmental outcomes. n

Submitted for publication Jan 3, 2020; last revision received Mar 12, 2020;

accepted Apr 15, 2020.
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Figure. Flowchart with patient recruitment description. LGA, Large for gestational age; PMA, postmentrual age; SGA, small for
gestational age.
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Table II. Characteristics of hyperglycemic vs nonhyperglycemic groups

Hyperglycemia days

P value

Overall 0 days 1-4 days 5+ days

Characteristics n (97) n (50) n (26) n (21)

Sex
Female 47 25 12 10 .9471
Male 50 25 14 11

Gestational age at birth, wk
Mean � SD 27.8 � 2.4 29.3 � 1.3 27.5 � 1.8 24.5 � 1.6 <.0001
95% CI 27.3-28.3 28.9-29.7 26.8-28.3 23.8-25.3
[Min, max] [22, 32] [26, 32] [24, 31] [22, 29]

Birth weight, g
Mean � SD 1059.0 � 300.4 1233.1 � 180.6 1039.1 � 276.2 669.0 � 148.3 <.0001
95% CI 998.4-1119.5 1181.8-1284.4 927.5-1150.7 601.5-736.5
[Min, max] [408, 1730] [910, 1590] [470, 1730] [408, 1010]

Birth weight z score
Mean � SD �0.10 � 0.70 �0.10 � 0.64 �0.06 � 0.81 �0.15 � 0.71 .9024
95% CI �0.24, 0.04 �0.28, 0.09 �0.39, 0.27 �0.48, 0.17
[Min, max] [–2, 1] [–1, 1] [–2, 1] [–1, 1]

Birth length z score
Mean � SD �0.27 � 0.79 �0.26 � 0.79 �0.13 � 0.80 �0.48 � 0.79 .3372
95% CI �0.43, �0.11 �0.48, �0.03 �0.46, 0.19 �0.84, �0.12
[Min, max] [–2, 2] [-2, 2] [-2, 1] [-2, 1]

Birth head circumference z score
Mean � SD �0.24 � 0.71 �0.20 � 0.72 �0.26 � 0.73 �0.31 � 0.70 .8411
95% CI �0.39, �0.10 �0.41, �0.00 �0.56, 0.03 �0.63, 0.01
[Min, max] [–2, 2] [–2, 2] [–1, 2] [–2, 2]

Total postnatal steroid days at 35 wk
Mean � SD 7.5 � 14.9 0.46 � 1.79 5.5 � 11.3 26.7 � 19.6 <.0001
95% CI 4.5-10.5 �0.05, 0.97 0.9-10.0 17.8-35.6
[Min, max] [0, 74] [0, 11] [0, 50] [0, 74]

Antenatal steroids
1 dose 14 (15) 5 (10) 4 (16) 5 (25) .2560
2 doses 67 (72) 34 (71) 20 (80) 13 (65)
>2 doses 12 (13) 9 (19) 1 (4) 2 (10)
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