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Summary
Background Evidence is needed to inform thresholds for glycemic management in neonatal encephalopathy (NE). We
investigated how severity and duration of dysglycemia relate to brain injury after NE.

Methods A prospective cohort of 108 neonates ≥36 weeks gestational age with NE were enrolled between August
2014 and November 2019 at the Hospital for Sick Children, in Toronto, Canada. Participants underwent continuous
glucose monitoring for 72 h, MRI at day 4 of life, and follow-up at 18 months. Receiver operating characteristic curves
were used to assess the predictive value of glucose measures (minimum and maximum glucose, sequential 1 mmol/L
glucose thresholds) during the first 72 h of life (HOL) for each brain injury pattern (basal ganglia, watershed, focal
infarct, posterior-predominant). Linear and logistic regression analyses were used to assess the relationship between
abnormal glycemia and 18-month outcomes (Bayley-III composite scores, Child Behavior Checklist [CBCL] T-scores,
neuromotor score, cerebral palsy [CP], death), adjusting for brain injury severity.

Findings Of 108 neonates enrolled, 102 (94%) had an MRI. Maximum glucose during the first 48 HOL best predicted
basal ganglia (AUC = 0.811) and watershed (AUC = 0.858) injury. Minimum glucose was not predictive of brain
injury (AUC <0.509). Ninety-one (89%) infants underwent follow-up assessments at 19.0 ± 1.7 months. A glucose
threshold of >10.1 mmol/L during the first 48 HOL was associated with 5.8-point higher CBCL Internalizing
Composite T-score (P = 0.029), 0.3-point worse neuromotor score (P = 0.035), 8.6-fold higher odds for CP
diagnosis (P = 0.014). While the glucose threshold of >10.1 mmol/L during the first 48 HOL was associated with
higher odds of the composite outcome of severe disability or death (OR 3.0, 95% CI 1.0–8.4, P = 0.042), it was
not associated with the composite outcome of moderate-to-severe disability or death (OR 0.9, 95% CI 0.4–2.2,
P = 0.801). All associations with outcome lost significance after adjusting for brain injury severity.

Interpretation Maximum glucose concentration in the first 48 HOL is predictive of brain injury after NE. Further
trials are needed to assess if protocols to control maximum glucose concentrations improve outcomes after NE.
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Introduction
Hypoxic-ischemic encephalopathy (HIE) is the most
common cause of neonatal encephalopathy (NE) and is
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the greatest contributor to disability worldwide.1

Although therapeutic hypothermia has significantly
reduced death and disability for newborns with HIE,
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Research in context

Evidence before this study
Hypoglycemia and hyperglycemia are common in patients
with neonatal encephalopathy, and have been associated with
unfavourable neurophysiological changes, neonatal brain
injury, and adverse outcomes. However, evidence informing
optimal glycemic thresholds for intervention and
neuroprotective glucose management strategies for patients
with neonatal encephalopathy is lacking.

Added value of this study
The present study is the first to quantify the relationship
between severity and duration of abnormal glycemia in the
context of neonatal encephalopathy and outcomes. A glucose
threshold of 10.1 mmol/L during the first 48 h of life is a
good cut-off for predicting brain injury on magnetic
resonance imaging (MRI). Hyperglycemia above 10.1 mmol/L
was associated with neuromotor score, internalizing

problems, cerebral palsy diagnosis, and a composite outcome
of severe disability or death by 18 months, but all outcomes
were fully explained by brain injury severity on MRI. Further,
we found that during the first 48 h of life, severity of
hyperglycemia was inversely related to duration of exposure
for predicting the presence of basal ganglia and watershed
injury patterns, suggesting that both severity and duration of
hyperglycemia should be considered when developing glucose
management strategies.

Implications of all the available evidence
Our study uniquely provides evidence for a relationship
between severity and duration of hyperglycemia associated
with brain injury in the context of neonatal encephalopathy.
Randomized controlled trials are needed to assess if protocols
to control maximum glucose concentrations can improve
outcomes after neonatal encephalopathy.
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cooling is only partially neuroprotective,2 justifying the
pursuit for modifiable risk factors.

The neonatal brain relies primarily on glucose as the
substrate for metabolism.3,4 As newborns transition to
extrauterine life, the source of glucose imperative for
glucose homeostasis shifts from the continuous
placental supply of glucose to the newborn’s hepatic
glycogen stores.5,6 A healthy newborn can adapt during
the transient hypoxic environment of typical labour via
anaerobic glycolysis.7 A neonate with HIE, however,
undergoes a prolonged period of anaerobic glycolysis,
leading to depletion of hepatic glycogen reserves, and
hepatic glucose production that cannot meet cerebral
metabolic demands.3,6,7 Moreover, in the context of HIE,
hyperglycemia might result from a reduced net meta-
bolism of severely damaged tissues or a prolonged rise
in stress hormones, and may be further prolonged by
therapeutic hypothermia.8,9 Both hypoglycemia and hy-
perglycemia are potential candidate modifiable risk
factors since they are prevalent in NE, and in the era of
therapeutic hypothermia, have been associated with
unfavourable neurophysiological changes in the
neonatal period,10,11 brain injury on neonatal MRI,12,13

and adverse developmental outcomes at preschool
age.4,6,14

Evidence informing optimal glycemic thresholds for
intervention and neuroprotective glucose management
strategies in at risk neonates is limited and conflict-
ing.14,15 Furthermore, normal glucose reference ranges
for otherwise healthy term neonates may not be the
same for newborns at risk for impaired metabolic
adaptation because vulnerability to brain injury and
adverse outcomes can differ based on comorbidities,
and an individual’s ability to make and utilize alternative
fuels.15,16 Accordingly, the primary study aim is to utilize
continuous glucose monitoring to investigate how
severity and duration of hypoglycemia and hyperglyce-
mia relate to brain injury after NE, with the goal of
identifying clinically relevant parameters to guide pa-
tient management. We hypothesize that there is a
threshold severity and duration of hypoglycemia and
hyperglycemia that is associated with brain injury on
conventional post-rewarming neonatal MRI. In addi-
tion, secondary analyses will assess how this identify
threshold relates to 18-month neurodevelopmental out-
comes in this patient population.
Methods
Study population
A prospective cohort of 108 neonates (≥36 weeks
gestational age), born between August 2014 and
November 2019, who had an abnormal level of con-
sciousness in addition to seizures and/or abnormalities
in tone and/or reflexes, and were admitted to the
Neonatal Intensive Care Unit (NICU) at a single centre,
The Hospital for Sick Children, were studied. Newborns
were excluded for suspected/confirmed congenital
malformation, inborn error of metabolism, or congen-
ital infection, or if they weighed <1500 g or could not
have the continuous glucose monitor (CGM) inserted
within 6 h of life (HOL). A weight cut-off of 1500 g was
used based on prior experience with the CGM for pa-
tient safety. Neonates eligible/ineligible for therapeutic
hypothermia were enrolled. Study data were collected
from patient medical records and transport records, and
were managed using research electronic data capture
(REDCap, Vanderbilt University, Tennessee) hosted at
The Hospital for Sick Children.17 Of note, severity of
encephalopathy prior to hypothermia was scored using a
modified Sarnat scale retrospectively by a single
neurologist (EWYT) based on these medical records.
www.thelancet.com Vol 58 April, 2023
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Our institutional protocols for HIE patients under-
going therapeutic hypothermia during this study period
include no enteral feeding and total fluid intake (TFI)
starting at 60 ml/kg/day followed by titration depending
on urine output, renal function, and management of
glucose infusion rates (GIR).

Ethics statement
Written consent was obtained from parents/guardians
for all participants following a protocol approved by the
research ethics board (REB approval number
1000039068) of The Hospital for Sick Children (Tor-
onto, Canada).

Glucose data
All clinically-ordered laboratory and point-of-care testing
blood glucose values were collected from the referral
and admission hospitals, and were used as study data
when CGM data were unavailable (e.g., before CGM
application). Glucose values obtained using i-STAT
(Abbott Laboratories, Abbott Park, Illinois) were treated
as laboratory values due to the gold standard use of
glucose oxidase reaction.

All neonates had a CGM comprised of an Enlite™
Sensor (Medtronic Canada, Brampton, Ontario) con-
nected to a blinded Medtronic iPro™2 professional
CGM (Medtronic Canada, Brampton, Ontario) inserted
into the lateral aspect of the thigh within the first few
HOL for approximately 72 h of monitoring. The CGM
stores interstitial glucose concentrations and reports
averaged glucose data every 5 min once data are uploa-
ded to the Medtronic CareLink™ iPro™ software
(Medtronic MiniMed, Northridge, California). Labora-
tory blood glucose values collected on admission and
every 12 HOL as part of standard of care were used to
calibrate the CGM. Due to software limitations for
determining interstitial glucose concentrations <2.2 and
>22.2 mmol/L (<40 and >400 mg/dL), interstitial
glucose readings initially reported as 2.2 or 22.2 mmol/L
underwent point-to-point verification or manual correc-
tion using an equation provided by Medtronic to better
estimate their interstitial glucose concentrations.

Since CGM data were unavailable real-time, clini-
cians detected and treated hypoglycemia and hypergly-
cemia using intermittent glucose testing collected as
part of standard of care. Our institutional protocols for
HIE include laboratory glucose testing on admission
followed by subsequent testing every 12 h. Glucose
levels ≤2.6 mmol/L (≤47 mg/dL) are treated with
dextrose boluses and increased GIRs, escalating to
glucagon if needed. There is no protocol and no agreed
upon threshold for the management of hyperglycemia,
with treatment left up to the discretion of the clinical
team, including observation, decreased GIRs, or insulin
administration.

Minimum and maximum glucose concentrations for
the first 12, 24, 48, and 72 HOL for each subject were
www.thelancet.com Vol 58 April, 2023
determined using CGM data when available, supple-
mented by clinically-ordered laboratory or point-of-care
or blood tests when not available (e.g., before CGM
initiation, technical gaps in CGM data).

MRI studies
Post-rewarming MRI scans were performed at around
day 4 of life18–21 on a 3T or 1.5T MRI scanner (Siemens
Magnetom Prisma or Skyra or Philips Achieva). MRI
sequences included: axial volumetric 3-dimensional Fast
Low Angle Shot T1-weighted images, axial spin-echo T2-
weighted images, and axial diffusion-weighted images
(DWI). Blinded to patient history, one pediatric neuro-
radiologist (EW) reviewed and visually scored basal
ganglia and watershed brain injury using the Barkovich
scoring system.22 Brain MRIs were then coded as yes/no
for exhibiting basal ganglia, watershed, focal infarct, and
posterior-predominant injury pattern (posterior pre-
dominant white and/or grey matter and/or in the pul-
vinar and/or anterior medial nuclei of the thalamus
previously reported to be associated with neonatal
hypoglycemia23).

Neurodevelopmental assessments
As part of standard of care, from March 2016 through
May 2021, infants were assessed once by a trained
assessor supervised by a registered psychologist at
18–25 months old with the Bayley Scales of Infant and
Toddler Development, Third Edition (Bayley-III),
generating cognitive, language, and motor composite
scores according to the scale mean [ ± standard devia-
tion (SD)] of 100 ± 15, with lower scores indicating
greater impairment. For infants with cerebral palsy (CP)
who could not be tested with the Bayley-III, a cognitive,
language, and motor composite score of 70 (−2 SD on
Bayley-III) was assigned for infants with a severity of CP
classified as Gross Motor Function Classification Sys-
tem (GMFCS) III (n = 1), and composite scores of 45 (−3
SD) were assigned for GMFCS IV-V (n = 1), in accor-
dance with previous literature.24 Infants unable to
engage in testing were assigned a motor composite
score of 100 if they walked independently by 14 months
old (n = 3), and a language composite score of 70 if they
were non-verbal at the time of the evaluation (i.e., had
not developed any intelligible expressive language;
n = 2). Additionally, infants were scored (yes/no) for
having moderate-severe disability or death (received
ANY Bayley-III composite score ≤85 or had died prior to
follow-up) and for having severe disability or death
(received ANY Bayley-III composite score ≤70 or had
died prior to follow-up were included). Infants also un-
derwent a standardized neurological examination
administered by a pediatric neurologist blinded to pa-
tient history, yielding a neuromotor score25 and deter-
mined the presence/absence of CP. Parents/guardians
competed the Child Behavior Checklist, 1.5–5 years
(CBCL),26 a standardized parental questionnaire that
3
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reports on emotional, social and behavioural problems,
where raw scores are summed and converted to age- and
sex-specific normalized T-scores. Composite T-scores
for Internalizing (Anxiety/depression, Withdrawal, and
Somatic complaints) and Externalizing (Attention
problems, Aggressive behavior, and Rule-breaking)
problems are considered clinically significant when
>69 with 65–69 in the borderline clinical range.

Statistical analysis
Statistical analyses were performed using R version
3.5.2 (The R Foundation for Statistical Computing 2018,
Vienna, Austria). Regression analyses were used to
identify significant confounders for brain injury pat-
terns. Receiver operating characteristic (ROC) curves
were used to assess the predictive value of minimum
and maximum glucose measures, as well as the dura-
tion of hyperglycemia above sequential 1 mmol/L
glucose thresholds, with candidate values of
7–10 mmol/L [126–180 mg/dL]) during the first 12, 24,
48, and 72 HOL for each brain injury pattern. Linear
and logistic regression analyses were used to assess the
relationship between a glucose threshold based on the
ROC curve findings and 18-month neurodevelopmental
outcomes (Bayley-III cognitive, language, and motor
composite scores, moderate-severe disability or death,
severe disability or death, CBCL Internalizing and
Externalizing Composite T-scores, neuromotor score,
CP diagnosis, and death prior to follow-up), adjusting
for brain injury severity (basal ganglia and watershed) as
per the Barkovich scoring system.22 Briefly, the brain
injury severity score is a composite score of basal
ganglia and watershed injury based on injury observed
on T1, T2, and DWI MRI sequences, with higher scores
representing more severe injury. Associations were
considered significant at P < 0.050.

Role of the funding source
None of the funders had a role in the design and
conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or
approval of the manuscript; or decision to submit the
manuscript for publication.
Results
Study cohort
Of 182 neonates approached, 112 (62%) were consented.
Of the 112, 108 (96%) were enrolled (excluded: 2 had
congenital malformations, 1 was discharged prior to any
study tests, 1 had contraindication with CGM). Of 108
enrolled, 102 (94%) had MRIs (6 had no MRI prior to
death (n = 4) or discharge (n = 2)) at a median age of 5
(interquartile range [IQR], 4-5) days. Of 102 neonates, 97
(95%) underwent 72 h of therapeutic hypothermia, 4
(4%) were rewarmed early between 3 and 34 HOL, and 1
(1%) was not cooled as per the clinical team. Of the
neonates rewarmed early, 2 were deemed clinically too
well to continue undergoing therapeutic hypothermia, 1
was discontinued due to excessive hemorrhages from
disseminated intravascular coagulation, and 1 was
transferred to a palliative care home but since survived.
The lowest birthweight in this cohort was 2020 g. The
study cohort is representative of patients with neonatal
encephalopathy at outborn NICUs. Participant de-
mographics are summarized in Table 1.

Glucose and brain injury on MRI
Of the 102 neonates who had MRIs, 46 (45%) had an
abnormal MRI. Twenty-four (24%) neonates had basal
ganglia and 17 (17%) neonates had watershed injury
pattern, including 16 (16%) neonates who demonstrated
both injury patterns (Supplemental Table S1). Linear
regression analyses of the relationship between glucose
measures during the first 12, 24, 48, and 72 HOL and
each brain injury pattern demonstrated that sex, head
circumference, birth weight, and markers of perinatal
hypoxic-ischemia (umbilical artery pH, umbilical artery
base excess, 5-min Apgar scores, and severity of en-
cephalopathy prior to therapeutic hypothermia) were not
significant confounders and were thus were excluded
from further analyses.

ROC curves were used to assess the predictive value
of glucose measures during the first 12, 24, 48, and 72
HOL for each brain injury pattern. Glucose measures in
the first 48 HOL were the best predictors for brain
injury, with no further improvements when extending
to 72 h (Fig. 1). During the first 48 HOL, maximum
glucose was the best predictor of basal ganglia injury
pattern (Area under receiver operating characteristic
curve [AUC] = 0.811), while duration of exposure to
glucose >8 mmol/L (>144 mg/dL) best predicted
watershed injury pattern (AUC = 0.903). Minimum
glucose was not predictive of any brain injury pattern at
any timepoint (AUC<0.509). Further, no glucose mea-
sures were predictive of focal infarct (AUC<0.455) nor
posterior-predominant injury pattern (AUC<0.655).

Further analyses were performed to determine if a
composite predictor of maximum glucose at 48 HOL
and duration of exposure to glucose >8 mmol/L would
demonstrate stronger predictive ability. The AUC of the
ROC curve for this composite predictor for basal ganglia
injury was 0.823, which is not much better than the
single predictor of maximum glucose (AUC = 0.811).
The AUC for the composite predictor for watershed
injury is 0.902, which is not better than for the single
predictor of duration of glucose >8 mmol/L
(AUC = 0.903).

Establishing a most predictive threshold
To establish one glucose measure that best predicted
both basal ganglia and watershed injury patterns,
maximum glucose at 48 HOL was further investigated
since this was the best measure for predicting basal
www.thelancet.com Vol 58 April, 2023
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Participants enrolled (N = 108) Participants with MRI (N = 102)

Male sex, frequency (%) 67 (62%) 64 (63%)

Birth weight, mean (SD), g 3356.5 ± 518.2 3360.5 ± 528.5

Head circumference, mean (SD), cm 34.1 ± 1.4 34.1 ± 1.4

Umbilical arterial cord pH, mean (SD) 7.01 ± 0.16 7.01 ± 0.15

Umbilical arterial cord BE, mean (SD) −15.33 ± 6.69 −15.17 ± 6.66

Apgar score at 5 min, mean (SD) 4.2 ± 2.3 4.3 ± 2.3

Sarnat score (mild, moderate, severe), frequency (%) 3 (3%), 90 (83%), 15 (14%) 3 (3%), 88 (86%), 11 (11%)

Gestational age at birth, mean (SD), wk 39.6 ± 1.4 39.6 ± 1.3

Age at first glucose data, median (IQR), h 1.0 (0.5–2.6) 1.0 (0.5–2.7)

Age at first CGM data, median (IQR), h 7.7 (6.7–9.0) 7.8 (6.8–9.0)

Day of life at MRI, median (IQR), days 5 (4-5) 5 (4-5)

Glucose

First 12 h of life

Minimum glucose, median (IQR), mmol/L 3.8 (2.7–4.6) 3.7 (2.5–4.6)

Maximum glucose, median (IQR), mmol/L 7.0 (5.8–9.4) 6.9 (5.7–9.3)

SD, mean (SD), mmol/L 1.0 ± 0.7 1.0 ± 0.7

Coefficient of variation (SD/mean), mean (SD) 0.2 ± 0.1 0.2 ± 0.1

Hypoglycemia on intermittent testing (n in N (%)) 71 in 26 (24%) 71 in 26 (25%)

Hypoglycemia on CGM (n in N (%)) 38 in 1 (1%) 38 in 1 (1%)

Hyperglycemia on intermittent testing (n in N (%)) 63 in 32 (30%) 57 in 27 (26%)

Hyperglycemia on CGM (n in N (%)) 358 in 19 (18%) 319 in 15 (15%)

First 24 h of life

Minimum glucose, median (IQR), mmol/L 3.5 (2.5–3.9) 3.4 (2.4–3.8)

Maximum glucose, median (IQR), mmol/L 7.7 (5.9–9.9) 7.4 (5.8–9.9)

SD, mean (SD), mmol/L 1.0 ± 0.9 0.9 ± 0.9

Coefficient of variation (SD/mean), mean (SD) 0.2 ± 0.1 0.2 ± 0.1

Hypoglycemia on intermittent testing (n in N (%)) 81 in 27 (25%) 79 in 26 (25%)

Hypoglycemia on CGM (n in N (%)) 177 in 5 (5%) 177 in 5 (5%)

Hyperglycemia on intermittent testing (n in N (%)) 65 in 33 (31%) 59 in 28 (27%)

Hyperglycemia on CGM (n in N (%)) 1512 in 26 (24%) 1334 in 22 (22%)

First 48 h of life

Minimum glucose, median (IQR), mmol/L 3.2 (2.3–3.8) 3.4 (2.4–3.8)

Maximum glucose, median (IQR), mmol/L 7.8 (6.3–11.5) 7.4 (5.8–9.9)

SD, mean (SD), mmol/L 1.2 ± 1.2 1.2 ± 1.1

Coefficient of variation (SD/mean), mean (SD) 0.2 ± 0.1 0.2 ± 0.1

Hypoglycemia on intermittent testing (n in N (%)) 85 in 27 (25%) 83 in 26 (25%)

Hypoglycemia on CGM (n in N (%)) 359 in 12 (11%) 343 in 11 (11%)

Hyperglycemia on intermittent testing (n in N (%)) 68 in 34 (31%) 62 in 29 (28%)

Hyperglycemia on CGM (n in N (%)) 3838 in 33 (31%) 3449 in 28 (27%)

First 72 h of life

Minimum glucose, median (IQR), mmol/L 2.9 (2.2–3.4) 3.1 (2.3–3.7)

Maximum glucose, median (IQR), mmol/L 8.2 (6.3–11.5) 7.7 (6.3–11.0)

SD, mean (SD), mmol/L 1.2 ± 1.2 1.2 ± 1.1

Coefficient of variation (SD/mean), mean (SD) 0.2 ± 0.1 0.2 ± 0.1

Hypoglycemia on intermittent testing (n in N (%)) 86 in 28 (26%) 84 in 27 (26%)

Hypoglycemia on CGM (n in N (%)) 460 in 14 (13%) 444 in 13 (13%)

Hyperglycemia on intermittent testing (n in N (%)) 74 in 36 (33%) 68 in 31 (30%)

Hyperglycemia on CGM (n in N (%)) 4100 in 35 (32%) 3711 in 30 (29%)

Brain injury patterna

Basal ganglia, frequency (%) 24 (22%) 24 (24%)

Watershed, frequency (%) 17 (16%) 17 (17%)

Focal infarct, frequency (%) 15 (14%) 15 (15%)

Posterior-predominant, frequency (%) 31 (29%) 31 (30%)

BE, base excess; CGM, continuous glucose monitor; IQR, interquartile range; MRI, magnetic resonance imaging; SD, standard deviation. Hypoglycemia ≤2.6 mmol/L and
hyperglycemia >8.0 mmol/L. n in N (%) means number of episodes in number (percent) of subjects. aBrain injury pattern categories are not mutually exclusive.

Table 1: Participant demographics.
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Fig. 1: Predictive value of glucose measures during the first 12, 24, 48 and 72 h of life for brain injury patterns on MRI. Area under
receiver operating characteristic curve (AUC) and corresponding 95% confidence intervals (CI) are plotted for each glucose measure listed on the
y-axis and grouped by the first 12, 24, 48 and 72 h of life. Minimum and maximum glucose levels as well as duration of hyperglycemia above
sequential thresholds are presented. Brain injury patterns included A) Basal ganglia and B) Watershed.
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ganglia injury pattern (AUC = 0.811), and only slightly
inferior to the best predictor of watershed injury pattern
(AUC = 0.858), and simpler to translate into clinical
practice than a composite predictor. There are different
statistical methods to identify plausible predictive
thresholds. One statistical method is to identify the
maximum value of the Youden’s index for the ROC
curve. During the first 48 HOL, a glucose threshold of
10.1 mmol/L (182 mg/dL) results in the maximum
Youden’s index of 0.53 for basal ganglia injury pattern
and 0.64 for watershed injury pattern (Fig. 2). Using this
threshold of 10.1 mmol/L results in a 71% sensitivity,
82% specificity, 53% positive predictive value, and 91%
negative predictive value for basal ganglia pattern injury.
It also results in 83% sensitivity, 81% specificity, 47%
positive predictive value, and 96% negative predictive
value for watershed pattern injury.

Relationship between hyperglycemia and glucose
infusion rates
The relationship between hyperglycemia and GIR was
investigated. Mean GIR was 3.97 ± 1.42 mg/kg/min for
neonates with a maximum glucose ≤10.1 mmol/L, and
3.69 ± 1.23 mg/kg/min for neonates with a maximum
glucose >10.1 mmol/L, with no significant difference in
mean GIR between groups (P = 0.41).

Assessing interaction of severity and duration
ROC curves and their associated sensitivity curves were
also used to assess the relationship between severity and
duration of exposure to hyperglycemia during the first
48 HOL for basal ganglia and watershed injury patterns.
As illustrated in Fig. 3, there is an interaction between
severity of hyperglycemia and duration of exposure for
predicting the presence of basal ganglia and watershed
injury patterns. The higher the hyperglycemic
threshold, the shorter the duration of exposure would
need to be before there was an increased risk for basal
ganglia and watershed injury patterns, and vice versa.

Hyperglycemia and neurodevelopmental outcomes
Of the 102 neonates who had MRIs, 91 (89%) under-
went neurodevelopmental assessments (6 died prior to
follow-up, 3 were lost to follow-up, 2 could not attend
www.thelancet.com Vol 58 April, 2023
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Fig. 2: Predictive value of maximum glucose during the first 48 h of life for brain injury patterns on MRI. Receiver operating characteristic
curves and their associated sensitivity (solid line) and specificity (dotted line) curves for maximum glucose during the first 48 h of life were
graphed for each brain injury pattern A) Basal ganglia and B) Watershed.

Fig. 3: Interaction between severity and duration of exposure to hyperglycemia during the first 48 h of life for brain injury patterns on
MRI. Duration of hyperglycemia (hours) at the point where sensitivity intersects with specificity on the sensitivity and specificity curves for
sequential 1 mmol/L hyperglycemia cut-offs (candidate values of 7–10 mmol/L) during the first 48 h of life were graphed for basal ganglia injury
pattern and watershed injury pattern.
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due to active COVID-19 pandemic protocols) at a mean
age of 19.0 ± 1.7 months. Means for Bayley-III com-
posite scores were 97.9 ± 14.6 for cognitive, 90.9 ± 16.2
for language, and 97.4 ± 16.6 for motor. Forty-one (42%)
infants were classified as having moderate-severe
disability or death, and 19 (20%) infants were classi-
fied as having severe disability or death. Means for
CBCL Composite T-scores were 46.7 ± 11.2 for Inter-
nalizing and 47.9 ± 10.4 for Externalizing problems.
Mean neuromotor score was 0.5 ± 1.2, and 7 (8%) in-
fants who had an 18-month neurodevelopmental
assessment were diagnosed with CP.

Since a glucose threshold of 10.1 mmol/L during the
first 48 HOL was found to be the optimal cut-off for
predicting brain injury, it was investigated whether this
threshold could independently predict 18-month out-
comes. Analyses were adjusted for basal ganglia and
watershed injury severity to determine if associated
outcomes were fully explained by brain injury severity
on MRI. Linear regression analyses revealed that a
glucose threshold of 10.1 mmol/L during the first 48
HOL is associated with worse neuromotor and CBCL
Internalizing Composite T-scores. Logistic regression
analyses revealed that a glucose threshold of 10.1 mmol/
L during the first 48 HOL is associated with higher odds
for a CP diagnosis and a higher odds of severe disability
or death, but not associated with moderate-severe
disability or death. All associations lost significance af-
ter adjusting for brain injury severity. No significant
associations were found on univariable analysis in the
other domains assessed (Table 2). These analyses were
then repeated including only the subjects with
moderate-severe encephalopathy prior to hypothermia,
to focus on the subjects eligible for therapeutic hypo-
thermia, with very similar results and the same con-
clusions (Supplemental Table S2).
Unadjusted regression

Linear regression Coefficient (95% CI)

Neuromotor score 0.3 (0.3–0.6)

Bayley-III cognitive composite score −2.8 (−9.6 to 4.0)

Bayley-III language composite score 0.7 (−6.9 to 8.3)

Bayley-III motor composite score −6.9 (−14.5 to 0.7)

CBCL internalizing composite T-score 5.8 (0.7–10.9)

CBCL externalizing composite T-score 1.5 (−3.4 to 6.3)

Logistic regression Coefficient (95% CI)

Cerebral palsy diagnosis 8.6 (1.5–47.6)

Death prior to follow-up 2.7 (0.5–14.2)

Moderate-severe disability or deathb 0.9 (0.4–2.2)

Severe disability or deathc 3.0 (1.0–8.4)

Bayley-III, Bayley Scales of Infant and Toddler Development, Third Edition; CBCL, Child B
injury severity. bPatients who received ANY Bayley-III composite score ≤85 or had died
score ≤70 or had died prior to follow-up were included.

Table 2: Association of glucose threshold of 10.1 mmol/L during the first 48
To determine if a better predictive model could be
identified between dysglycemia and 18-month out-
comes, a sensitivity analysis was performed. The clinical
variables of duration (area under the curve) of dysgly-
cemia, and the mean, median, and standard deviation of
glucose values over each day of life were interrogated
using Aikake information criterion to determine the
best predictive model for 18-month outcomes. The
resultant adjusted R-squared were ≤0.33 for the pre-
diction of Bayley and CBCL scores at 18 months. Thus,
while glucose >10.1 was strongly associated with brain
injury on MRI, this more aggressive analysis approach
was not able to generate a stronger predictor for out-
comes at 18 months.
Discussion
Utilizing continuous glucose monitoring, neuro-
imaging, and developmental assessments in NE, we
demonstrate that maximum, but not minimum, glucose
in the first 48 HOL is most strongly associated with
brain injury. Further, we show that there is an interac-
tion between severity and duration of hyperglycemia for
predicting brain injury; the higher the hyperglycemic
threshold, the shorter the duration of exposure needed
to be associated with increased risk for basal ganglia and
watershed injury patterns. Moreover, we are the first to
posit a data-driven threshold for neonatal hyperglycemia
in NE, specifically 10.1 mmol/L during the first 48 HOL,
that has good predictive ability for basal ganglia and
watershed injury patterns and is associated with select
18-month neurodevelopmental outcomes.

Hypoglycemia and hyperglycemia are common in
neonates with NE.6,14 This study finds that 68% of
newborns with NE had hypoglycemia (≤2.6 mmol/L;
≤47 mg/dL; 36%) and/or hyperglycemia (>8.0 mmol/L;
Adjusted regressiona

P value Coefficient (95% CI) P value

0.035 0.2 (−0.3 to 0.8) 0.386

0.418

0.858

0.081

0.029 1.6 (−4.0 to 7.2) 0.568

0.552

P value Coefficient (95% CI) P value

0.014 3.1 (0.4–25.5) 0.299

0.243

0.807

0.042 1.3 (0.3–4.9) 0.758

ehavior Checklist; CI, confidence interval. aAdjusted for basal ganglia and watershed
prior to follow-up were included. cPatients who received ANY Bayley-III composite

h of life and neurodevelopmental outcomes at 18 months.
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>144 mg/dL; 49%), including 18% with both, within the
first 72 HOL. Our glucose profiles align closely with
findings from previous studies.6,12,14 Noteworthy, this
study finds that detection of hypoglycemic and hyper-
glycemic episodes with intermittent glucose testing,
when compared to continuous glucose monitoring, is
reduced by over 50% after the first 12 HOL, and reduced
by another 50% after the first 24 HOL, illustrating that
the majority of hypo- and hyperglycemic episodes
experienced by patients are missed by current inter-
mittent glucose testing protocols. It is important for
neuroprotective glucose management strategies to bal-
ance the risks of under- and overtreatment, highlighting
the need for evidence-based treatment thresholds for
hypo- and hyperglycemia in the context of NE.

Considering previous studies conducted during both
the pre- and therapeutic hypothermia era found that
hypoglycemia is associated with brain injury on MRI in
NE,12,23 it is surprising that this study did not find an
association between hypoglycemia and brain injury.
Differences in studied glucose measures could account
for discrepancies as previous studies likely underrepre-
sented the true degree and frequency of hypoglycemia
by utilizing intermittent glucose sampling during the
first 24 HOL (resulting in only a few data points per
baby), whereas the current study utilized a CGM for the
first 72 HOL (resulting in hundreds of data points per
day) and used minimum glucose as a glucose measure.
Alternatively, it is possible that current strict clinical
protocols to monitor and maintain glucose levels above
2.6 mmol/L in our institution have decreased the fre-
quency and duration of hypoglycemia in this study
cohort compared to previous studies. Indeed McKinlay
et al.27 found that neonatal hypoglycemia was not asso-
ciated with unfavorable neurological outcome at 2 years
when blood glucose concentrations were maintained at
≥2.6 mmol/L with treatment.

The definition and management of neonatal hyper-
glycemia are even more highly variable.28 In accordance
with the other study that investigated the relationship
between hyperglycemia and brain injury after thera-
peutic hypothermia for neonatal HIE,12 this study finds
that maximum glucose is associated with brain injury.
Consequently, this study determined that a glucose
threshold of 10.1 mmol/L during the first 48 HOL has
good predictive ability for brain injury, suggesting that
maintaining glucose levels below 10.1 mmol/L could
potentially lead to a reduction in brain injury after NE.
Of note, we recently reported widespread changes in
brain microstructure associated with higher maximum
glucose during the first day of life in this same cohort,13

further highlighting the importance of managing hy-
perglycemia and monitoring the sequelae of brain injury
in these regions. Additionally, the current study found
that during the first 48 HOL, severity of hyperglycemia
was inversely related to duration of exposure for pre-
dicting the presence of basal ganglia and watershed
www.thelancet.com Vol 58 April, 2023
injury patterns, suggesting that both severity and dura-
tion of hyperglycemia should be considered when
developing glucose management strategies.

Treatment thresholds for hyperglycemia have been
better studied in other patient populations. For instance,
proposed treatment thresholds for neurocritical care
patients are based on available evidence to prevent
neuroglycopenia with the recommendation to be more
cautious when treating patients with more severe brain
injury: severe traumatic brain injury target range of
6–10 mmol/L (110–180 mg/dL); acute ischemic stroke
<10 mmol/L (<180 mg/dL); subarachnoid/intracerebral
hemorrhage <7.8–8.3 mmol/L (<140–150 mg/dL) and
>6.1–6.7 mmol/L (>110–120 mg/dL).29 Additionally,
standard practice for treating hyperglycemic preterm
neonates with insulin utilizes a target range of
8–10 mmol/L (144–180 mg/dL).30 These target treat-
ment ranges are comparable to the thresholds identified
in this study. Adding to this, our study has demon-
strated that the use of the maximum glucose concen-
tration at any time within the first 48 HOL has promise
in guiding glucose management after NE. Moreover,
similar to studies investigating hyperglycemia in pre-
term neonates,31,32 our study has illustrated that duration
should also be considered. Further, although previous
studies have demonstrated that intensive insulin ther-
apy (IIT) may not be an optimal treatment option for
specific types of neurocritical care patients29 or preterm
neonates,30 it is worth investigating whether patients
with NE can benefit from IIT since other treatments
(e.g., therapeutic hypothermia) have proven to be
beneficial after NE whilst not beneficial for other age
groups.33

Prior to therapeutic hypothermia, one study reported
hyperglycemia was not associated with adverse out-
comes (e.g., death, Griffith’s Quotient <87, or significant
motor disability) at 2 years of age after NE.34 Since
therapeutic hypothermia,14,35,36 findings align with re-
sults from the current study in that hyperglycemia is
associated with select 18-month neurodevelopmental
outcomes in neonates with NE. Here, a glucose
threshold of 10.1 mmol/L during the first 48 HOL is
associated with higher CBCL Internalizing Composite
T-scores, worse neuromotor scores, higher odds for a
CP diagnosis, and higher odds for severe disability or
death. However, these associations lose significance af-
ter adjusting for basal ganglia and watershed injury
severity, suggesting the mechanism for the relationship
between hyperglycemia and 18-month outcomes can be
fully explained by severity of basal ganglia and water-
shed brain injury on early MRI. Thus, there does not
seem to be a relationship between hyperglycemia and
outcomes independent of brain injury severity.

Increased behavioural problems have been associ-
ated with watershed injury,37,38 and CP diagnosis has
been shown to be dependent on basal ganglia and
watershed injury,38 supporting our current findings.
9
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Although no clear associations were found between
hyperglycemia and Bayley-III composite scores at 18
months, hyperglycemia may impact skills that do not
emerge until later in development. This is plausible
since the relationship between hyperglycemia and out-
comes seems to mediated by the degree of basal ganglia
and watershed injury, and previous studies have shown
that basal ganglia injury is associated with impaired
motor and cognitive outcomes, while watershed injury
is associated with less severe cognitive deficits at 30
months of age.25 Severity of watershed injury is associ-
ated with impaired language-related abilities at 4 years.39

Additionally, watershed injury is associated with lower
overall cognitive ability, perceptual reasoning skills, and
auditory working memory during adolescence.40

Together, this highlights the importance of follow up
of this cohort to assess later outcomes, including as-
sessments at 3 and 5 years which is ongoing.

A limitation of studying a cohort of infants with NE
is the difficulty of adequately separating the contribu-
tions of hypoxia-ischemia and dysglycemia. It is inter-
esting to note that available metrics for HIE, including
laboratory markers and clinical encephalopathy severity,
did not demonstrate significant association with brain
injury severity in this cohort. In particular, Sarnat
staging is known to be a strong predictor for outcomes.
One possible reason for not finding such an association
in this cohort is that the majority of this cohort (83%)
presented with moderate encephalopathy, and only a
small proportion (14%) had severe encephalopathy. This
likely limited the power of this study for detecting this
association. As well, since Sarnat staging prior to hy-
pothermia was only performed by bedside clinicians,
scoring was re-assessed retrospectively using strict
criteria by a single neonatal neurologist to try to improve
accuracy. However, this retrospective review may still
have limited the accuracy of scoring in this cohort.

This cohort reported a high rate (42%) of moderate-
severe disability or death (44% if only consider subjects
eligible for therapeutic hypothermia), which is in keep-
ing with the findings of the cooling trials but is high
compared to more contemporary NE cohorts.41 The
main difference between this cohort and others is that
all subjects enrolled in this study were out-born and
transported to our NICU from a large provincial catch-
ment area. This suggests that, while our cohort may be
representative of out-born centers, it may represent a
more severely impacted cohort of children than the
contemporary trials in NE. However, the higher rate of
adverse outcomes may be seen as a strength of this
study, as it could increase the power to detect significant
associations.

The main limitation of this prospective observational
study is that causality cannot be determined. Random-
ized controlled trials are needed to determine causality
and validate appropriate glycemic treatment thresholds.
It is possible that more severe hypoxic-ischemic insult
could result in higher infant stress and need for medi-
cations that could increase glucose levels, highlighting
the need for further investigation to determine if hy-
perglycemia is on the causal pathway of brain injury or
simply a marker of illness severity. Our current findings
of no association between hypoglycemia and brain
injury disagree with prior studies that demonstrate an
association between hypoglycemia and outcomes in the
context of NE.14,23 One reason for this may be that only
19 patients in this cohort had only hypoglycemic epi-
sodes, limiting the power of this study to detect this
association. Moreover, while it is possible that some
hyperglycemic episodes are related to overcorrection of
hypoglycemia, most episodes of hyperglycemia are not
related to previous hypoglycemia because only 18% of
the study cohort had both hypo- and hyperglycemia
within the first 72 HOL. Another study limitation is the
use of MRI data in our predictive modelling. Although
MRI measurements are only a biomarker of future
outcomes, we chose to investigate a potential predictive
hyperglycemia treatment threshold for brain injury
pattern on MRI for an association with 18-month out-
comes, and then adjust for brain injury severity because
previous studies have found that deviations from nor-
moglycemia may impact neurodevelopmental outcomes
that are undetectable until later in development.27,42

Consequently, when the data becomes available, future
investigations will examine how severity and duration of
glycemia relate to 3- and 5-year outcome data for this
cohort. This study was also limited by the blood samples
used for glucose value determination and CGM cali-
bration. Glucose values are affected by the source of the
blood sample and whether whole blood or plasma
glucose is obtained.6,15 However, blood samples were
quite homogeneous in this study and plasma glucose
was always measured.

In conclusion, this study uniquely provides evidence
for a relationship between severity and duration of hy-
perglycemia that is associated with brain injury in the
context of NE. Since minimum glucose was not asso-
ciated with brain injury in our cohort, we were unable to
determine a potential treatment threshold for neonatal
hypoglycemia in patients with NE. Randomized
controlled trials are needed to verify if controlling
maximum blood glucose concentrations could improve
outcomes after NE.
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