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A B S T R A C T   

Objective: To identify how alterations in glucose levels are associated with regional brain injury in neonatal 
encephalopathy. 
Methods: This was a prospective cohort study of 102 newborns with neonatal encephalopathy, with continuous 
glucose monitoring for 72 h. 97 (95%) completed 72 h of therapeutic hypothermia. Brain imaging around day 5 
of life included diffusion tensor imaging and MR spectroscopy. Regions of interest were placed for both DTI and 
MR spectroscopy, and tractography of the optic radiation and corticospinal tract were evaluated. Linear 
regression models related each MR metric with minimum and maximum glucose values during each day of life, 
adjusting for 5-minute Apgar scores and umbilical artery pH. 
Results: Higher maximum glucose levels on the first day of life were associated with widespread changes in mean 
diffusivity in the anterior and posterior white matter, splenium of the corpus callosum, lentiform nucleus, pul-
vinar nucleus of the thalamus, posterior limb of the internal capsule, and optic radiations, thus including regions 
traditionally associated with hypoxia–ischemia or hypoglycemia. No associations were found between lower 
minimum glucose levels and DTI changes in any regions tested, or between glucose levels and MR spectroscopy. 
Conclusions: In this cohort of neonatal encephalopathy with therapeutic hypothermia, higher maximal glucose on 
the first day of life was associated with widespread microstructural changes, but lower minimum glucose levels 
were not associated with changes in any of the regions tested. Long-term follow-up will determine if imaging 
findings translate to long-term outcomes.   

1. Introduction 

Neonatal encephalopathy is a clinical syndrome of brain dysfunction 
that occurs in 1–6 per 1000 live births and is most commonly due to 
hypoxic-ischemic encephalopathy (HIE), resulting in high rates of 
morbidity and mortality. Therapeutic hypothermia has resulted in 
reduction in brain injury and improved outcomes (Jacobs et al., 2013), 
although high rates of injury and long-term developmental impairment 
remain. Importantly, brain MRI remains predictive for outcomes (San-
chez Fernandez et al., 2017). 

Other etiologies also contribute to neonatal encephalopathy and 

brain injury, including one third demonstrating hypoglycemia (Wong 
et al., 2013). Isolated neonatal hypoglycemia has been associated with 
brain injury in the posterior cortical grey and white matter, as well as the 
pulvinar nucleus of the thalamus (Barkovich et al., 1998; Wong et al., 
2013), associated with adverse outcomes (McKinlay et al., 2017). 
Combined with HIE, neonatal hypoglycemia continues to demonstrate 
this specific injury (Wong et al., 2013), while worsening HIE-related 
brain injury (Tam et al., 2012). 

The impact of therapeutic hypothermia on glycemia is only recently 
coming to light. First, it is unclear how hypothermia has impacted the 
relationship between hypoglycemia and brain injury. In addition, recent 
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studies have reported an increased incidence of hyperglycemia in the 
context of hypothermia (Al Shafouri et al., 2015; Chouthai et al., 2015). 
We have recently reported incidences of hyperglycemia in over half of 
newborns undergoing therapeutic hypothermia in a subset of this now 
completed cohort (Pinchefsky et al., 2019). While the contribution of 
hyperglycemia to worsening brain injury and neurological outcomes is 
better studied in other patient populations, including adult critical 
illness (Godoy et al., 2010), adult stroke (Parsons et al., 2002; Saqqur 
et al., 2015), and prematurity (Auerbach et al., 2013; Slidsborg et al., 
2018), there is emerging evidence for worsening of hypoxic-ischemic 
brain injury and adverse outcomes after neonatal encephalopathy as 
well (Basu et al., 2016; Montaldo et al., 2020). 

This study aimed to optimize our understanding of the implications 
of abnormal glycemia in neonatal encephalopathy in the era of thera-
peutic hypothermia by using continuous glucose monitoring (CGM) in 
the first three days of life combined with detailed regional brain MRI 
analyses. We hypothesize that hypoglycemia would continue to be 
associated with a posterior-predominant brain injury independent of 
hypoxia–ischemia. While the specific patterns of injury associated with 
neonatal hyperglycemia are not previously reported, we hypothesize 
that hyperglycemia would be associated with increased severity of brain 
injury, as assessed by diffusion tensor imaging (DTI) and chemical shift 
imaging (CSI), and potentially be associated with its own specific 
pattern of brain injury. 

2. Methods 

2.1. Study population 

Newborns admitted with neonatal encephalopathy to the Neonatal 
Intensive Care Unit at the Hospital for Sick Children in Toronto, Canada, 
between 2014 and 2019 were considered for this prospective cohort 
study. Newborns were considered eligible if they had abnormal con-
sciousness, in addition to either neonatal seizures or abnormalities in 
tone or reflexes (Badawi et al., 1998). Newborns were excluded if their 
gestational age at birth was < 36 weeks or there were suspected or 
confirmed congenital malformations, inborn errors of metabolism, or 
congenital infections based on clinical examinations and laboratory 
studies. In addition, they were excluded if a continuous glucose monitor 
could not be attached within 6 h of life. Infants both eligible and ineli-
gible for therapeutic hypothermia for hypoxia–ischemia were included 
in this study. Informed consent was obtained from parents or legal 
guardians following a protocol approved by The Hospital for Sick 
Children’s Research Ethics Board. Clinical data was collected from the 
clinical notes transferred from the birth hospital, transport records, and 
our hospital medical records. Study data were managed using research 
electronic data capture (REDCap, Vanderbilt University, Tennessee) 
(Harris et al., 2009) hosted at The Hospital for Sick Children. 

2.2. Glucose data 

Continuous glucose data was collected using an EnliteTM Sensor 
(Medtronic Canada, Brampton, Ontario) connected to a blinded Med-
tronic iProTM2 professional CGM (Medtronic Canada, Brampton, 
Ontario) inserted into the lateral aspect of the thigh within the first few 
hours of life for approximately 72 h of continuous glucose monitoring. 
The CGM stores interstitial glucose concentrations and reports data 
every 5 min once the data are uploaded to the Medtronic CareLinkTM 

iProTM software (Medtronic MiniMed, Northridge, California) and cali-
brated. The measurements from the CGM were blinded and unavailable 
to clinicians for real-time management, and the patients were managed 
via clinical intermittent glucose testing as per standard of care. Our 
institution protocols for HIE include laboratory glucose testing on 
admission and every 12 h of life. Glucose levels ≤ 2.6 mmol/L are 
treated with dextrose boluses and increased glucose infusion rates, 
escalating to glucagon if needed. There is no protocol for management of 

hyperglycemia and no agreed upon threshold, with treatment left to the 
discretion of the managing team, including observation, decreased 
glucose infusion rates, or insulin administration. 

All clinically ordered laboratory and point-of-care testing blood 
glucose values were collected from both the birth hospital and at the 
Hospital for Sick Children. Only blood glucose values obtained via the 
gold standard glucose oxidase reaction – including both laboratory- 
obtained values and bedside testing using the i-STAT (Abbott Labora-
tories, Abbott Park, Illinois) – were used for CGM calibration. Due to 
Medtronic CareLinkTM iProTM 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 were verified or corrected manually using an equation 
provided by Medtronic to calculate their true interstitial glucose 
concentrations. 

Minimum and maximum glucose values in the first 24 h of life (day 
1), between 24 and 48 h of life (day 2), and between 48 and 72 h of life 
(day 3) were determined using CGM data when available, supplemented 
by intermittent testing when not available, especially in the first few 
hours of life prior to CGM insertion. 

2.3. MRI data collection 

After patients were rewarmed, MRI scans were performed at around 
day 5 of life on a 3 T or 1.5 T MRI scanner (Siemens Magnetom Prisma or 
Skyra, or Philips Achieva 3 T or 1.5 T). As these images were obtained 
for both clinical and research purposes, sedation was used when indi-
cated by the clinical team, using either intravenous midazolam (46% 
subjects) or oral chloral hydrate (38% subjects). Imaging sequences 
included diffusion tensor imaging (TR/TE = 8000/86, FOV = 160 mm, 
slice thickness = 2 mm, 30 directions, matrix = 80x80, b = 700 s/mm2, 
Number of signal averages [NSA] = 1, 4.56-minute scan time) and 
multivoxel 2D 1H-MRS chemical shift imaging (CSI) acquired at the level 
of basal ganglia, as well as in the frontal and parietal white matter above 
the lateral ventricles using point-resolved spectroscopy (PRESS) (TR/TE 
= 2000/144, FOV = 160 mm, slice thickness = 15 mm, flip angle = 90 
degree, NEX = 8, voxel size = 80x80 mm, NSA = 8, 4.10-minute scan 
time). Of note, the DTI parameters were chosen to balance data quality 
and imaging time in newborn infants, accounting for relatively high 
water content in newborns compared to adults, and are in line with most 
prior published DTI studies in newborns (Chau et al., 2009; Tam et al., 
2009; Tam et al., 2012). 

2.4. Diffusion tensor imaging processing 

DTI maps were preprocessed with a customized pipeline, using a 
combination of software tools, including: (1) The FMRIB software li-
brary (Oxford Centre for Functional MRI of the Brain, Oxford, UK), (2) 
MATLAB (The MathWorks Inc., Natick, MA, USA), (3) Statistical Para-
metric Mapping (SPM12) (Wellcome Trust Centre for Neuroimaging, 
London, UK), and (4) Analyze 12.0 (Analyze Direct, Inc., Overland Park, 
Kansas). All axial DTI images were eddy current and motion corrected 
by using the Artefact Correction in Diffusion MRI (ACID) toolbox in 
SPM12 (Mohammadi et al., 2010). To quantify motion on DTI images, 
translation and rotation motion were assessed. Subjects with translation 
motion that exceeded 2 mm and rotation motion that exceeded 0.5 de-
gree were excluded. The b0 images were skull stripped using FSL Brain 
Extraction Tool algorithm with a fractional intensity threshold of 0.4. 
(Smith et al., 2006) FSL DTI fitting module was used to generate frac-
tional anisotropy (FA) and mean diffusivity (MD) (Behrens et al., 2003). 
Regions of interest (ROI) were manually drawn in Analyze 12.0 software 
by an expert research analyst (AS) in 13 bilateral white matter and deep 
grey structures which were guided by axial FA, b0 and b0-coregistered 
T2 images (Fig. 1). The anterior, central and posterior white matter 
ROIs were placed in the plane of centrum semiovale (above the lateral 
ventricles), and remainder of the ROIs were placed at the level of the 
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basal ganglia (Chau et al., 2009). Finally, mean FA and MD values were 
extracted using an in-house MATLAB code. Values from left and right 
hemisphere were averaged for analysis. 

2.5. Diffusion tensor tractography 

Diffusion tensor data were postprocessed using Diffusion Toolkit and 
TrackVis software (Ruopeng Wang, Van J. Wedeen, TrackVis.org, Mar-
tinos Center for Biomedical Imaging, Massachusetts General Hospital). 
Fiber Assignment by Continuous Tracking (FACT) algorithm was used to 
run deterministic white matter fiber bundle tracking. Corticospinal tract 
fiber tracking (Fig. 2A) was initiated with a seeding ROI in the posterior 
limb of the internal capsule at the level of the foramen of Monro. Tracts 
were terminated if the angle between the primary eigenvectors of 
consecutive voxels exceeded 50 degrees or they did not pass through 2 
limiting ROIs at the precentral gyrus and cerebral peduncle. Fiber tra-
jectories of the optic radiation (Fig. 2B) were launched from a ROI 
drawn on a coronal plane anterior-lateral to the trigone of the lateral 

ventricle. Fibers passing through a second ROI drawn in a coronal plane 
posterior to the lateral ventricle were retained as the delineated optic 
radiation. Later, tract-based diffusion statistics including FA and MD 
were calculated. Values from left and right hemisphere were averaged 
for analysis. 

2.6. MR spectroscopy data processing 

MRS PRESS data were analysed using TARQUIN (Totally Automatic 
Robust Quantification In NMR) version 4.3.10 in order to suppress the 
water signal (Carlin et al., 2019; Wilson et al., 2011). The spectra were 
referenced to a combination of total choline-creatine-NAA-lipids. Due to 
significant spectral overlap, total N-acetylaspartate (NAA) included a 
combination of N-acetylaspartate and N-acetylaspartylglutamate, and 
total choline (Cho) included a combination of glycerophosphocholine 
and phosphocholine. Lactate was also measured. ROIs were placed at in 
the anterior, central, and posterior white matter, caudate, lentiform 
nuclei, thalamus, optic radiations, and calcarine cortex (Fig. 3) (Chau 

Fig. 1. Regions of interest for diffusion tensor imaging (DTI). Thirteen bilateral regions of interest shown on axial T2-image maps at the levels of (A) the centrum 
semiovale (above the lateral ventricles); (B and C) the basal ganglia; and (D) midbrain and hippocampus. 

Fig. 2. Diffusion tensor tractography. A. Coronal T2 image demonstrating tractography of the corticospinal tract from the motor cortex to the pons. B. Axial T2 
image demonstrating tractography of the optic radiation lateral to the trigone of the lateral ventricle to the calcarine cortex. 
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et al., 2009). Values from left and right hemisphere were averaged for 
analysis. 

2.7. Statistical analysis 

Statistical analyses were performed using Stata 12.1 software (Stata 
Corporation, College Station, TX). Descriptive statistics were used to 
describe the study cohort. Each imaging metric, including DTI ROI (FA 
and MD), diffusion tractography of corticospinal tract and optic radia-
tion (FA and MD) and MRS values (lactate/Cho ratio and the NAA/Cho 
ratio), was regressed against minimum and maximum glucose values 
each day of life using multiple linear regression, adjusting for post-
menstrual age at time of MRI scan, 5-minute Apgar scores, and umbilical 
artery pH, to quantitatively control for degree of hypoxic-ischemic 
insult. To account for the large number of comparisons made, sharp-
ened False Discovery Rate (FDR) q-values were calculated (Anderson, 
2008), with significance set to a q-value of 0.05. 

3. Results 

3.1. Subject demographics 

A total of 102 newborns were enrolled with brain MRI completed. Of 
these, 93 (91%) had adequate quality DTI data and 65 (64%) had 
adequate spectroscopy data for analysis. Subject demographics are 
summarized in Table 1, including the neonatal encephalopathy score 
demonstrating highest severity of clinical encephalopathy in the first 3 
days of life. The neonatal encephalopathy score has been validated for 
prediction of 30-month outcomes, and considers alertness, feeding, tone, 
respiratory status, reflexes, and seizure activity (Miller et al., 2004). 
There was no significant difference in the demographics between those 
with and without completed DTI and MRS studies. Of 93 subjects, 78 
(84%) were scanned on a 3 T and 15 (16%) on a 1.5 T field-strength MRI 
scanner. 

Of the 102 subjects, 97 (95%) subjects underwent 72 h of therapeutic 
hypothermia for presumed hypoxic-ischemic encephalopathy, 4 (4%) 
were rewarmed early between 3 and 34 h of life, and 1 (1%) did not 
undergo therapeutic hypothermia due to decision by the clinical team. 
Of the 4 subjects rewarmed early, 2 were deemed clinically too well to 
continue hypothermia treatment, 1 was sent to a palliative care home 
but since survived, and 1 was discontinued due to excessive hemor-
rhages from disseminated intravascular coagulation. 

3.2. DTI regions of interest 

The potential utility of minimum glucose values on each day of life in 

predicting the DTI variables (FA and MD) for each of the ROIs was 
examined using multiple linear regression adjusting for maximum 
glucose on the same day, postmenstrual age at time of MRI, 5-minute 
Apgar scores, and umbilical artery pH. No associations were found be-
tween minimum glucose and FA or MD changes in any of the regions of 
interested tested. 

Similarly, the DTI variables (FA and MD) for each of the ROIs were 
regressed against maximum glucose values on each day of life, adjusting 
for minimum glucose on the same day, postmenstrual age at time of MRI, 

Fig. 3. Regions of interest for MR spectroscopic imaging (MRSI). MRSI superimposed on axial T2-images at the level of the centrum semiovale (left image) and 
basal ganglia (right image), showing the eight bilateral regions of interest. 

Table 1 
Subject demographics. Demographics for the full cohort, as well as those with 
completed diffusion tensor imaging (DTI) and MR spectroscopy (MRS), 
expressed as number and proportion, mean ± standard deviation, or median and 
intraquartile range (IQR). The neonatal encephalopathy score gives one point for 
each sign of abnormal feeding, alertness, tone, respiratory status, reflexes, and 
seizures. The highest score in the first 3 days of life is reported.21.   

Full cohort 
(N = 102) 

DTI complete 
(N = 93) 

MRS complete 
(N = 65) 

Male sex 64 (63%) 60 (65%) 40 (62%) 
Gestational age at birth 

(weeks) 
39.6 ± 1.3 39.7 ± 1.3 39.7 ± 1.4 

Birthweight (grams) 3361 ± 529 3391 ± 520 3336 ± 523 
5-minute Apgar score 4 (IQR 3–6) 4 (IQR 3–6) 4 (IQR 3–6) 
Umbilical artery pH 7.01 ± 0.15 7.01 ± 0.16 7.03 ± 0.14 
Encephalopathy score 

0/6 
1/6 
2/6 
3/6 
4/6 
5/6 
6/6  

0 (0%) 
0 (0%) 
6 (6%) 
14 (14%) 
30 (30%) 
25 (25%) 
27 (26%)  

0 (0%) 
0 (0%) 
5 (5%) 
14 (15%) 
26 (28%) 
25 (27%) 
23 (25%)  

0 (0%) 
0 (0%) 
3 (5%) 
11 (17%) 
20 (30%) 
17 (26%) 
14 (22%) 

Day of life at MRI (days) 5 (IQR 4–5) 5 (IQR 4–5) 5 (IQR 4–5) 
Minimum glucose ≤ 2.6 

mmol/L 
25 (25%) 21(23%) 16 (25%) 

Maximum glucose > 8 
mmol/L 

43 (42%) 37 (40%) 29 (45%) 

Minimum glucose on day of 
life 1 (mmol/L) 

3.16 ± 1.32 3.23 ± 1.31 3.18 ± 1.26 

Maximum glucose on day of 
life 1 (mmol/L) 

8.38 ± 3.65 8.35 ± 3.61 8.34 ± 3.91 

Minimum glucose on day of 
life 2 (mmol/L) 

3.98 ± 2.00 3.96 ± 2.00 3.95 ± 2.31 

Maximum glucose on day of 
life 2 (mmol/L) 

7.13 ± 3.93 7.01 ± 3.84 6.89 ± 3.86 

Minimum glucose on day of 
life 3 (mmol/L) 

3.64 ± 1.61 3.59 ± 1.66 3.71 ± 1.94 

Maximum glucose on day of 
life 3 (mmol/L) 

6.04 ± 2.89 6.02 ± 2.99 6.02 ± 3.38  
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5-minute Apgar scores, and umbilical artery pH. Maximum glucose 
values on the first day of life were predictive of decreased MD, but not 
FA, in the anterior and posterior white matter, splenium of corpus cal-
losum, lentiform nuclei, pulvinar, posterior limb of internal capsules and 
optic radiations with moderate effect size (Table 2). For example, per 1 
mmol/L higher maximum glucose on the first day of life, there is a 1.50 
× 10− 5mm2/s lower mean diffusivity in the anterior white matter (FDR 
sharpened q = 0.04). Higher maximum glucose on the second or third 
day were not associated with any FA or MD changes. Mean FA and MD 
metrics in each ROI in the cohort are summarized in Table 4. 

3.3. Diffusion tractography 

Analyzing tractography in the corticospinal tract and the optic ra-
diation, DTI variables were regressed against minimum and maximum 
glucose values on each day of life, adjusting for postmenstrual age at 
time of MRI, 5-minute Apgar scores, and umbilical artery pH. Results are 
included in Table 3. 

Lower minimum glucose on the second day was associated with 
higher MD in the optic radiation, with moderate effect size. Higher 
maximum glucose on the first day was associated with lower MD in both 
the corticospinal tract and optic radiation, with small to moderate effect 
size; on the second day was associated with lower FA in both cortico-
spinal tract and optic radiation with moderate effect size; and on the 
third day was associated with lower FA in the optic radiation with 
moderate effect size. Mean FA and MD metrics of the corticospinal tract 
and optic radiation tract of the cohort are summarized in Table 4. 

3.4. MR spectroscopy 

MR spectroscopy variables studied included the lactate/Cho ratio 
and the NAA/Cho ratio. These variables were regressed against mini-
mum and maximum glucose values on each day of life, adjusting for 
postmenstrual age at time of MRI, 5-minute Apgar scores, and umbilical 

Table 2 
Linear regression models of the relationship between maximum glucose (mmol/ 
L) on the first day of life and diffusion tensor imaging metrics, including frac-
tional anisotropy (FA) and mean diffusivity (MD). All models are adjusted for 
postmenstrual age at time of MRI, minimum glucose on first day of life, 5-minute 
Apgar scores, and umbilical artery pH. Standardized beta coefficients (β) are 
included. Significant sharpened q-values are marked with an asterisk.   

FA β q- 
value 

MD 
(10− 5 

mm2/s) 

β q- 
value 

Anterior white 
matter 

− 0.0029 − 0.21 0.19 − 1.50 − 0.31  0.04* 

Central white 
matter 

− 0.0012 − 0.07 0.67 − 0.74 − 0.16  0.35 

Posterior white 
matter 

− 0.0021 − 0.12 0.51 − 2.07 − 0.32  0.04* 

Genu of corpus 
callosum 

− 0.0074 − 0.19 0.25 − 2.30 − 0.27  0.08 

Splenium of 
corpus 
callosum 

− 0.0021 − 0.07 0.66 − 2.33 − 0.43  0.001* 

Caudate − 0.0005 − 0.01 1 − 0.90 − 0.22  0.19 
Lentiform 

nucleus 
0.000008 − 0.001 1 − 0.87 − 0.32  0.04* 

Pulvinar nucleus 
of thalamus 

− 0.0018 − 0.11 0.51 − 1.21 − 0.38  0.001* 

Ventrolateral 
nucleus of 
thalamus 

0.0013 0.122 0.51 − 0.54 − 0.19  0.30 

Posterior limb of 
the internal 
capsule 

− 0.0029 − 0.15 0.38 − 1.04 − 0.33  0.04* 

Optic radiation − 0.0043 − 0.25 0.08 − 2.44 − 0.43  0.001* 
Calcarine cortex 0.0009 0.07 0.67 − 0.55 − 0.17  0.35 
Hippocampus 0.0009 0.05 0.74 − 0.47 − 0.09  0.59  

Table 3 
Diffusion tensor tractography. Linear regression models of the relationship 
between minimum and maximum glucose (mmol/L) on each day of life and 
diffusion tensor tractography metrics, including fractional anisotropy (FA) and 
mean diffusivity (MD). All models are adjusted for postmenstrual age at time of 
MRI, 5-minute Apgar scores, and umbilical artery pH. Minimum glucose models 
adjust for maximum glucose, and vice versa. Standardized beta coefficients (β) 
are included. Significant sharpened q-values are marked with an asterisk.   

FA β q- 
value 

MD (10− 5 

mm2/s) 
β q- 

value 

Corticospinal tract 
Minimum 

glucose day 
1 

0.0044 0.17 0.10 − 1.83 − 0.23 0.08 

Maximum 
glucose day 
1 

− 0.0003 − 0.03 0.60 0.74 − 0.26 0.02* 

Optic radiation 
Minimum 

glucose day 
1 

0.0043 0.15 0.11 − 0.10 0.01 0.30 

Maximum 
glucose day 
1 

− 0.0017 − 0.17 0.12 − 1.67 − 0.37 0.001* 

Corticospinal tract 
Minimum 

glucose day 
2 

0.0046 0.28 0.10 − 1.66 − 0.33 0.10 

Maximum 
glucose day 
2 

− 0.0041 − 0.49 0.008* 0.42 0.16 0.43 

Optic radiation 
Minimum 

glucose day 
2 

0.0068 0.37 0.08 − 4.60 − 0.57 0.02* 

Maximum 
glucose day 
2 

− 0.0067 − 0.69 0.001* 0.85 0.20 0.26 

Corticospinal tract 
Minimum 

glucose day 
3 

0.0013 0.07 0.24 − 1.08 − 0.17 0.17 

Maximum 
glucose day 
3 

− 0.0014 − 0.13 0.47 − 0.23 − 0.07 0.60 

Optic radiation 
Minimum 

glucose day 
3 

0.0075 0.34 0.10 − 3.80 − 0.39 0.09 

Maximum 
glucose day 
3 

− 0.0068 − 0.54 0.008* 0.31 − 0.06 0.60  

Table 4 
Mean diffusion tensor imaging measures. Mean and standard deviations of 
fractional anisotropy (FA) and mean diffusivity (MD) of all regions of interest 
and tracts of the cohort.   

FA MD (10− 5 mm2/s) 

Anterior white matter 0.16 ± 0.05 153.16 ± 17.74 
Central white matter 0.23 ± 0.07 133.78 ± 17.04 
Posterior white matter 0.19 ± 0.06 149.32 ± 23.25 
Genu of corpus callosum 0.58 ± 0.14 118.51 ± 30.68 
Splenium of corpus callosum 0.68 ± 0.12 107.04 ± 19.44 
Caudate 0.08 ± 0.03 118.47 ± 14.71 
Lentiform nucleus 0.14 ± 0.03 112.92 ± 9.78 
Pulvinar nucleus of thalamus 0.19 ± 0.06 102.40 ± 11.46 
Ventrolateral nucleus of thalamus 0.17 ± 0.04 105.66 ± 10.40 
Posterior limb of the internal capsule 0.52 ± 0.07 106.74 ± 11.41 
Optic radiation 0.29 ± 0.06 135.76 ± 20.55 
Calcarine cortex 0.12 ± 0.05 117.04 ± 11.81 
Hippocampus 0.13 ± 0.06 118.29 ± 18.47 
Corticospinal tract 0.31 ± 0.03 121.50 ± 10.23 
Optic radiation tract 0.25 ± 0.04 141.28 ± 16.28  
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artery pH. When FDR q-values were calculated, no significant associa-
tions were found. 

4. Discussion 

Regional brain injury observed with hypo- and hyperglycemia in 
neonatal encephalopathy after therapeutic hypothermia has not been 
previously documented in detail. While few studies exist to date on this 
topic, most prior studies were limited by intermittent glucose testing, 
limiting the accuracy of measurement of glycemic extremes. This study 
uniquely combines advanced techniques of continuous glucose moni-
toring and regional brain MRI metrics to demonstrate that higher 
maximum glucose levels on the first day of life were associated with 
widespread changes in mean diffusivity in the anterior and posterior 
white matter, splenium of the corpus callosum, lentiform nucleus, pul-
vinar nucleus of the thalamus, posterior limb of the internal capsule, and 
optic radiations. No changes were found associated with hypoglycemia. 

Understanding the DTI and spectroscopic metrics are important to 
understanding this study’s current findings. The apparent diffusion co-
efficient, also known as MD, measures the magnitude of diffusion and is 
rotationally invariant, that is, it does not include the anisotropic diffu-
sion effects (Papadakis et al., 1999). FA represents the degree of 
anisotropy of a diffusion process, i.e., deviation from isotropic diffusion. 
FA has been reported to be the best rotationally invariant scalar metric 
for measuring diffusion anisotropy (Basser et al., 1994; Pierpaoli and 
Basser, 1996; Pierpaoli et al., 1996). Rotationally invariant anisotropy 
metrics are advantageous because they are independent of the frame of 
reference, of the direction of the applied diffusion gradients and of the 
orientation of the studied structures within the voxels. Changes in MD 
and FA reflect alteration in the microstructure of the brain. In animal 
models, it has been demonstrated that acute ischemic brain injury re-
sults in decreases in FA and MD, and that reduction in MD values are 
associated with increased cell death, astrocyte reactivity, and microglial 
activation in the cerebral cortex (Tuor et al., 2014). 

Meanwhile, MR spectroscopy enables measurement of brain metab-
olites, including NAA, choline, and lactate reported here. NAA includes 
metabolites found in neuronal mitochondria and indicates neuronal 
viability, while choline is a component of cell membranes. Lactate is a 
metabolite of anaerobic metabolism, and thus elevated levels reflect 
inadequate oxygen supplies relative to energy expenditure needs (Peden 
et al., 1993). 

Investigating hypoglycemia in this current cohort of newborns, 
where most experienced therapeutic hypothermia, lower minimum 
glucose level was not associated with any regional changes in brain 
microstructure. Previous studies of neonatal hypoglycemia showed 
brain microstructural changes, including low MD values, in the posterior 
grey matter (including the calcarine cortex), posterior white matter, and 
pulvinar nucleus of the thalamus (Barkovich et al., 1998; Filan et al., 
2006; Tam et al., 2008), with findings of high sensitivity and specificity 
even in the face of concurrent hypoxia–ischemia (Wong et al., 2013). As 
well, in the context of hypoxia–ischemia, it has been demonstrated that 
hypoglycemia is associated with worse corticospinal injury (Tam et al., 
2012). One of the key differences between this study and previous 
studies is that this study comprises a cohort almost entirely managed 
with therapeutic hypothermia, which may be protective against these 
microstructural changes. As well, our clinical teams are keenly aware of 
the potential brain injury associated with hypoglycemia, which mani-
fests as diffusion changes on MRI and has been shown to correlate with 
apoptosis (Roelants-van Rijn et al., 2001) and neuronal eosinophilic 
degeneration (Tam et al., 2008) on histopathology. Strict protocols are 
in place to maintain glucose levels above 2.6 mmol/L, limiting the 
duration of hypoglycemia. These two factors may contribute to our 
failure to detect any diffusion changes in the traditionally reported 
areas. 

Surprisingly, lower blood glucose in the first day of life was associ-
ated with higher MD values in the optic radiations. While it is surprising 

that infants with lower minimum glucose demonstrate better metrics of 
brain microstructure, this may perhaps reflect that infants in this current 
cohort with lower minimum glucose values may have milder hypoxic- 
ischemic injury, beyond which we were able to adjust for using 5-minute 
Apgar scores and umbilical artery pH. As well, as our previous findings 
were in the pre-hypothermia era, some of the currently observed dif-
ferences may relate to impacts of therapeutic hypothermia. 

Hyperglycemia has only more recently been noted to be associated 
with poor outcome after neonatal encephalopathy, since the introduc-
tion of therapeutic hypothermia (Al Shafouri et al., 2015; Basu et al., 
2016; Chouthai et al., 2015; Montaldo et al., 2020). This study provides 
a novel and detailed view of how high blood sugar relates to regional 
changes in brain microstructure. Indeed, we demonstrate widespread 
decreases in MD in the anterior and posterior white matter, corpus 
callosum, deep grey nuclei, optic radiation, and corticospinal tract 
associated with higher maximum glucose on the first day of life. It is 
interesting to note that the regions impacted are traditionally associated 
with hypoxic-ischemic injury (both basal ganglia and watershed pat-
terns) (Miller et al., 2005), as well as neonatal hypoglycemia. In regards 
to the traditional HIE injury patterns, hyperglycemia may potentially be 
additive to worsen brain injury from hypoxia-ischemia, or simply be a 
sensitive marker for worse hypoxic-ischemic insult. Indeed, worsening 
traditional brain injury patterns have been previously described to be 
associated with hyperglycemia (Basu et al., 2018). Adjusting our ana-
lyses for 5-minute Apgar scores and umbilical artery pH are attempts at 
quantitatively adjusting for hypoxia–ischemia severity, suggesting our 
results are plausible. We have not adjusted for severity of clinical pre-
sentation, as degree of clinical encephalopathy is simply a reflection of 
overall brain injury, and reflects a wide range of etiologies beyond 
hypoxia–ischemia. It is interesting to note that some regions classically 
associated with hypoxic-ischemic brain injury, including the ventrolat-
eral nucleus of the thalamus and the hippocampus, were not associated 
with hyperglycemia. As well, some regions classically associated with 
hypoglycemia, including the calcarine cortex, was not associated with 
hyperglycemia. These results thus suggest that hyperglycemia is asso-
ciated with changes in somewhat different regions from hypoxia- 
ischemia or hypoglycemia. 

In the context of neonatal encephalopathy, diffusion restriction is 
most commonly considered to be due to cytotoxic edema and a sign of 
brain injury. However, diffusion restriction can also be seen with myelin 
edema or neuroinflammation. Animal models of brain injury after hy-
perglycemia may provide further insight into the possible mechanisms 
of injury. Isolated hyperglycemia in juvenile rats has been demonstrated 
to result in increased brain swelling, decreased cortical blood flow and 
reduced high-energy phosphates (Glaser et al., 2012). In rat models of 
neonatal HIE, hyperglycemia has been shown to increase neuronal 
injury (Sheldon et al., 1992). Thus, it is biologically plausible that the 
changes in brain microstructure observed here associated with hyper-
glycemia are a result of acute brain injury from hyperglycemia. 

No associations were found between glucose levels and regional 
NAA/Cr, Cho/Cr, or lactate/Cr ratios. The absence of detected associa-
tions between hyperglycemia and lactate/Cr ratios also argues against 
an association between hyperglycemia and worse hypoxic-ischemic 
insult, supporting the possibility of hyperglycemia being an indepen-
dent cause of brain injury in this population. 

While this study combines meticulous collection of continuous 
glucose levels and microstructural and metabolic brain imaging metrics, 
its observational nature precludes the ability to determine causality. 
Further analyses are needed to answer additional clinically-relevant 
questions of whether strict control of hyperglycemia can decrease 
brain injury, and what targets should be for such management. Indeed, 
our findings suggest that protocols for managing hypoglycemia have 
improved outcomes, and thus the same could hold true for further efforts 
to optimize hyperglycemia management. In addition, our MR spectros-
copy data is less optimal, with high rates of incomplete studies. How-
ever, the findings reported do corroborate with the DTI findings. 
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Another limitation of this study is the combination of scans at both 3 
T and 1.5 T. Signal-to-noise ratio from 3 T is higher than from 1.5 T 
(Alexander et al., 2006). However, the mean difference of FA and MD 
values derived from 3 T compared to 1.5 T scanner are relatively small. 
The mean difference in MD has been estimated at 2.3% ± 3.2% and 
mean difference in FA has been estimated at 1.2% ± 2.6% (Shaw et al., 
2017). Further only a small proportion (16%) of neonates in our cohort 
were scanner on 1.5 T, and the reasons for doing so were random, 
related to need for scanning over the weekend and not related to the 
acuity of the infant’s medical condition. Hence, the difference in mag-
netic field strength of the scanner was unlikely to have a substantial 
impact or bias on the study findings. 

A portion of the study subjects were sedated for MRI using mid-
azolam or chloral hydrate. The study analyses did not consider potential 
impacts of sedation on imaging metrics. Sevoflurane anesthesia has been 
shown to result in transient decreases in FA and transient increases in 
MD (Tang et al., 2021). Further, FA was lower and MD was higher at 
100 min than at 40 min post administration of anesthesia. However, 
there has been no published study assessing the impact of midazolam or 
chloral hydrate on diffusion parameters. The impact of a short anesthetic 
or sedation on DTI parameters in this cohort are likely not contributory 
to the research findings, especially since minimal sedation was used for 
study success and scan time was limited to just under an hour. 

While there are different methods for tractography, in this study we 
have opted to use the simpler and faster deterministic tractography 
approach. Probabilistic tractography may be more robust and sensitive 
for identifying some white matter tracts, particularly smaller tracts, and 
more robust to partial volume averaging effects and uncertainties in the 
underlying fiber direction due to imaging noise, but takes longer to 
compute. In this study, we evaluated two large white matter tractog-
raphy, corticospinal and optic radiation tractography using determin-
istic tractography. Deterministic tractography has been used widely in 
clinical practice and research in neonates and children (Dubner et al., 
2019; Ratnarajah et al., 2013; Young et al., 2018). We postulate that 
deterministic tractography could detect microstructural changes in the 
corticospinal and optic radiation tractography and correlate with 
abnormal glucose. Further differences between deterministic and 
probabilistic tractography of major white matter tracts such as cortico-
spinal tracts have been shown to be minimal (Stefanou et al., 2016). 

Another limitation of this study is that the large number of brain 
regions. Due to the paucity of information in the literature regarding the 
brain regions implicated with abnormal glycemia (especially hypergly-
cemia) in the newborn, the goal of this study was to take a fresh and 
systematic look at brain regional injury associated with glucose varia-
tions, and thus multiple regions across the cerebral hemispheres were 
evaluated. The use of FDR sharpened q-values, instead of traditional p- 
values, attempts to address some of these limitations. 

5. Conclusions 

In summary, this study demonstrates a number of important findings 
relating glucose levels and brain microstructural changes in the era of 
therapeutic hypothermia for neonatal encephalopathy. Unlike older 
studies, hypoglycemia was not found to be associated with brain 
microstructural changes in this cohort treated with therapeutic hypo-
thermia. Hyperglycemia on the first day of life showed strong associa-
tions with widespread brain microstructural changes, in regions 
overlapping but not identical to those impacted by hypoxia–ischemia or 
hypoglycemia. While causality cannot be determined in this observa-
tional study, these findings should help neonatologists and neuroradi-
ologists to better understand the potential contributions of 
hypoxia–ischemia and abnormal glycemia to brain injury after neonatal 
encephalopathy with therapeutic hypothermia. While prior studies have 
demonstrated DTI and MR spectroscopic metrics to be predictive of long- 
term outcome (Al Amrani et al., 2017; Lally et al., 2019), follow-up of 
this cohort is in progress, and will be important to determine if these 

imaging findings translate to long-term outcomes. 
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