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ARTICLE INFO ABSTRACT

Keywords: Neonatal hypoglycaemia is a common metabolic disorder that may cause brain damage, most visible in parieto-
Neonatal hypoglycaemia occipital regions on MRI in the acute phase. However, the long term effects of neonatal hypoglycaemia on the
MRI

L . brain are not well understood. We investigated the association between neonatal hypoglycaemia and brain
lef,usmn tensor imaging volumes, cortical thickness and white matter microstructure at 9-10 years.
Brain volume i A . ) . .
Child Children born at risk of neonatal hypoglycaemia at > 36 weeks’ gestation who took part in a prospective
cohort study underwent brain MRI at 9-10 years. Neonatal hypoglycaemia was defined as at least one hypo-
glycaemic episode (at least one consecutive blood glucose concentration < 2.6 mmol/L) or interstitial episode (at
least 10 min of interstitial glucose concentrations < 2.6 mmol/L). Brain volumes and cortical thickness were
computed using Freesurfer. White matter microstructure was assessed using tract-based spatial statistics.
Children who had (n = 75) and had not (n = 26) experienced neonatal hypoglycaemia had similar combined
parietal and occipital lobe volumes and no differences in white matter microstructure at nine years of age.
However, those who had experienced neonatal hypoglycaemia had smaller caudate volumes (mean difference:
—557 mm3, 95% confidence interval (CI), —933 to —182, p = 0.004) and smaller thalamus (—0.03%, 95%CI,
—0.06 to 0.00; p = 0.05) and subcortical grey matter (—0.10%, 95%CI —0.20 to 0.00, p = 0.05) volumes as
percentage of total brain volume, and thinner occipital lobe cortex (—0.05 mm, 95%CI —0.10 to 0.00, p = 0.05)
than those who had not. The finding of smaller caudate volumes after neonatal hypoglycaemia was consistent
across analyses of pre-specified severity groups, clinically detected hypoglycaemic episodes, and severity and
frequency of hypoglycaemic events.
Neonatal hypoglycaemia is associated with smaller deep grey matter brain regions and thinner occipital lobe
cortex but not altered white matter microstructure in mid-childhood.

1. Introduction

Hypoglycaemia is the most common metabolic problem in neonates,
and can lead to brain damage and adverse developmental outcomes.
(Shah et al., 2019) The operational definition of clinically significant
neonatal hypoglycaemia remains controversial, (Cornblath et al., 2000)
although a blood glucose concentration < 2.6 mmol/L is widely
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accepted as an appropriate threshold for treatment. (Koh et al., 1988;
Lucas et al., 1988)

An initial case report of magnetic resonance imaging (MRI) findings
following isolated severe neonatal hypoglycaemia (blood glucose con-
centration 0.2 mmol/L) reported extensive bilateral damage in the
posterior parietal and occipital lobes along with generalised cortical
thinning throughout the brain. (Spar et al., 1994) Since then, multiple
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reports of term neonates scanned soon after symptomatic hypo-
glycaemia have identified parieto-occipital white matter injury along
with restricted diffusion and abnormal signal intensities in the deep grey
matter structures of the basal ganglia and thalamus. (Alkalay et al.,
2005; Barkovich et al., 1998; Kinnala et al., 1999; Traill et al., 1998;
Tam et al., 2008; Kim et al., 2006; Filan et al., 2006; Mao and Chen,
2007)

A prospective cohort study of 35 term neonates who had experienced
symptomatic hypoglycaemia (< 2.6 mmol/L) also reported abnormal-
ities in the deep grey matter regions, posterior cortex, and severe un-
derlying white matter injury at a median age of nine days. (Burns et al.,
2008) However, they also reported periventricular lesions, focal in-
farcts, and haemorrhage, which differed from the previous literature,
(Alkalay et al., 2005; Traill et al., 1998) and may reflect the inclusion of
neonates with mild hypoxic ischaemia as well as hypoglycaemia. (Inder,
2008) Diffusion weighted imaging case series suggest that neonatal
hypoglycaemia is associated with restricted diffusion in the parieto-
occipital lobes and splenium of the corpus callosum in the days
following hypoglycaemia episodes at various thresholds (< 0.6 mmol/L,
(Kim et al., 2006) < 1.5 mmol/L, (Filan et al., 2006) < 1.7 mmol/L,
(Mao and Chen, 2007) and < 2.6 mmol/L (Tam et al., 2008)). However,
this was no longer detectable on diffusion imaging acquired only days
later. (Tam et al., 2008; Kim et al., 2006; Filan et al., 2006)

Neuroimaging studies to date have focussed on severe, symptomatic
and prolonged neonatal hypoglycaemia; the potential for selection bias
is concerning and these cases may not be representative of typical in-
fants who experience transitional hypoglycaemia. Furthermore existing
published studies are either case reports (Traill et al., 1998; Alkalay
et al., 2005; Barkovich et al., 1998) or descriptive studies with small
sample sizes, (Kinnala et al., 1999; Murakami et al., 1999; Yalnizoglu
et al., 2007; Per et al., 2008) and few included a control group. (Tam
et al., 2008; Burns et al., 2008; Karimzadeh et al., 2011; Tam et al.,
2012) Although there is general agreement that acute neonatal hypo-
glycaemia is associated with damage in parietal-occipital lobes, (Alkalay
et al., 2005; Tam et al., 2012; Gu et al., 2019) little is known about the
long-term neurological or neuroimaging sequelae of neonatal hypo-
glycaemia. We report the association between neonatal hypoglycaemia
and MRI-based brain measures in mid-childhood.

2. Methods
2.1. Participants

The CHYLD study is a prospective cohort study of babies born with
one or more risk factors for neonatal hypoglycaemia: maternal diabetes,
preterm birth (< 37 weeks’ gestation), small (< 10th centile or < 2500
g) or large (> 90th percentile or > 4500 g) birthweight, or other illness.
Babies were recruited between December 2006 and November 2010 at
Waikato Hospital, Hamilton, New Zealand, and screened and treated
aiming to maintain blood glucose concentrations > 2.6 mmol/L. Two-
thirds had masked continuous glucose monitoring (CGM) (CGMS Gold;
Medtronic MiniMed). None had hypoxic ischaemic encephalopathy.
Details of the cohort are available elsewhere. (McKinlay et al., 2015;
McKinlay et al., 2017; Harris et al., 2013; Harris et al., 2010)

All eligible participants (had not previously withdrawn or died) were
invited to undergo neurodevelopmental assessment at 9-10 years for the
CHYLD Mid-Childhood Outcome Study. Up to 75 eligible children born
> 36 weeks’ gestation were randomly selected from each of four groups,
based on their experience of neonatal hypoglycaemia: none, mild (1 to 2
hypoglycaemic events 2.0 to 2.6 mmol/L, severe (any hypoglycaemia
events < 2 mmol/L or > 3 hypoglycaemic events) or clinically unde-
tected hypoglycaemia (interstitial episodes only). Hypoglycaemic events
were defined as the sum of nonconcurrent blood and interstitial (CGM-
based) episodes more than 20 min apart. A hypoglycaemic episode was
defined as at least one consecutive blood glucose concentration of < 2.6
mmol/L. Interstitial episodes were defined as at least 10 min of
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interstitial glucose concentrations < 2.6 mmol/L.

Ethics approval for the study was obtained from the Health and
Disability Ethics Committee (16/NTB/208/AM02). Written informed
consent was obtained from the parents and assent from the child. All
MRI scans were reviewed by a paediatric radiologist (RM) to detect
clinically significant findings.

2.2. Image acquisition

MRI scans were acquired at Midland MRI, Anglesea Imaging Centre,
Hamilton or the Centre for Advanced MRI (CAMRI), Auckland, with a
3.0 Tesla Siemens Skyra using a 20-channel head coil.

A sagittal T1-weighted three-dimensional magnetization-prepared
rapid gradient-echo (MPRAGE) sequence was acquired covering the
whole head [slice thickness = 0.85 mm; repetition time (TR) = 2000 ms;
echo time (TE) = 3.51 ms; field of view (FOV) = 210 mm; voxel size =
0.8 x 0.8 x 0.8 mm; flip angle = 9°].

Diffusion tensor imaging (DTI) was acquired on 58 slices along the
anterior-posterior phase-encoding direction [b value = 2000 s/mm?; 64
gradient directions; slice thickness = 2.3 mm; TR = 8500 ms; TE = 112
ms; FOV = 225 mm; voxel size = 2.3 x 2.3 x 2.3 mm]. An additional
image with b value = 0 s/mm? was acquired in the opposite phase
encoding polarity (posterior-anterior) to correct for susceptibility
induced distortions. (Andersson et al., 2003)

2.3. Image processing

T1-weighted images were processed using Freesurfer 6.0 image
analysis suite (http://surfer.nmr.mgh.harvard.edu/), as described else-
where. (Dale et al., 1999; Fischl et al., 2001; Fischl et al., 2004) The
Freesurfer recon-all stream was used, which has been validated in
children aged 4-11 years. (Ghosh et al., 2010) All output was visually
inspected and manually corrected when necessary.

DTI data were pre-processed using the Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain Software Library (FSL) version
6.0. (https://fsl.fmrib.ox.ac.uk/fsl) using the topup-eddy algorithm to
correct for phase encoding distortions, motion, susceptibility, and eddy
currents; (Andersson et al., 2003; Andersson and Sotiropoulos, 2016)
slices deemed as outliers because of signal loss were replaced (-repol).
(Andersson et al., 2016) Datasets with more than 10% of volumes
removed due to uncorrected signal dropout or visible within-volume
motion artefacts were excluded from further analysis. The diffusion
toolbox was then used to fit the tensor model and compute fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial
diffusivity (RD) maps for each participant.

This research was supported by use of the Nectar Research Cloud, a
collaborative Australian research platform supported by the NCRIS-
funded Australian Research Data Commons (ARDC).

2.4. Statistical analysis

Demographic characteristics and clinical measurements were ana-
lysed using Student’s t-test, ANOVA, Pearson’s chi-square or Fisher’s
exact tests as appropriate. All analyses followed a pre-specified analysis
plan and were adjusted for sex, birth weight z-score, gestational age and
age at MRI using JMP version 14.0 (SAS Institute Inc., North Carolina,
USA) and FSL for DTI data.

We estimated differences of at least 0.8 standard deviations could be
detected between those with (n = 25) and without (n = 75) hypo-
glycaemia, (PASS 16 Power Analysis and Sample Size Software (2018).
NCSS, LLC. Kaysville, Utah, USA, ncss.com/software/pass) and that 25
analysable scans in each of the four hypoglycaemia exposure groups
would give 90% power at the 5% significance level to detect a difference
of 1.06 standard deviations between pairs of groups.

All brain volumetric measures are presented as absolute volume
(mms) and as percentage of total brain volume (%TBV) and compared


http://surfer.nmr.mgh.harvard.edu/
https://fsl.fmrib.ox.ac.uk/fsl

S. Nivins et al.

between groups using generalized linear models with Dunnett’s post hoc
pair-wise comparisons. Pre-specified between-group comparisons were
primary; combined volume of parietal and occipital lobe, and secondary;
volumes and cortical thickness of all other regions (Table 2).

Tract-based spatial statistics (TBSS) were used to compare voxel-wise
white matter microstructure between the groups. (Smith et al., 2006)
Results were considered significant at p < 0.05 following threshold-free
cluster enhancement (TFCE) and family-wise error rate correction.

The primary analysis compared MRI measures between those who
had and had not experienced neonatal hypoglycaemia and between the
four pre-specified severity groups (no, mild, severe and undetected
hypoglycaemia). Sensitivity analyses were performed excluding chil-
dren scanned outside the major scanning site, twins, children with any
postnatal head injury or seizures, and children with no CGM data. To
explore the effect of sex, we included sex interaction terms in the ana-
lyses and performed subgroup analyses of girls and boys separately.

Post hoc exploratory analyses related the outcomes to the severity
and frequency of clinically detected hypoglycaemia, as previously
described, (McKinlay et al., 2015; McKinlay et al., 2017) where severity
was classified based on hypoglycaemic episodes (blood glucose only) as
none, mild (2 to 2.6 mmol/L), and severe (< 2 mmol/L), and frequency
was classified as none, 1 to 2, and > 3 hypoglycaemic episodes.

Similarly, since criteria for the pre-specified severity groups included
both severity and frequency of low glucose concentrations, we sepa-
rately classified the severity of hypoglycaemic events (blood or interstitial
glucose) as none, mild (2 to 2.6 mmol/L), or severe (<2 mmol/L), and
frequency as none, 1 to 2, and > 3 hypoglycaemic events.

3. Results
3.1. Participants

Of the 248 children initially randomly selected, parents of 170 (69%)
agreed to be approached about MRI. Of these, 27 declined, scanning was

not feasible in 22, e.g., living too far from scanning site, and 10 were not
approached because sufficient scans had been completed in that group.
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The remaining 111 children (69% of those approached) underwent MRI
between 2017 and 2020 at a median age of 9.5 (range: 9.0 to 12.4) years.
After exclusion due to motion (n = 10 volumetric; n = 13 DTI), 101
children were included in the volumetric analysis and 98 in the DTI
analysis (Fig. 1).

Of the children included in the MRI analysis, those who had expe-
rienced any neonatal hypoglycaemia compared to those who had not
were not different in sex, gestational age, weight, length, and head
circumference at birth, or primary reason for risk of neonatal hypo-
glycaemia (Table 1). Those who had experienced any neonatal hypo-
glycaemia had a higher percentage of interstitial glucose concentrations
outside the central band (3 to 4 mmol/L) (McKinlay et al., 2015; Harris
et al., 2010) and lower mean and minimum blood and interstitial
glucose concentrations, but similar maximum blood and interstitial
glucose concentrations in the first 48 h (Table 1).

Among the children who had experienced neonatal hypoglycaemia,
those in the undetected hypoglycaemia group had the highest mean and
minimum blood glucose concentration, suggesting that they had expe-
rienced less severe hypoglycaemia than those in the other two pre-
defined groups. Children in the severe hypoglycaemia group had the
longest duration of episodes and the highest percentage of blood and
interstitial glucose concentrations outside the central band in the first
48 h (Table 1). There were two children who experienced afebrile sei-
zures in childhood, one of these two also had hypoglycaemia related
seizures in infancy

3.2. Any neonatal hypoglycaemia

Children who had and had not experienced any neonatal hypo-
glycaemia had similar combined parietal and occipital lobe volumes.
Compared with those who had not experienced neonatal hypo-
glycaemia, children who had had smaller caudate volumes, both abso-
lute and %TBV (mean difference: —557 mm?, 95% confidence interval
(CI), —933 to —182, p = 0.004; —0.05%, 95%CI —0.07 to —0.02; p =
0.001); smaller subcortical grey matter %TBV (—0.10%, 95%CI —0.20 to
0.00, p = 0.05); smaller thalamus %TBV (-0.03%, 95%CI —0.06 to 0.00,
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Fig. 1. Flow diagram of recruitment for CHYLD Mid-Childhood Outcomes MRI Study. GA = gestational age; Vol = morphometric analysis; DTI = diffusion

tensor imaging.
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Table 1
Characteristics of participants who did and did not experience neonatal hypoglycaemia, and in different pre-specified severity groups.
Variable None Any Mild Severe Undetected P
None vs Severity of
Any hypoglycaemia
N 26 75 24 30 21
Neonatal characteristics
Boys 13 (50) 35 (47) 10 (42) 13 (43) 12 (57) 0.76 0.71
Birth weight z-score 0.09 0.10 0.55 —-0.03 -0.23 0.98 0.50
(1.94) 1.77) (1.42) (2.00) (1.74)
Birth weight (g) 3230 3206 3393 3135 3097 (823) 0.91 0.66
(942) (854) (699) (982)
Birth length z-score® 0.48 0.89 1.38 0.35 1.38 0.45 0.26
(1.08) (1.34) (1.21) (1.37)
Gestational age, weeks 38.4 (1.4) 38.3(1.6) 38.3(1.6) 38.1 (1.6) 38.4 (1.6) 0.76 0.89
Birth head circumference z-score’ —0.08 0.32 0.55 0.31 —0.01 0.30 0.68
(1.42) (1.72) (1.13) (2.05) (1.60)
Twin 14) 5(7) 14) 2(7) 2(10) 0.60 0.84
Primary risk for hypoglycaemia' 0.73 0.78
IDM 12 (47) 37 (49) 15 (63) 11 (37) 11 (52)
Preterm 3(12) 14 (19) 4Q17) 7 (23) 3(14)
Small 6 (23) 11 (15) 14) 6 (20) 4(19)
Large 4 (15) 8(11) 3(13) 3(10) 2(10)
Others 14 5() 14 3(10) 15
High deprivation" 9 (35) 24 (32) 4Q17) 9 (30) 11 (52) 0.88 0.58
Measures of glycaemia in first 48 h
Duration of episodes (CGM, min)’ 0 157 101 243% 91 (118) < 0.0001 < 0.0001
(194) (116) (245)
Mean blood glucose 3.8 (0.4) 3.3(0.4) 3.3%(0.3) 3.1*(0.3) 3.5 (0.4) < 0.0001 < 0.0001
Maximum blood glucose 4.6 (0.7) 4.3 (0.8) 4.3 (0.6) 4.5 (1.0) 4.1 (0.8) 0.13 0.20
Minimum blood glucose 3.1(0.3) 2.3(0.5) 2.3%(0.2) 1.9% (0.4) 2.8 (0.2) < 0.0001 < 0.0001
Mean interstitial glucose*‘ 3.7 (0.4) 3.4 (0.5) 3.5(0.4) 3.5(0.4) 3.4% (0.5) 0.004 0.04
Maximum interstitial glucose’ 4.5 (0.7) 4.6 (1.3) 4.6 (0.7) 4.9 (1.8) 4.3 (0.8) 0.65 0.39
Minimum interstitial glucose” 3.0 (0.3) 2.3(0.4) 2.3% (0.5) 2.2%(0.5) 2.4% (0.3) < 0.0001 < 0.0001
Percentage of blood glucose concentrations outside the central 38.2 48.2 47.9 58.4% 34.1 (26.3) 0.06 0.0002
band (3 to 4 mmol/L) (23.2) (21.7) (17.2) (15.6)
Percentage of interstitial glucose concentrations outside the 30.0 41.9 42.4 44,92 37.9 (24.6) 0.03 0.10
central band (3 to 4 mmol/L)" (25.0) (20.8) (21.2) (17.0)
Head circumference z-score
2 years' 0.97 0.86 1.28 0.53 0.81 (1.46) 0.69 0.21
(1.14) (1.24) (0.95) (1.22)
4.5 years' 0.61 0.73 1.06 0.66 0.45 (0.68) 0.62 0.31
(0.97) (1.12) (1.14) (1.28)
Characteristics at nine-year assessment
Right-Handed 23 (88) 67 (89) 23 (96) 26 (87) 18 (86) 0.90 0.67
Age at the time of MRI scan (y) 9.5 (0.6) 9.7 (0.6) 9.6 (0.4) 9.8 (0.8) 9.6 (0.4) 0.19 0.27
MRI scanning site Midlands 24 (92) 69 (92) 23 (96) 28 (93) 18 (86) 0.96 0.63
Ethnicity 0.10 0.46
Maori 7 (27) 28 (37) 8(33) 10 (33) 10 (48)
Pacific 2(8) 1) 0 0 1(5)
Asian 14) 1) 0 13 0
European 16 (61) 45 (60) 16 (67) 19 (63) 10 (48)

Data are presented as n (%) or mean (standard deviation). CGM, continuous glucose monitoring; IDM, Infant of diabetic mother. None, no evidence of hypoglycaemic
events; Any hypoglycaemia, any hypoglycaemic events (mild + severe + undetected); Mild, 1 or 2 hypoglycaemic events between 2.0 and 2.6 mmol/L; Severe, any
hypoglycaemic events < 2 mmol/L or > 3 hypoglycaemic events; Undetected, interstitial episodes only. Hypoglycaemic events are defined as the sum of nonconcurrent
hypoglycaemic and interstitial episodes more than 20 min apart. A hypoglycaemic episode is defined as at least one consecutive blood glucose concentration (BGC) <
2.6 mmol/L. Interstitial episodes are defined as at least 10 min of interstitial glucose concentrations < 2.6 mmol/L. "Missing data: Birth length z-score: Total 72, None
18, Any 54, Mild 14, Severe 20, Undetected 20; Birth head circumference z-score: Total 32, None 5, Any 27, Mild 10, Severe 5, Undetected 12; Duration of episodes:
Total 15, Any 15, Mild 10, Severe 5; Mean/maximum/minimum interstitial glucose: Total 15, Any 15, Mild 10, Severe 5; Percentage of interstitial glucose concen-
trations outside the central band (3 to 4 mmol/L) in the first 48 h: Total 15, Any 15, Mild 10, Severe 5; Head circumference z-score at 2 years: Total 14, None 1, Any 13,
Mild 3, Severe 7, Undetected 3; Head circumference z-score at 4.5 years: Total 11, None 4, Any 7, Mild 2, Severe 2, Undetected 3. "Data available only for one
participant. ‘Small: < 10th centile or < 2.5 kg; Large: greater than 90th centile or greater than 4.5 kg; Others: sepsis, haemolytic disease of the newborn, respiratory
distress, congenital heart disease, and poor feeding. 'High deprivation: NZDPI 8 to 10. ?p < 0.05 for comparison with the None group (Dunnett).

p = 0.05) and larger optic chiasm %TBV (0.15%, 95%CI —0.00 to 0.32, p 0.19) (Figure S1).

= 0.05) (Table 2). Children who had experienced any hypoglycaemia

also had smaller occipital lobe cortical thickness (—0.05 mm, 95%CI 3.3. Pre-defined severity
—0.10 to 0.00, p = 0.05), but there was no difference between groups in

parietal lobe cortical thickness (Table 2) (Fig. 2). When compared with children who had not experienced neonatal

There were no differences across the white matter skeleton in any of hypoglycaemia, children who experienced undetected episodes had
the assessed contrasts between children who had and had not experi- smaller caudate and thalamus volumes both absolute and %TBV. Chil-
enced any neonatal hypoglycaemia for FA (none > any; lowest p = dren who experienced mild neonatal hypoglycaemia had smaller
0.11), MD (none < any; lowest p = 0.27), AD (none > any; lowest p = caudate and subcortical grey matter volumes %TBV (Table 2). There
0.54), RD (none < any; lowest p = 0.18), or MO (none > any; lowestp = were no other significant differences between severity groups.
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Total and regional brain volumes in participants who did and did not experience neonatal hypoglycaemia, and in different pre-specified severity groups.

None vs any hypoglycaemia

Severity of hypoglycaemia

None Mean Any Mean Mean difference p Mild Severe Undetected
(D) (SD) (95% €D Mean (SD) Mean difference  Mean (SD) Mean difference  Mean (SD) Mean difference
(95% CI) (95% CI) (95% CI)
N 26 75 24 30 21
Absolute brain volume (mm?)
Total brain 1,230,213 1,224,016 2859 090 1,251,966 28,587 1,209,396 -1704 1,212,964 —19979
(109081) (120056) (-41637,47356) (104767) (-37727,94900)  (136136) (-65334,61926)  (111570) (-88468,48510)
Total white matter 453,296 456,383 6265 0.56 468,348 17,262 449,413 3170 452,666 —2033
(48767) (56056) (-14803,27332) (45363) (-14251,48776)  (66985) (-27069,33408)  (49947) (-34581,30514)
Total grey matter 777,151 767,742 —3565 0.78 783,751 11,230 760,113 —5039 760,345 —18171
(68437) (67840) (-29715,22585) (62179) (-27722,50183)  (73666) (-42415,32337)  (65276) (-58402,22059)
Combined parietal 339,007 337,152 843 0.91 348,515 11,682 329,454 —4276 335,164 —4685
and occipital lobes (28457) (37294) (-3284,14970) (37702) (-9200,32565) (38514) (-24313,15762)  (33357) (26253,16883)
Parietal lobe 238,156 236,117 166 0.97 244,557 7297 231,045 —2614 233,718 —4224
(23719) (28745) (-11009,11340) (27128) (-9339,23932) (29937) (-18577,13348)  (27953) (-21405,12957)
Occipital lobe 100,852 101,035 678 (-4458,5813) 0.79 103,959 4386 98,409 -1661 101,446 —461
(11248) (12889) (14213) (-3217,11989) (11121) (-8957,5634) (13499) (-8314,7391)
Frontal lobe 350,844 351,382 3597 0.62 360,539 12,345 346,614 1951 347,726 —4048
(37662) (37191) (-11087,18281) (32816) (-9521,34212) (40565) (-19031,22933)  (36670) (-26632,18536)
Temporal lobe 143,991 143,221 83 (-6473,6639) 0.98 145,766 1909 141,652 —314 142,555 —1446
(17848) (16093) (12664) (-7975,11794) (19085) (-9798,9171) (15288) (-11654,8763)
Parahippocampal 54,672 55,066 353 (-2160,2866) 0.78 55,672 1135 55,631 1055 53,567 —1418
(4878) (6192) (6393) (-2605,4874) (6486) (-2534,4643) (5532) (-5280,2445)
Cingulate cortex 48,191 48,428 485 (-1634,2603) 0.65 50,053 2005 47,464 —182 47,950 —356
(4229) (5534) (5171) (-1136,5146) (5728) (-3196,2832) (5493) (-3600,2888)
Insula 35,057 34,702 -187 0.81 35,106 94 (-2302,2489) 34,428 —238 34,631 —436
(3965) (3693) (-1773,1399) (3621) (4263) (-2536,2061) (2953) (-2910,2038)
Caudate 8029 (864) 7425(881) —557(-933,-182) 0.004 7516 (739) —490 (-1049,68) 7505 (907) —410 (-946,126) 7207 (991) —820* (-1397,-
243)
Putamen 10,557 10,264 —172 (-682,338) 0.50 10,455 —10 (-778,758) 10,098 -232 (-970,505) 10,284 —275
(1243) (1209) (1206) (1256) (1165) (-1068,519)
Pallidum 4126 (481) 4073 (497) -32(-242,178) 0.76 4244 (510) 139 (-169,447) 4015 (536) —66 (-362,229) 3961 (381) —179 (-497,139)
Subcortical grey 60,822 59,313 -1196 0.14 60,022 —562 59,512 —582 58,220 —2688
matter (4489) (4967) (-3138,747) (4240) (-3444,2321) (5855) (-3348,2184) (4356) (-5665,290)
Thalamus 15,829 15,426 —330 (-915,256) 0.24 15,660 —110 (-968,748) 15,569 —74 (-897,750) 14,954 —902? (-1788,-
(1209) (1484) (1291) (1731) (1248) 16)
Cerebellum 153,908 152,088 —628 0.86 152,455 —480 153,081 1789 150,250 —3887
(19000) (16714) (-7559,6304) (13176) (-10873,9912) (19228) (-8183,11760) (17109) (-14620,6847)
Total brainstem 19,650 19,703 176 (-685,1037) 0.68 19,585 100(-1191,1391) 19,882 511 (-728,1749) 19,584 —168
(1916) (2199) (2029) (2476) (2045) (-1501,1165)
Optic chiasm 148 (45) 165 (47) 19 (-2,40) 0.07 166 (56) 18 (-13,50) 165 (40) 22 (-8,52) 162 (47) 16 (-16,49)
Ventricles 11,581 12,450 736 (-1561,3033) 0.52 11,789 59 (-3353,3471) 13,773 2109 11,316 —269
(3480) (5510) (4590) (6805) (-1165,5383) (4057) (-3793,3255)
Anterior corpus 908 (172) 883(140) —15(-82,51) 0.65 883(135) -22(-122,79) 874 (144) —16(-112,81) 897 (146) —8(-112,96)
callosum
Mid anterior corpus 684 (161) 694 (164) 15 (-58,88) 0.68 704(162) 26 (-84,136) 687 (182) 14 (-92,120) 692(147) 5(-109,119)
callosum
Central corpus 731 (125) 720(163) —6(-76,64) 0.86 744(136) 17 (-89,122) 699 (190) —24 (-125,77) 722(155) —9(-118,100)
callosum
Mid posterior corpus 528 (101) 510 (92) —14 (-56,28) 0.82 541 (61) 15 (-48,78) 486 (113)  —36 (-96,24) 511 (82) —18 (-83,47)
callosum
Posterior corpus 898 (139) 878(130) —16(-76,45) 0.61 910(117) 11 (-80,102) 858 (135)  -33(-120,54) 872(136) —24(-118,70)
callosum
Percent of total brain volume
Total white matter 36.82 (1.76) 37.22(1.42) 0.40 (-0.29,1.08) 0.26  37.38 (1.00) 0.56 (-0.47,1.6) 37.04 (1.80) 0.23 (-0.75,1.2) 37.28 (1.26) 0.46 (-0.61,1.53)
Total grey matter 63.20 (1.78) 62.79 (1.42) -0.41 0.25 62.63 (1.00) —0.57 62.97 (1.80) —0.23 62.73 (1.00) —0.48 (-1.55,0.6)
(-1.10,0.28) (-1.61,0.46) (-1.21,0.75)
Combined parietal 27.53 (1.51) 27.58 (1.03) —0.05 0.84 27.80(1.19) 0.22(-0.54,0.97) 27.26 (1.20) —0.33 27.63 (0.98) 0.04 (-0.74,0.82)
and occipital lobes (-0.56,0.46) (-1.04,0.38)
Parietal lobe 19.37 (1.09) 19.28 (1.25) —0.09 0.87 19.52(1.17) 0.15(-0.67,0.97) 19.10(1.15) —0.27 19.26 (1.48) -0.11
(-0.63,0.46) (-1.04,0.51) (-0.96,0.75)
Occipital lobe 8.22(0.79) 8.25(0.67) 0.04 (-0.28,0.35) 0.94 8.28 (0.66) 0.06 (-0.41,0.54) 8.15(0.56) —0.07 8.36 (0.83) 0.15 (-0.35,0.64)
(-0.52,0.39)
Frontal lobe 28.49 (1.07) 28.71(1.08) 0.21 (-0.28,0.70) 0.32  28.80 (0.94) 0.3 (-0.44,1.04) 28.67 (1.12) 0.17 (-0.52,0.87) 28.66 (1.21) 0.16 (-0.6,0.93)
Temporal lobe 28.49 (1.07) 28.71(1.08) 0.02 (-0.26,0.30) 0.97 28.80 (0.94) —0.03 28.67 (1.12) 0.02 (-0.39,0.42) 28.66 (1.21) 0.07 (-0.37,0.52)
(-0.45,0.40)
Parahippocampal 4.45 (0.25) 4.50(0.31) 0.05 (-0.08,0.18) 0.80 4.44 (0.30) —0.01 (-0.2,0.19) 4.61 (0.30) 0.16 (-0.03,0.34) 4.42(0.29) —0.03
(-0.23,0.17)
Cingulate lobe 3.92(0.19) 3.96 (0.23) 0.03 (-0.06,0.13) 0.61 4.00(0.25) 0.08 (-0.07,0.23) 3.93 (0.19) 0.00 (-0.14,0.14) 3.95(0.26) 0.03(-0.12,0.18)
Insular lobe 2.85(0.17) 2.84(0.18) -0.01 0.69 2.81(0.21) -0.04 2.85(0.18) 0.00 (-0.12,0.12) 2.86 (0.17) 0.01 (-0.11,0.14)
(-0.09,0.07) (-0.16,0.08)
Caudate 0.65 (0.06) 0.61 (0.06) —0.05 (-0.07,- 0.001 0.60 (0.05) —0.05 (-0.09,- 0.62 (0.06) —0.03 0.60 (0.07) —0.06 (-0.10,-
0.02) 0.01) (-0.07,0.01) 0.02)

(continued on next page)
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Table 2 (continued)

None vs any hypoglycaemia Severity of hypoglycaemia
None Mean Any Mean Mean difference p Mild Severe Undetected
(D) (SD) (95% €D Mean (SD) Mean difference  Mean (SD) Mean difference  Mean (SD) Mean difference
(95% CI) (95% CI) (95% CI)
Putamen 0.86 (0.07) 0.84(0.09) —0.02 0.20 0.84(0.07) —0.02 0.84 (0.09) —0.02 0.85 (0.09) —0.01
(-0.05,0.02) (-0.08,0.03) (-0.07,0.03) (-0.06,0.05)
Pallidum 0.34 (0.03) 0.33(0.03) 0.00(-0.02,0.01) 0.99 0.34(0.03) 0.00 (-0.02,0.02) 0.33(0.03) 0.00(-0.02,0.02) 0.33(0.03) -0.01
(-0.03,0.01)
Pooled subcortical 4.96 (0.24) 4.86(0.22) -0.10 0.05 4.80(0.20) —0.15*(-0.31,-  4.93(0.21) —0.02 4.81(0.24) -0.14
(-0.20,0.00) 0.001) (-0.17,0.12) (-0.30,0.01)
Thalamus 1.29 (0.08) 1.26 (0.06) —0.03 0.05 1.25(0.07) -—0.04 1.29 (0.05)  0.00 (-0.04,0.04) 1.23(0.05) —0.06* (-0.10,-
(-0.06,0.00) (-0.08,0.01) 0.01)
Cerebellum 12.52(1.15) 12.45(0.99) -0.07 0.77  12.20(0.78) —0.32 12.68 (1.04) 0.16 (-0.5,0.81)  12.41 (1.08) —0.11 (-0.83,0.6)
(-0.54,0.39) (-1.02,0.37)
Total brainstem 1.60(0.12) 1.61 (0.12) 0.01 (-0.04,0.07) 0.73 1.57 (0.12) —0.03 1.65(0.11)  0.04 (-0.03,0.12) 1.62(0.13) 0.02 (-0.07,0.10)
(-0.12,0.05)
Optic chiasm (x 10%) 1.19(0.34) 1.35(0.36) 0.15 (-0.00,0.32) 0.05 1.32(0.40) 0.14(-0.11,0.38) 1.37(0.29) 0.18 (-0.05,0.41) 1.35(0.40) 0.15 (-0.00,0.41)
Ventricle 0.94 (0.27) 1.01 (0.43) 0.07 (-0.10,0.25) 0.53 0.94 (0.33) 0.00 (-0.27,0.26) 1.14 (0.55) 0.20 (-0.05,0.44) 0.93 (0.29) —0.01
(-0.28,0.26)
Corpus callosum (x 102
Anterior of corpus 7.36 (1.10) 7.23(1.01) -0.14 0.65 7.06(0.98) —0.30 7.24 (1.05) -0.12 7.40 (0.99) 0.03 (-0.69,0.76)
callosum (-0.60,0.33) (-1.01,0.40) (-0.78,0.55)
Mid anterior of 5.57 (1.28) 5.68(1.24) 0.10 (-0.46,0.67) 0.72 5.65(1.28) 0.08 (-0.78,0.93) 5.67 (1.28) 0.09 (-0.72,0.90) 5.71 (1.20) 0.14 (-0.74,1.03)
corpus callosum
Central of corpus 5.99 (1.12) 5.90(1.30) -0.09 0.73 5.98(1.50) 0.00 (-0.86,0.85) 5.79(1.18) —0.20 5.95(1.17) -0.04
callosum (-0.66,0.48) (-1.01,0.61) (-0.92,0.85)
Mid posterior of 5.57 (1.28) 5.68 (1.24) 0.10 (-0.46,0.67) 0.72 5.65(1.28) 0.08 (-0.78,0.93) 5.67 (1.28) 0.09 (-0.72,0.90) 5.71 (1.20) 0.14 (-0.74,1.03)
corpus callosum
Posterior of corpus ~ 7.32 (1.05)  7.20 (0.98) -0.12 0.53 7.29 (0.96) —0.02 7.10 (0.84) -0.22 7.23(1.20) —0.08
callosum (-0.57,0.33) (-0.70,0.66) (-0.86,0.43) (-0.79,0.62)
Cortical thickness
Total cerebral 2.81(0.13) 2.80(0.10) —0.002 091 2.78(0.09) -0.02 2.82(0.10) 0.01 (-0.05,0.08) 2.80(0.11) —0.007
(-0.05,0.05) (-0.09,0.06) (-0.08,0.07)
Parietal lobe 2.70 (0.13) 2.68(0.12) -0.02 0.56 2.66 (0.12) —0.03 2.68 (0.12) —0.01 2.69 (0.12) —0.01 (-0.09,
(-0.07,0.04) (-0.12,0.05) (-0.09,0.07) 0.08)
Occipital lobe 2.30 (0.12) 2.24(0.11) -0.05 0.05 2.25(0.10) —0.04 2.24 (0.10) —0.04 2.24(0.11) -0.06
(-0.10,0.00) (-0.11,0.04) (-0.11,0.03) (-0.14,0.01)
Frontal lobe 2.89 (0.16) 2.90(0.12) 0.02 (-0.04,0.08) 0.53 2.89(0.12) 0.007 2.92(0.12) 0.03(-0.05,0.12) 2.90 (0.12) 0.01 (-0.08,0.10)
(-0.08,0.10)
Temporal lobe 3.08 (0.17) 3.10(0.12) —0.002 0.95 3.07 (0.11) -0.01 3.12(0.13) 0.004 3.11 (0.13) 0.003
(-0.07,0.06) (-0.12,0.09) (-0.09,0.10) (-0.10,0.11)
Parahippocampal 3.12(0.12) 3.14(0.13) 0.02(-0.04,0.07) 0.59 3.12(0.11) 0.001 3.19(0.11) 0.06 (-0.02,0.14) 3.10 (0.14) —0.02
(-0.08,0.08) (-0.11,0.06)
Cingulate cortex 2.85(0.15) 2.85(0.12) 0.003 0.92 2.83(0.08) -0.01 2.90 (0.14) 0.05(-0.04,0.13) 2.82(0.11) -0.03
(-0.05,0.06) (-0.10,0.07) (-0.12,0.05)
Insula 3.28(0.15) 3.26 (0.15) —0.02 0.59 3.24(0.10) -0.05 3.28 (0.16)  0.003 3.26 (0.17) -0.01
(-0.09,0.05) (-0.15,0.06) (-0.09,0.10) (-0.12,0.09)

Data are presented as mean (standard deviation) or mean difference (95% confidence interval). None, no evidence of hypoglycaemic events; Any, any hypoglycaemic
events (mild + severe + undetected); Mild, 1 or 2 hypoglycaemic events between 2.0 and 2.6 mmol/L; Severe, any hypoglycaemic events < 2 mmol/L or > 3
hypoglycaemic events; Undetected, interstitial episodes only. Hypoglycaemic events are defined as the sum of nonconcurrent hypoglycaemic and interstitial episodes
more than 20 min apart. A hypoglycaemic episode is defined as at least one consecutive blood glucose concentration < 2.6 mmol/L. Interstitial episodes are defined as
at least 10 min of interstitial glucose concentrations < 2.6 mmol/L.?p < 0.05 for comparison with the None group (Dunnett).

There were no differences across the white matter skeleton in any of 3.5. Sex effects
the assessed contrasts when children in the undetected, mild and severe
hypoglycaemia groups were compared with children who had not The sex interaction terms for the relationship between hypo-
experienced neonatal hypoglycaemia. glycaemia and brain volumes were significant for the combined parietal
and occipital lobe volume %TBV (p = 0.02); but not for the other 18
comparisons.

3.4. Sensitivity analyses
4 4 Girls (n = 53) who had experienced neonatal hypoglycaemia had

smaller combined parietal and occipital volumes %TBV (—0.60%, 95%
CI —1.17 to —0.02, p = 0.04), but not absolute volume than those who
had not experienced hypoglycaemia (Table S5). Girls who experienced
severe hypoglycaemia also had smaller combined parietal and occipital
volumes both absolute and %TBV.

Boys (n = 48) who had experienced neonatal hypoglycaemia had
smaller caudate volumes, both absolute and %TBV (—576 mm3, 95% CI
—1144 to —8, p = 0.04; —0.06%, 95%CI —0.09 to —0.02, p = 0.001) and
smaller total grey matter %TBV (-1.03%, 95% CI —2.10 to —0.04, p =
0.05) and correspondingly larger total white matter %TBV (1.03%, 95%

Sensitivity analyses including children scanned at the major scan-
ning site (Midland MRI), excluding twins, excluding children with
postnatal injury or seizures, and excluding children with no CGM yiel-
ded results similar to those of the main analyses (Supplementary
Tables S1 to S4). Children who had experienced any neonatal hypo-
glycaemia, and children in the mild and undetected hypoglycaemia
groups had smaller caudate volumes and smaller cortical thickness of
the occipital lobe compared to children who had not experienced
hypoglycaemia. There were no differences across the white matter
skeleton in any of the assessed contrasts.



S. Nivins et al.

12000 - o
L ]l
1] 1
@ 8000+
£
3
°
>
[
b
2 a
o
17
K-
< 4000
0
A None Hypoglycaemia
1.54 . * .
I 1
L]
Y
L]
o 1.4
£
3
o
>
£
I
2 1.3
©
s
[=]
8
s
°
X
1.2
1.1-

None Hypoglycaemia

C

Neurolmage: Clinical 33 (2022) 102943

0.8 *k
e |
A
A
0.7- ‘s
[}
£
32
o
>
£
S 0.6
e
®
—
o
8
-
o
R 054
A
0.4-
B None Hypoglycaemia
2.6
*
L ]
I 1
L]
A
A
A
a 2.4+ Asa
[}
c
-
9
£
S
c
©
[T}
=
2.2+
y
L]
. i
2.0-
None Hypoglycaemia

D

Fig. 2. Caudate volume (absolute volume in mm?® A; and as percentage of total brain volume B), relative thalamus volume (C) and occipital lobe mean thickness in
mm (D) were lower in children who experienced neonatal hypoglycaemia compared to children who did not. ** p < 0.01; *p < 0.05.

CI —0.03 to 2.09, p = 0.05) than those who had not experienced
hypoglycaemia (Table S6). Boys in the undetected hypoglycaemia
group had smaller caudate volumes both absolute and %TBV, and in the
mild hypoglycaemia group had smaller caudate volumes %TBV only.

The sex interaction terms were not significant for any DTI measures.
When girls (n = 50) and boys (n = 48) were analysed separately, there
were no differences across the white matter skeleton in any of the
assessed contrasts.

3.6. Clinically detected neonatal hypoglycaemia

Compared to children who had not experienced hypoglycaemia,
children who had experienced mild episodes of clinically detected
hypoglycaemia (blood glucose 2.0 to 2.6 mmol/L) had smaller caudate
volumes, both absolute and %TBV and children who had experienced
severe episodes (< 2.0 mmol/L) had a smaller caudate volume as ab-
solute volume (Table 3). Similarly, children who had experienced 1 to 2
episodes of clinically detected hypoglycaemia had smaller caudate vol-
umes, both absolute and %TBV. There were no differences across the
white matter skeleton between groups classified based on either severity
or frequency of clinically detected hypoglycaemia.

3.7. Severity and frequency of hypoglycaemic events

Children who had experienced mild hypoglycaemic events and those
who had experienced severe events had smaller caudate volumes, both
absolute and %TBV, than children who had not experienced hypo-
glycaemia (Table 4). Similarly, children who had experienced 1 to 2
events and those who had experienced > 3 events had smaller caudate
volumes, both absolute and %TBV, than children who had not experi-
enced hypoglycaemia. There were no differences across the white matter
skeleton between groups classified based on severity or frequency of
hypoglycaemic events

4. Discussion

At 9-10 years of age, children who had experienced neonatal
hypoglycaemia had no difference in combined parietal and occipital
lobe volume and white matter microstructure but had smaller caudate,
thalamus and subcortical volumes, larger optic chiasm volume and
thinner occipital lobe cortical thickness, compared to children who had
not experienced neonatal hypoglycaemia. The finding of smaller
caudate volumes was consistent across analyses of pre-specified
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Table 3
Total and regional brain volumes and cortical thickness in participants who did and did not experience clinically detected neonatal hypoglycaemia.
None Mild Severe
Mean (SD) Mean (SD) Mean difference (95% CI) Mean (SD) Mean difference (95% CI)
N 26 37 17

Absolute brain volume (mm?)
Total brain

Total white matter

Total grey matter

Combined parietal and occipital lobes
Parietal lobe

Occipital lobe

1,230,213 (109081)
453,296 (48767)
777,151 (68437)
339,007 (28457)
238,156 (23719)
100,852 (11248)

1,255,946 (117262)
468,720 (53893)
787,307 (66653)
346,617 (38295)
242,904 (28588)
103,713 (12794)

28,562 (-26575,83698)
16,397 (-10158,42952)
12,005 (-20501,44511)
8474 (-8902,25851)
5191 (-8396,18778)
3283 (-2984,9550)

1,168,173 (119718)
434,124 (63114)
734,298 (61787)
319,009 (34354)
224,310 (27273)
94,699 (10620)

—36360 (-109490,36770)
—9761 (-44982,25460)
—26753 (-69868,16361)
—13080 (-36127,9967)
—7394 (-25415,10627)
—5686 (-13998,2626)

Caudate 8029 (164) 7606 (138) —425 (-861,10) 7300 (203) —574% (-1151,3)
Putamen 10,557 (1243) 10,404 (1123) —128 (-787,530) 9935 (1435) —172 (-1045,702)
Pallidum 4126 (481) 4189 (495) 74 (-195,342) 3959 (589) —102 (-458,254)
Percent of total brain volume
Total white matter 36.82 (1.76) 37.26 (1.30) 0.44 (-0.48,1.36) 37.05 (1.88) 0.23 (-0.89,1.35)
Total grey matter 63.20 (1.78) 62.75 (1.31) —0.46 (-1.38,0.47) 62.97 (1.87) —0.23 (-1.36,0.89)
Combined parietal and occipital lobes 27.59 (1.03) 27.59 (1.32) 0.00 (-0.67,0.67) 27.31 (0.96) —0.27 (-1.09,0.54)
Parietal lobe 19.37 (1.09) 19.33 (1.24) —0.04 (-0.70,0.63) 19.19 (1.01) —0.17 (-0.98,0.63)
Occipital lobe 8.22 (0.79) 8.25 (0.60) 0.04 (-0.35,0.42) 8.12 (0.62) —0.10 (-0.57,0.37)
Caudate 0.65 (0.01) 0.61 (0.01) —0.05 (-0.08,-0.01) 0.63 (0.01) —0.03 (-0.07,0.01)
Putamen 0.86 (0.07) 0.83 (0.08) —0.03 (-0.07,0.02) 0.85 (0.09) —0.01 (-0.06,0.05)
Pallidum 0.34 (0.03) 0.33 (0.03) 0.00 (-0.02,0.02) 0.34 (0.04) 0.00 (-0.02,0.03)
Cortical thickness (mm)
Parietal lobe 2.70 (0.13) 2.68 (0.11) —0.02 (-0.09,0.05) 2.66 (0.12) —0.02 (-0.12,0.07)
Occipital lobe 2.30 (0.12) 2.26 (0.10) —0.03 (-0.09,0.03) 2.21 (0.12) —0.06 (-0.14,0.02)

None 1 to 2 hypoglycaemic episodes > 3 hypoglycaemic episodes

Mean (SD) Mean (SD) Mean difference (95% CI) Mean (SD) Mean difference (95% CI)
N 26 45 9

Absolute brain volume (mm?)
Total brain

Total white matter

Total grey matter

Combined parietal and occipital lobes
Parietal lobe

Occipital lobe

1,230,213 (109081)
453,296 (48767)
777,151 (68437)
339,007 (28457)
238,156 (23719)
100,852 (11248)

1,238,873 (128446)
464,009 (58824)
775,041 (72413)
341,834 (39169)
240,340 (28596)
101,494 (13508)

Caudate 8029 (173) 7513 (814)
Putamen 10,557 (1243) 10,334 (1210)
Pallidum 4126 (481) 4140 (547)
Percent of total brain volume

Total white matter 36.82 (1.76) 37.38 (1.31)
Total grey matter 63.20 (1.78) 62.63 (1.31)
Combined parietal and occipital lobes 27.59 (1.03) 27.59 (1.19)
Parietal lobe 19.37 (1.09) 19.40 (1.09)
Occipital lobe 8.22 (0.79) 8.19 (0.63)
Caudate 0.65 (0.06) 0.61 (0.05)
Putamen 0.86 (0.07) 0.84 (0.08)
Pallidum 0.34 (0.03) 0.33 (0.03)
Cortical thickness (mm)

Parietal lobe 2.70 (0.02) 2.65 (0.11)
Occipital lobe 2.30 (0.02) 2.23 (0.11)

16,688 (-38376,71751)
13,498 (-12536,39532)
3084 (-29553,35721)
5118 (-12192,22428)
4130 (-9110,17369)
988 (-5391,7367)

1,175,517 (85173)
426,926 (49587)
748,512 (47105)
318,387 (33404)
220,602 (28389)
97,785 (7996)

—16428 (-106968,74113)
—12918 (-55725,29890)
—3985 (-57650,49680)
—9939 (-38402,18524)
—10890 (-32660,10879)
951 (-9538,11440)

—473% (-898,-48) 7493 (954) —408 (-1106,291)
—111 (-752,529) 9870 (1364) —306 (-1359,747)
31 (-233,295) 3999 (456) 15 (-419,449)
0.54 (-0.32,1.40) 36.25 (2.05) —0.61 (-2.02,0.80)
—0.55 (-1.41,0.31) 63.74 (2.06) 0.56 (-0.86,1.98)
0.01 (-0.66,0.68) 27.05 (1.33) —0.53 (-1.63,0.57)
0.07 (-0.58,0.71) 18.73 (1.43) —0.68 (-1.74,0.38)
—0.06 (-0.42,0.30) 8.33 (0.47) 0.15 (-0.44,0.74)
—0.05% (-0.08,-0.01) 0.64 (0.07) —0.03 (-0.08,0.03)
—0.02 (-0.06,0.03) 0.84 (0.08) —0.01 (-0.09,0.06)
—0.001 (-0.02,0.02) 0.34 (0.03) 0.01 (-0.02,0.04)
—0.04 (-0.10,0.03) 2.77 (0.09) 0.08 (-0.03,0.18)
—0.05 (-0.11,0.01) 2.30 (0.11) 0.03 (-0.07,0.13)

Data are presented as mean (standard deviation) or mean difference (95% confidence interval). None, no hypoglycaemic episodes; Mild, blood glucose concentrations
between 2.0 and 2.6 mmol/L; Severe, < 2 mmol/L. A hypoglycaemic episode is defined as at least one consecutive < 2.6 mmol/L. °p < 0.05 for comparison with the

None group (Dunnett)

hypoglycaemia severity groups, clinically detected hypoglycaemic epi-
sodes, and severity and frequency of hypoglycaemic events.

We expected to find changes in parietal and occipital structures,
given previous publications showing diffuse parenchymal loss in the
parietal-occipital lobes in neonates who had experienced severe or
recurrent and symptomatic hypoglycaemia. (Spar et al., 1994; Alkalay
et al., 2005; Kinnala et al., 1999; Traill et al., 1998) We found that
children who had experienced neonatal hypoglycaemia had thinner
occipital lobe cortical thickness, but no differences in parietal or oc-
cipital lobe volume. It is possible that cortical thickness is more sensitive
to subtle changes after neonatal hypoglycaemia, since it is thought to
reflect the size, density and arrangement of neurons, neuroglia, and
nerve fibres of the grey matter. (Dale et al., 1999; Fischl and Dale, 2000)
Nonetheless, volumes of the caudate, thalamus and subcortical grey
matter were smaller in children who had experienced hypoglycaemia.
Progressive loss of brain tissue volume following injury can take months

to years. (Cole et al., 20182018) Deep grey matter regions such as the
basal ganglia and thalamus are reportedly more vulnerable than other
brain structures to selective neuronal damage due to neonatal insults,
such as hypoxia and ischaemia, (Belet et al., 2004; Miller et al., 2005;
Pasternak and Gorey, 1998; Roland et al., 1998; Sie et al., 2000) and are
among the regions where volume loss is most commonly reported
following traumatic brain injury. (Cole et al., 20182018; Gooijers et al.,
2016; Bendlin et al., 2008) In children with neonatal encephalopathy,
abnormal hyperintensities in the basal ganglia and thalamus on neonatal
MRI were still observable at 9-10 years of age. (van Kooij et al., 2010)
Alterations to the basal ganglia and thalamus based on MRI observation
(Kinnala et al., 1999; Burns et al., 2008) and reduction in the number of
nerve cells (Anderson et al., 1967; Banker, 1967) following neonatal
hypoglycaemia have previously been reported. Thus, our findings could
reflect neonatal hypoglycaemic injury in deep grey matter structures.
We did not find differences between children who had and had not
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Table 4
Total and regional brain volumes and cortical thickness in participants who did and did not experience different severities and frequencies of neonatal hypoglycaemic
events.
None Mild Severe
Mean (SD) Mean (SD) Mean difference (95% CI) Mean (SD) Mean difference (95% CI)
N 26 43 32

Absolute brain volume (mm?)
Total brain 1,230,213 (109081)
453,296 (48767)
777,151 (68437)
339,007 (28457)
238,156 (23719)

100,852 (11248)

1,234,547 (120810)
459,835 (53964)
774,827 (69793)
340,563 (37756)
237,535 (29003)
103,028 (13322)

Total white matter

Total grey matter

Combined parietal and occipital lobes
Parietal lobe

Occipital lobe

12,000 (-40356,64356)
9625 (-15254,34504)
2237 (-28485,32959)
3678 (-12951,20307)
1100 (-12149,14348)
2578 (-3338,8495)

1,200,207 (117442)
448,579 (61048)
751,726 (61656)
329,440 (35833)
232,911 (28528)
96,530 (10804)

—20855 (-85139,43430)
—2454 (-33001,28093)
—18617 (-56339,19104)
—6511 (-26929,13907)
—2257 (-18525,14010)
—4253 (-11518,3011)

Caudate 8029 (164) 7513 (928) —479? (-920,-37) 7226 (745) —761% (-1303,-218)
Putamen 10,557 (1243) 10,338 (1182) —140 (-745,465) 10,098 (1278) —254 (-997,489)
Pallidum 4126 (481) 4067 (443) —38(-287,211) 4087 (612) —17 (-323,288)
Percent of total brain volume
Total white matter 36.82 (1.76) 37.19 (1.23) 0.39 (-0.41,1.20) 37.27 (1.82) 0.37 (-0.62,1.36)
Total grey matter 63.20 (1.78) 62.82 (1.23) —0.41 (-1.22,0.40) 62.74 (1.81) —0.39 (-1.38,0.61)
Combined parietal and occipital lobes 27.59 (1.03) 27.58 (1.23) —0.01 (-0.62,0.61) 27.44 (0.98) —0.10 (-0.86,0.65)
Parietal lobe 19.37 (1.09) 19.23 (1.34) —0.11 (-0.76,0.54) 19.39 (1.02) 0.13 (-0.67,0.92)
Occipital lobe 8.22 (0.79) 8.34 (0.68) 0.10 (-0.24,0.45) 8.05 (0.62) —0.23 (-0.66,0.20)
Caudate 0.65 (0.01) 0.61 (0.06) —0.05% (-0.08,-0.01) 0.60 (0.06) —0.05* (-0.09,-0.01)
Putamen 0.86 (0.07) 0.84 (0.09) —0.02 (-0.06,0.03) 0.84 (0.08) —0.005 (-0.06,0.05)
Pallidum 0.34 (0.03) 0.33 (0.03) —0.01 (-0.02,0.01) 0.34 (0.04) 0.005 (-0.02,0.03)
Cortical thickness (mm)
Parietal lobe 2.70 (0.13) 2.68 (0.12) —0.01 (-0.08,0.05) 2.67 (0.12) —0.02 (-0.10,0.06)
Occipital lobe 2.30 (0.12) 2.25(0.11) —0.04 (-0.10,0.01) 2.23 (0.11) —0.06 (-0.13,0.01)

None 1 to 2 hypoglycaemic events > 3 hypoglycaemic events

Mean (SD) Mean (SD) Mean difference (95% CI) Mean (SD) Mean difference (95% CI)
N 26 43 32

Absolute brain volume (mm?)

Total brain

Total white matter

Total grey matter

Combined parietal and occipital lobes
Parietal lobe

1,230,213 (109081)
453,296 (48767)
777,151 (68437)
339,007 (28457)
238,156 (23719)

1,232,589 (123107)
459,471 (53932)
773,307 (71617)
341,070 (37630)
237,878 (29875)

Occipital lobe 100,852 (11248) 103,192 (12570)
Caudate 8029 (173) 7436 (134)
Putamen 10,557 (1243) 10,305 (1228)
Pallidum 4126 (481) 4051 (476)
Percent of total brain volume

Total white matter 36.82 (1.76) 37.23 (1.15)
Total grey matter 63.20 (1.78) 62.79 (1.15)
Combined parietal and occipital lobes 27.59 (1.03) 27.67 (1.17)
Parietal lobe 19.37 (1.09) 19.29 (1.35)
Occipital lobe 8.22 (0.79) 8.38 (0.65)
Caudate 0.65 (0.06) 0.61 (0.06)
Putamen 0.86 (0.07) 0.84 (0.09)
Pallidum 0.34 (0.03) 0.33 (0.03)
Cortical thickness (mm)

Parietal lobe 2.70 (0.02) 2.68 (0.02)
Occipital lobe 2.30 (0.02) 2.24 (0.02)

9977 (-44532,64487)
8946 (-16891,34782)
965 (-31054,32983)
4313 (-12924,21549)
1466 (-12243,15174)
2847 (-3331,9026)

1,212,496 (116765)
452,233 (59408)
760,264 (62741)
331,888 (36766)
233,751 (27443)
98,137 (12936)

—7160 (-65613,51293)
2490 (-25215,30196)
—9941 (-44275,24394)
—4041 (-22524,14443)
—1664 (-16364,13036)
—2377 (-9002,4249)

—552% (-1014,-91) 7411 (156) —5647 (-1059,-69)
—153 (-779,474) 10,210 (1199) —199 (-871,473)
—58 (-315,200) 4103 (529) 4 (-272,280)

0.41 (-0.44,1.25) 37.20 (1.74) 0.39 (-0.51,1.28)
—0.41 (-1.26,0.43) 62.80 (1.74) —0.41 (-1.31,0.49)
0.08 (-0.54,0.70) 27.36 (1.11) —0.23 (-0.89,0.43)
—0.08 (-0.75,0.60) 19.27 (1.12) —0.10 (-0.82,0.62)
0.16 (-0.23,0.55) 8.09 (0.67) —0.13 (-0.54,0.28)
—0.05% (-0.08,-0.02) 0.61 (0.06) —0.04? (-0.08,-0.01)
—0.02 (-0.06,0.03) 0.84 (0.08) —0.01 (-0.06,0.03)
—0.01 (-0.02,0.01) 0.34 (0.03) 0.00 (-0.02,0.02)
—0.02 (-0.08,0.05) 2.68 (0.02) —0.02 (-0.09,0.05)
—0.05 (-0.11,0.01) 2.24 (0.02) —0.05 (-0.11,0.02)

Data are presented as mean (standard deviation) or mean difference (95% confidence interval). None, no evidence of hypoglycaemic events; Mild, blood or interstitial
glucose concentrations between 2.0 and 2.6 mmol/L; Severe, blood or interstitial glucose concentrations < 2 mmol/L. Hypoglycaemic events are defined as the sum of
nonconcurrent blood and interstitial episodes more than 20 min apart. A hypoglycaemic episode is defined as at least one consecutive blood glucose concentration <
2.6 mmol/L. Interstitial episodes are defined as at least 10 min of interstitial glucose concentrations < 2.6 mmol/L. P < 0.05 for comparison with the None group

(Dunnett).

experienced neonatal hypoglycaemia in any measures of white matter
microstructure. Previous studies using diffusion MRI were based on vi-
sual inspection by experienced radiologists, and neuroimaging was
performed during the acute phase of hypoglycaemia. (Kim et al., 2006;
Filan et al., 2006; Mao and Chen, 2007) Low mean apparent diffusion
coefficient values have been reported in mesial occipital regions in 8 of
25 neonates between 1 and 28 days of age. (Tam et al., 2008) The acute
phase of hypoglycaemia causes swelling of neuronal and glial cells from
cytotoxic edema, (Su and Wang, 2012) which reduces the spacing be-
tween the myelin fibre bundles, causing increased restriction of move-
ment of water molecules transverse to the fibre orientation. (Gutierrez
et al., 2010; Schabitz and Fisher, 1995) These changes can be detected
using diffusion MRI, which is sensitive to intracellular water

movements. However, recovery can involve cortical reorganization,
neurogenesis, axonal sprouting, dendritic plasticity, and angiogenesis,
(Conner et al.,, 2005; Ramanathan et al., 2006) which may not be
detected using diffusion MRI. For example, a study of 18 neonates who
had experienced hypoglycaemia reported that six had abnormal white
matter hyperintensities during the neonatal period, of whom four had
normal MRI findings at two months of age. (Kinnala et al., 1997) Thus,
our findings of no effect on white matter microstructure at 9-10 years
could indicate a process of recovery following early brain injury, or no
injury to white matter microstructure following neonatal
hypoglycaemia.

Girls who experienced neonatal hypoglycaemia were more likely to
have smaller combined parietal and occipital lobes, whereas in boys the
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findings were consistent with the overall findings of smaller deep grey
matter volumes. A previous study of transient neonatal hypoglycaemia
reported that at six to nine years boys had significantly lower fine motor
scores, whereas girls had higher internalizing scores on the Child
Behaviour Checklist, although within the normal range. (Rasmussen
et al., 2020) Sex differences in brain maturation (Lenroot et al., 2007) or
neuroprotective effects of sex hormones in specific brain regions (Brann
et al., 2007) could lead to girls and boys experiencing a different pattern
of brain injury following neonatal hypoglycaemia. However, given that
neonatal hypoglycaemia in girls was only associated with the combined
parietal and occipital lobes, and not the lobes individually, and that
there were no sex effects on white matter microstructure, it is hard to
draw any firm conclusions. Further investigations of sex-specific effects
of neonatal brain injury, including hypoglycaemia, are warranted.

We anticipated that children who experienced severe neonatal
hypoglycaemia would show the greatest differences in brain structure in
mid-childhood, but observed the associations primarily in the pre-
specified mild and undetected groups who experienced less severe
hypoglycaemia. The undetected hypoglycaemia group had low glucose
concentrations that were detected only on masked CGM and therefore
were not treated. This raises the possibility that treatment may prevent
long term neurological effects. Likewise, it is plausible that infants with
severe hypoglycaemia receive more monitoring and treatment than
those with mild or undetected episodes, which may have mitigated brain
injury. However, our analyses of clinically detected episodes and of
severity and frequency of hypoglycaemic events makes this explanation
unlikely, as both mild and severe episodes, and more severe and more
frequent events, were all associated with smaller caudate volumes.

The caudate has afferent connections to the cerebral cortex, espe-
cially the prefrontal cortex, and efferent connections to the prefrontal
cortex through the thalamus, globus pallidus, and substantia nigra.
(Grahn et al., 2008) It plays a significant role in higher-order func-
tioning, including emotion processing, learning and working memory.
(Grahn et al., 2008; Graff-Radford et al., 2017) Caudate volume has been
associated with intelligence quotient in 7 year old children born preterm
(Abernethy et al., 2004) and cognitive performance at age 9-13 years in
children with a history of prenatal heavy alcohol exposure. (Fryer et al.,
2012) Furthermore, smaller caudate volumes have been reported in
adults with schizophrenia (Li et al., 2018) and depression, (Bluhm et al.,
2009) and related to impulse control and hyperactivity in children with
attention deficit hyperactivity. (Tremols et al., 2008) The thalamus is
considered the sensory and motor relay centre of the brain, which pro-
cesses all sensory and motor information from the peripheral nervous
system, except olfactory signals, before sending information to the ce-
rebral cortex. (Torrico and Munakomi, 2019) In children born preterm,
thalamus volume at term-equivalent age has been positively related to
motor, intelligence quotient, and academic outcomes at seven years of
age. (Loh et al., 2017) Thalamus volume has also been associated with
visual motor integration scores. (Young et al., 2015; Martinussen et al.,
2009) Smaller volumes of these deep grey matter structures could be
reflective of previously reported impaired executive and visual-motor
function at age 4.5 years in this cohort. (McKinlay et al., 2017) Addi-
tionally, neonatal hypoglycaemia has been associated with lower
educational achievement, (Kaiser et al., 2015) language delay, (Haworth
et al., 1976) motor development delay, (Wickstrom et al., 2018) and
neurodevelopmental disorders, (Yalnizoglu et al., 2007; Wickstrom
et al., 2018; Stenninger et al., 1998) all of which could potentially be
linked to impaired function of the caudate and thalamus.

This is the first prospective cohort study with a large sample size to
investigate brain structure and white matter microstructure in school-
age children who had experienced neonatal hypoglycaemia. Strengths
of the study include a high follow-up rate in the overall cohort, and
children were randomly selected for MRI based on severity of hypo-
glycaemia and were born > 36 weeks’ gestation to minimize the influ-
ence of preterm birth. All MRIs were conducted with the same
acquisition protocol, scanner upgrades and similar MRI machines in one
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of two centres. Furthermore, we have detailed information regarding the
duration, severity and frequency of low glucose concentrations through
CGM monitoring, rather than relying on clinical testing alone. All data
were analysed according to a predefined statistical analysis protocol.

TBSS is a fully automated method that is well suited to whole-brain
group comparison, and we created a study specific template appropriate
to the paediatric cohort. However, TBSS may reduce anatomical accu-
racy of the white matter structures compared to tractography methods
and the tensor model is limited in crossing or fanning fibres. For the
volumetric analyses, we chose regions we expected to be important, but
may have lost some sensitivity by combining the left and right hemi-
spheres to reduce the number of regions of interest. Additionally, we did
not correct for multiple comparisons for volumetric analyses, so the
findings should be interpreted with caution. However, the consistency of
the association between neonatal hypoglycaemia and smaller caudate
volume across all subgroup and sensitivity analyses suggests a true as-
sociation. Another limitation is that none of the participants underwent
neonatal MRI and neonatal hypoglycaemia was mostly mild and tran-
sient. Thus, although children in this study may not have experienced
the kind of neonatal brain injury previously reported following symp-
tomatic, severe and prolonged hypoglycaemia, the findings are more
applicable to the majority of cases of neonatal hypoglycaemia which are
mild and transient.

Overall, we found that neonatal hypoglycaemia is associated with
reduced size of specific brain regions in mid-childhood and is not
associated with altered white matter microstructure. These associations
are seen in a cohort who were routinely screened and treated for
neonatal hypoglycaemia with the intention of maintaining blood
glucose concentrations > 2.6 mmol/L, and most of whom experienced
only mild, asymptomatic hypoglycaemia. Grey matter, and in particular
deep grey matter regions, may be particularly vulnerable to the long
term effects of even mild neonatal hypoglycaemia.
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