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Annals of Clinical and Translational age) to calculate anterior and posterior hippocampal volumes and hippocampal
Neurology 2024; 11(9): 2499-2513 functional connectivity strength. Eighteen-month cognition was assessed via

. Bayley-III. Longitudinal statistical analysis using generalized estimating equa-
doi: 10.1002/acn3.52168 tions, accounting for birth gestational age, post-menstrual age at scan, sex, and
motion, was performed. Results: SES, measured as maternal education level,
modified associations between anterior but not posterior hippocampal volumes
and 18-month cognition (interaction term p = 0.005), and between hippocam-
pal connectivity and cognition (interaction term p = 0.05). Greater anterior
hippocampal volumes and hippocampal connectivity were associated with
higher cognitive scores only in the lowest SES group. Maternal education alone
did not predict neonatal hippocampal volume from early-in-life and term.
Interpretation: SES modified the relationship between neonatal hippocampal
development and 18-month cognition in very preterm neonates. The lack of
direct association between maternal education and neonatal hippocampal vol-
umes indicates that socio-environmental factors beyond the neonatal period
contribute to modifying the relationship between hippocampal development
and cognition. These findings point toward opportunities to more equitably
promote optimal neurodevelopmental outcomes in very preterm infants.

= numerous stressors encompassing employment, safety,
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finances, and health.” Heightened deprivation correlates
Impaired cognitive function of children are linked to with greater adverse health effects and more pronounced
social disparities."”” Families of lower socioeconomic sta- alterations in brain development.®® Children with higher

tus (SES) experience multifaceted challenges and confront educated parents exhibit fewer mental health problems
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Preterm Hippocampal Development, SES, and Cognition

during stressful circumstances, highlighting the role of
parental education in mitigating the effects of chronic
stress on children.*'’

The hippocampus is a key brain structure for cognition
and is pivotal in chronic stress processing.'' Early-life
adversities, including stress and environmental factors,
affect the hippocampus in animal models and human
studies. Children exposed to poverty, abuse, and low SES
measured with job attainment and parental education
exhibit smaller hippocampal volumes and altered func-
tional networks."”'"""” Clinical factors including younger
gestational age (GA), bronchopulmonary dysplasia (BDP),
as well as adverse events such as stress, neonatal pain,
midazolam exposure, or brain injury were further linked
to hippocampal development across ages."'"'*!”'® Hip-
pocampal volumetric or functional alterations in response
to early-life adversities were accompanied by impaired
neurodevelopmental outcomes."*'™"”

Healthy infants exhibit robust connectivity
between hippocampus and adjacent brain regions as early
as 3 weeks of age.'” Maturation involves the development
of key functional networks resembling adult-like networks

local

within the first year of life."” Structural and functional
alterations in the hippocampus of very preterm neonates
emerging in childhood persist into adulthood, and are
related to neurodevelopmental outcomes.'”*>*! Literature
in children, adults, and animal models, describe a distinct
vulnerability of the anterior hippocampus to stress.”> **
Regional specificity along the hippocampal long axis may
stem from differences in microstructure, gene expression,
and maturation processes.'”** **

Preterm neonates experience numerous procedures and
stressors during neonatal intensive care, coinciding with
rapid brain development.'>*> Maturation of higher order
networks including those for attention, emotion, and cog-
nition, occurs during the third trimester, making preterm
brains uniquely susceptible to early extrauterine
exposures.”*® For example, neonatal midazolam exposure
is associated with altered neonatal hippocampal growth,
impacting hippocampal volumes and working memory at
8 years of age.'” Likewise, elevated prenatal maternal
inflammatory response was recently shown to correlate
with lower SES and to link immune dysfunction, pre/peri-
natal stress, SES, and brain development.”® Finally, the
complex interplay of genetic and environmental factors
influencing SES—brain relations need to be acknowleged.®

Few studies have assessed the development of hippo-
campal functional connectivity in preterm neonates. A
study comparing very preterm neonates to in vivo fetuses
found generalized alterations in brain functional connec-
tivity and stronger connectivity in sensory and
stress-related areas including the hippocampus.'* These
findings are clinically relevant as in healthy term-born
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neonates, hippocampal functional connectivity in the first
year of life is linked to cognitive function in childhood."”

Despite improved intensive care, preterm birth is linked
to early and lifelong alterations in cognition, unveiling a
particularly intricate interplay between SES and GA at
birth, and their implications on alterations in neuroimag-
ing and behavioral outcomes.”” > Greater maternal social
disadvantage and lower gestational age were shown to be
associated with less favorable cognitive outcome at
15 years age.’> A recent study examining alterations in
brain structure in a neonatal cohort reported a stronger
association between low birth GA and neonatal brain
development, relative to SES.*?

Given the significant role of the hippocampus in cogni-
tive brain networks, its vulnerability to early-life adversity
and stress-sensitivity, and the high amount of stress expo-
sures experienced by very preterm neonates, we sought to
investigate how socioeconomic status, reflected by mater-
nal education, (1) predicts anterior and posterior hippo-
campal volumes in preterm neonates, and (2) modifies
the relationship between neonatal hippocampal volumes
as well as functional connectivity with cognition at
18 months of age. Maternal education emerges as a
robust indicator of SES within individual families and
serves as a reliable SES proxy in preterm and other nor-
mative cohorts.”**?” In post hoc analysis, additional
neighborhood-level data, such as neighborhood environ-
ment and income, was examined complementing
individual-level SES assessments. Finally, we addressed
whether biological sex, an important determinant of
developmental outcomes in preterm neonates,”>° mod-
ifies the relationship between hippocampal volumes and
functional connectivity with cognition.

Methods

Study population and clinical characteristics

This prospective cohort study enrolled 179 very preterm
neonates (24-32 weeks’ gestation). Between 2015 and
2019, 167 neonates were enrolled at The Hospital for Sick
Children (SickKids) and Mount Sinai Hospital, both
tertiary-level neonatal intensive care units (NICU) in
Toronto, Canada. Twelve neonates who were prospec-
tively studied at SickKids (2013-2014) in the pilot phase
of this project were also included. Neonates with TORCH
infection, congenital malformation or genetic syndrome
were excluded. The Research Ethics Boards of both hospi-
tals reviewed and approved this study. Written informed
consent was obtained from the parents/guardians.
Pregnancy, delivery, and neonatal course data were col-
lected through daily chart review. Clinical characteristics
were defined as previously described and have been
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shown to be associated with neurodevelopmental out-
comes in very preterm neonates,>*>>%°

Socioeconomic status

Maternal education is considered a significant indicator
of socioeconomic status,”*®**?>®* and is related to
income, access to resources such as health care, educa-
tional environment, health, and nutrition.”*® Based on
mother’s highest level of education, preterm neonates
were categorized into three groups: (1) high school, (2)
college or undergraduate degree, and (3) postgraduate
degree.” Maternal and paternal levels of education did not
significantly differ in this cohort.

While maternal education was our primary measure for
SES, the role of neighborhood environment was examined
in post hoc analyses. Using the most detailed neighborhood
information available in our cohort—the first three digits
of postal code—we categorized families into rural versus
urban population areas per Statistics Canada definition.
Rural was defined as population areas <30,000 inhabitants
(Statistics Canada definition for rural and small population
centers), urban with >30,000 inhabitants (medium and
large urban population centers).*' Further, we investigated
how neighborhood-level income, as an additional SES
dimension, influences the relationship between hippocam-
pal development and cognitive outcome. Analyzing
neighborhood-based average income derived from families’
postal codes using Statistics Canada 2016 Census data, 136
families were categorized relative to the provincial median
household income ($74,287 in Ontario in 2015), with 48%
above and 52% below this threshold.** Statistical analysis
utilized GEE models as described below.

Magnetic resonance imaging studies

Preterm neonates underwent early-in-life (EIL) MRI scans
as soon as they were clinically stable and again at
term-equivalent age (TEA). The MRIs were acquired with
a designated neonatal head coil on a Siemens 3T scanner
without sedation: 156 EIL (median post-menstrual age
[PMA] 32.9 weeks, IQR 31.8-34.3) and 150 term scans
(median PMA 41.1 weeks, IQR 39.3-43.6) (Supplemen-
tary Material). During the study, a scanner upgrade from
Tim Trio to Prisma Fit resulted in scans conducted with
the Tim Trio system before January 2017 and with Prisma
Fit thereafter.

Hippocampus segmentation and
quantification

Segmentations of the left and right hippocampal volumes
of each neonate were performed on the native 3D
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T1-weighted image early-in-life and/or at term-equivalent
age using a well-established method: In an initial step,
the MAGeT-brain pipeline was used to obtain the hippo-
campal segmentations automatically.*> To achieve the
most accurate measurement of the hippocampal volumes,
all automatically obtained hippocampal segmentations
were manually reviewed and—in case of minor areas
missing or being incorrected labeled—revised by an expe-
rienced rater (J.K.). For the revision process, we followed
similar manual segmentation protocols that were
described in our previous study.'>*’ The mean hippo-
campal volume of both hemispheres was calculated for
each neonate and scan. Data from 154 neonates (140 EIL
and 139 TEA scans) were included in subsequent volu-
metric analysis, excluding those without SES information
or with severe motion artifacts (6 EIL and 2 TEA scans)
(Fig. 1).

Given the regional sensitivity of the anterior hippocam-
pus to stress,” the hippocampus was further divided into
anterior and posterior subregions, using the uncal apex of
the parahippocampal gyrus as the landmark (Fig. 2), pre-
viously adopted in studies of adults and children (Supple-
mentary Material).”> For statistical analyses, each scan
and patient was assigned one single value for mean ante-
rior and one value for mean posterior hippocampal
volumes.

Functional connectivity analyses

Functional connectivity data were preprocessed using the
FMRIB Software Library (FSL; version 6.0.0) as outlined
in the Supplement.**** Each fMRI series was decomposed
into components, consisting of a spatial map (Fig. 3) and
a corresponding time course. Each independent compo-
nent represents neuronal signal, structured noise, or a
mixture of both. Identifying and removing structured
noise components minimizes signal contributions from
head motion, cerebral blood flow, cerebrospinal fluid,
and white matter. Following established classification
rules,”**® independent components were manually labeled
as signal or noise. A conservative approach was followed
to remove highly probable noise components while pre-
serving maximum signal. Noise-labeled components were
regressed out.

In a next step, anatomical labels were mapped to each
subject’s native fMRI space, serving as the foundation for
functional connectivity analysis as elaborated in the Sup-
plementary Material.*” ** Functional connectivity was
defined as the absolute value of the Pearson correlation
coefficient between two BOLD signals and was computed
between each pair of anatomical regions for each fMRI
scan. The resulting connection matrices or functional
connectomes consisted of 90 cortical and subcortical
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179 infants enrolled
in the study

A

v

162 infants with available information
on families’ SES

154 infants with at least one MRI scan
(125 infants with EIL and TEA scans)

l

!

Structural hippocampus data
for 154 infants

Functional hippocampus data
for 123 infants

279 MRI scans analyzed
(140 EIL, 139 TEA)

202 MRI scans analyzed
(107 EIL, 95 TEA)

}

I

126 infants with 18 Bayley-Ill Cognitive Composite Score

Figure 1. Cohort flowchart. Cohort flowchart—162 neonates with SES data were included in the final analysis; 126 infants had at least one MRI

scan as well as an 18-month Bayley-lll Cognitive Composite score.

regions and 4005 connections between them. Mean func-
tional connectivity between the hippocampus (average of
left and right) and every other brain region (mean whole
brain), and that between the hippocampus and 16 impor-
tant regions in cognitive networks (superior frontal gyrus,
inferior frontal gyrus, insula, anterior cingulate gyrus,
middle cingulate gyrus, posterior cingulate gyrus, parahip-
pocampal gyrus, amygdala, superior parietal gyrus, infe-
rior parietal lobule, precuneus, caudate, thalamus,
superior temporal gyrus, middle/inferior temporal gyrus,
and temporal pole) were assessed.'*>® To account for
residual effects of head motion (both translational and
rotational) not removed during preprocessing, the average
relative root-mean-squared motion between consecutive
frames for each scan was included as a nuisance variable
in statistical analyses. The mean relative motion values
were 0.50 mm (FIL) and 0.51 mm (TEA), indicating
minimal head movement throughout the scans.’!

Neurodevelopmental outcomes

Cognitive outcome at 18 months’ corrected age were
assessed by experienced staff at the Neonatal Follow-up
Programs using the Bayley Scales of Infant and Toddler
Development, Third Edition (Bayley-1II; normative mean
of 100, SD 15).>

2502

Statistical analyses

Clinical characteristics and demographic variables across
SES groups were compared using Fisher’s exact test and
Kruskal-Wallis test. Linear nonparametric test for trends
was used to assess linear trends across ordered groups for
hippocampal volumes by SES. Subregional hippocampal
volumes of both hemispheres were not significantly differ-
ent, thus the means of bilateral anterior and posterior
hippocampal volumes were used in subsequent statistical
analyses.

Associations between SES and neonatal anterior and
posterior hippocampal volumes as well as hippocampal
functional connectivity from EIL and TEA were longitudi-
nally assessed using generalized estimating equations
(GEE). These equations effectively account for repeated
measures and potential correlations in longitudinal analy-
sis within the cohort while controlling for covariates.
Associations between cognitive outcome and (1) anterior/
posterior hippocampal volumes with an interaction term
of SES, and (2) mean hippocampus to whole brain func-
tional connectivity with an interaction term of SES were
analyzed with GEE as well. Taking into account key
covariates for cognitive development in preterm
neonates,””>> models were adjusted for birth GA, PMA at
scan, and sex. For connectivity analysis, a motion metric
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Early-in-life: 32.86 weeks

Term-equivalent age: 41.14 weeks
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Figure 2. Subregional hippocampus segmentation at two time points. Sagittal T1-weighted MR images showing hippocampus segmentation
early-in-life (top row) and at term-equivalent age (bottom row) for the same neonate. Manual segmentation of the anterior (green) and posterior
(pink) hippocampus is shown in the full brain images (left), and in more detail with (A and C) and without (B and D) segmentation labels (right).
The dark blue line marks the slice (*) where the hippocampus is divided (landmark structure: uncal apex), which is counted as the most posterior
slice of the anterior hippocampus. Anterior, posterior, and total hippocampal volumes are calculated (Vanc, Vprc, and Viye). Vane, volume anterior

hippocampus (in mm?3); Vprc, volume posterior hippocampus (in mm?); Vyic, volume total hippocampus (in mm?).

was included. For analysis involving SES, the reference
measure was SES group 1 (high school degree). Similar
models were used to assess the role of neighborhood
environment and neighborhood income in modifying
associations between hippocampal development and cog-
nitive outcome.

To assess whether
between hippocampal development and neurodevelop-

sex modified the relationship

mental outcomes, GEE was used to examine the associa-
tions between cognitive scores with (1) anterior/posterior
hippocampal volumes, and with (2) mean hippocampal
to whole brain functional connectivity. Both models
included an interaction term of sex to test effect modifi-
cation, and adjusted GA at birth, SES, PMA at scan, and
motion metrics (for functional connectivity analysis). The
main indicator for SES was maternal level of education.
For volumetric hippocampal analysis, primary metrics
included anterior and posterior hippocampal volumes.
Functional analysis focused on examining the functional
connectivity between the hippocampus and the whole

brain. In the analyses of anterior/posterior hippocampal
volumes, p < 0.025 (p < 0.05 for interaction term) was
considered significant, while in functional connectivity
analyses p < 0.05 (p < 0.1 for interaction term) denoted
significance.

R statistical software package (version 2021.09.0) and
Stata software (version 17.0, StataCorp, College Station,
TX) were used for statistical analysis. GEE models and
Stata codes will be provided on request.

Results

Clinical characteristics

Clinical neonatal and maternal antenatal characteristics,
neonatal hippocampal volumes, and cognitive outcome at
18 months by maternal level of education are presented
in Table 1. Birth GA, birth weight, maternal age at birth,
and BPD differed between SES groups (p = 0.02,
p=0.03, p=10.03, and p = 0.04). Including BPD as a
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Independent Component Classifications

Figure 3. Spatial maps of independent component analysis. Representative spatial maps showing the independent component analysis results of
resting-state functional MRI data on sagittal, coronal, and axial slices of the early-in-life (A-D) and term-equivalent age (E-H) T2-weighted brain
template. Labeled signal of neuronal activity networks are displayed in red to yellow colors, with the color bar demonstrating the image intensity
threshold (z-scored) on the right. (A) Frontal lobe, (B) temporal lobe, (C) auricular network, (D) parietooccipital area, (E) sensorimotor area, (F)

posterior cingular cortex, (G) basal ganglia, (H) default mode network.

covariate did not meaningfully change results. Table 2
outlines characteristics for infants with and without
18-month cognitive scores.

SES and hippocampal volumes

In GEE models (Table 3), neither anterior (SES 2:
p = 0.47, SES 3: p = 0.82) nor posterior (SES 2: p = 0.87,
SES 3: p = 0.84) hippocampal volumes from EIL and
TEA were associated with maternal level of education,
adjusting for sex, birth GA, and PMA at scan. In post hoc
analysis, when conducting a two-group analysis (compar-
ing SES group 1 to SES groups 2 and 3) results did not
meaningfully differ (Table S1). Of note, male sex was
associated with larger anterior hippocampal volume
(p = 0.015; posterior: p = 0.058) and increasing PMA at
scan was associated with larger anterior and posterior
hippocampal volumes (p < 0.001).

SES modified the association between
anterior hippocampal volumes as well as
hippocampal functional connectivity and
cognitive outcome

In the 126 infants with Bayley-III Cognitive Composite
scores, the interaction of anterior hippocampal volume
and maternal level of education was significantly associ-
ated with cognition (p = 0.005). Specifically, greater ante-
rior hippocampal volumes were associated with higher
cognitive scores in SES group 1 (high school degree), but
not in groups 2 (college or undergraduate degree) or 3
(postgraduate degree) (Fig. 4). This association was not
observed for the posterior hippocampus (p = 0.12). Birth
GA was associated with 18 months cognitive scores (ante-
rior p =0.011; posterior p = 0.010). When including
scanner (pre and post software upgrade) into the GEE
models or accounting for total cerebral volume, results

2504 © 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 1. Clinical neonatal and maternal antenatal characteristics, neonatal hippocampal volumes and 18-month cognitive outcome by maternal

level of education.

High school College/undergraduate Postgraduate p Value
Clinical characteristics n=32 n=114 n=16 -
Gestational age at birth (weeks), median (IQR) 26.9 (25.9-28.8) 26.7 (25.0-28.9) 29.7 (27.4-30.4) 0.016*
Birth weight (g), median (IQR) 865 (660-1140) 890 (700-1200) 1200 (915-1555) 0.026*
Male, no (%) 12 (37.5) 66 (57.9) 11 (68.8) 0.06
Small for gestational age, no (%) 4(12.5) 13(11.4) 3(18.8) 0.63
APGAR score (5 min), median (IQR) 7.5 (6.5-9) 8 (6-9) 8 (5-9) 0.95
Culture positive infection, no (%) 8 (25) 36 (31.6) 4 (25) 0.79
Bronchopulmonary dysplasia, no (%) 5(15.6) 45 (39.5) 5(31.3) 0.038*
Major surgeries, no (%) 7 (21.9) 19 (16.7) 0 0.13
Retinopathy of prematurity, no (%) 5(15.6) 5 (4.4) 0 0.07
Cumulative midazolam dose, mean (min—-max) 0 0.007 (0-0.18) 0 0.87
Maternal characteristics
Maternal age, median (IQR) 33 (25.5-36) 33 (29-36) 35 (33-40) 0.026*
Maternal BMI, median (IQR) 31.0 (27.7-35.9) 26.9 (23.7-32.7) 32.4 (26.3-33.4) 0.16
Maternal hypertension, no (%) 3/29 (10.3) 25/111 (22.5) 5/16 (31.3) 0.20
Maternal diabetes, no (%) 2 /31 (6.5) 10/111 (9.0) 1/16 (6.3) 1.0
Hippocampal volumes at early-in-life n=28 n=96 n=15 -
Post-menstrual age at scan (weeks), median (IQR) 32.4 (31.4-33.9) 33.0 (31.9-34.4) 33.0(31.9-34.7) 0.23
Mean hippocampal volume anterior (mm?3) 226.5 (192.5-269) 226.5 (186.5-262.5) 234.8 (185-298) 0.95
Mean hippocampal volume posterior (mm?3) 345 (309.5-400) 367.5 (321.5-424) 367.5 (314-401.5) 0.76
Mean hippocampal volume total (mm?3) 582 (525-633) 592 (528-656) 598.8 (493.5-686) 0.91
Hippocampal volumes at term-equivalent age n=28 n=96 n=15 -
Post-menstrual age at scan (weeks), median (IQR) 41.7 (39.1-43.7) 40.9 (39.4-43.6) 41.4 (39.3-42.9) 0.98

Mean hippocampal volume anterior (mm?3)
Mean hippocampal volume posterior (mm?3)
Mean hippocampal volume total (mm?3)
18-month cognitive outcome n=24
Bayley-lll Cognitive Composite score, median (IQR)

323.8 (276.8-397.5)
562.3 (514.5-608.8)
875.5 (802.8-996.8)

90.0 (82.5-97.5)

318.8 (277.3-404.3) 370.5 (305-436.5) 0.36
583.8 (498.8-642) 613.5 (524-673.5) 0.15
917.3 (767.3-1032.3) 977 (848-1087) 0.16
n=93 n=15

95.0 (90.0-100.0) 105.0 (95.0-115.0) 0.011*

Kruskal-Wallis test for continuous variables, Fisher's exact test for categorical variables, and linear nonparametric test for trends for hippocampal

volumes.
Abbreviations: BMI, body mass index; IQR, interquartile range.
*p value <0.05.

did not meaningfully differ. Post hoc GEE analysis
(Table S2) compared SES group 1 to combined SES
group of 2 and 3, showing no meaningful differences,
indicating consistency of findings for SES group 1. This
suggests stable association between anterior hippocampal
volume and cognitive scores for infants with mothers
attaining a high school degree, regardless of SES
grouping.

The interaction term between hippocampal functional
connectivity (mean total hippocampus [mHC] — mean
whole brain [mWB]) and maternal level of education was
significantly ~associated with cognitive outcome at
18 months (p = 0.050) (Table S3). Birth GA was also sig-
nificantly associated with 18-month cognition (p = 0.01).

Consistent with the results for volumetric data, higher
hippocampal functional connectivity strength was associ-
ated with higher cognitive scores in neonates born to
mothers with a high school diploma. Again, this relation-
ship was not evident for neonates whose mothers

possessed college/undergraduate or postgraduate degrees
(Fig. 4).

In exploratory analyses, SES also significantly modifies
the relationship between functional connectivity of the
hippocampus to 16 specific regions that are important in
cognitive networks and cognitive outcome at 18 months
(Table 4).

Post hoc analysis exploring the role of
neighborhood environment and
neighborhood income on the relationship of
hippocampal development to cognition

In post hoc analyses, maternal level of education was
unrelated to neighborhood environment using the rural
versus urban population area definition mentioned above
(p = 0.21). Neighborhood environment neither predicted
hippocampal volumes nor significantly modified the rela-
tionship between hippocampal development and
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Table 2. Comparison of characteristics between infants with available and missing Bayley-Ill Cognitive Composite scores at 18 months and avail-

able information on maternal level of education.

Available cognitive score at 18 months Missing cognitive score at 18 months ~ p Value
Clinical characteristics n=133 n=29 -

Gestational age at birth (weeks), median (IQR) 27.0 (25.43-29.29) 26.86 (25.0-29.86) 0.96
Birth weight (g), median (IQR) 930 (700-1200) 920 (670-1290) 0.96
Male, no (%) 74 (55.6) 15 (51.7) 0.43
Small for gestational age, no (%) 17 (12.8) 3(10.3) 0.50
APGAR Score (5 min), median (IQR) 8 (6-9) 7 (5.5-8) 0.10
Maternal age, median (IQR) 34 (30-36) 29 (24-33) 0.0002*
Culture positive infection, no (%) 41 (30.8) 7 (24.1) 0.32
Bronchopulmonary dysplasia, no (%) 44 (33.1) 11 (37.9) 0.38
Major surgeries, no (%) 21 (15.8) 5(17.2) 0.52
Retinopathy of prematurity, no (%) 8 (6.0) 2 (6.9) 0.56

Kruskal-Wallis test. Infants with and without Bayley-lll Cognitive Composite scores at 18 months only differed in maternal age at birth

(p = 0.0002).
Abbreviation: IQR, interquartile range.
*p value <0.05.

Table 3. Associations between maternal level of education and anterior/posterior hippocampal volumes.

Mean hippocampal volume anterior

Mean hippocampal volume posterior

B 95% Cl p Value B 95% Cl p Value
Maternal level of education
College/undergraduate (reference = high school) -7.56 —28.03 to 12.92 0.47 —2.05 —27.00 to 22.90 0.87
Postgraduate (reference = high school) 3.89 —29.72 to 37.50 0.82 3.76 —33.33 to 40.85 0.84
Post-menstrual age at scan (weeks) 13.33 11.74 to 14.93 <0.001* 22.75 20.23 to 25.26 <0.001*
Male sex 22.13 4.34 to0 39.92 0.015* 23.01 —0.79 to 46.80 0.058
Gestational age at birth (weeks) —0.57 —4.13 to 3.00 0.76 2.64 —2.351t07.62 0.30

Abbreviations: Cl, confidence interval; , beta coefficient.
*p value <0.025.

18-month cognition. Of note, clinical characteristics
between rural and urban groups did not significantly dif-
fer, except for birth GA and birth weight (Table S4). For
income-related analysis, 52% of families (N = 71) were
categorized as below the median province-wide household
income based on neighborhood-based average income
from the first three digits of postal code. Using individual
neighborhood-based income in the previously described
GEE models, no significant associations were observed. In
this provincial framework, low-income neighborhoods
were defined as having an income less than 50% of the
province’s median household income; notably, no family
in this cohort resided in a low-income neighborhood.

Sex did not modify associations between
hippocampal development and cognitive
outcome

Sex did not modify the relationship between hippocampal
volumes and cognitive outcome at 18 months, when
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accounting for birth GA, PMA at scan and SES. Sex also
did not modify the relationship between functional con-

nectivity of the hippocampus networks and cognition
(Table 4).

Discussion

In this prospective longitudinal cohort study of very pre-
term neonates, SES, indicated by maternal level of educa-
tion, significantly modified the relationship between
anterior but not posterior hippocampal volumes and
18-month cognitive outcome. Similarly, the interaction of
SES and hippocampal functional connectivity was signifi-
cantly associated with cognitive outcome. Importantly,
greater anterior hippocampal volumes and whole hippo-
campus functional connectivity were associated with
higher cognitive scores in the lowest SES group only.
However, maternal level of education did not predict hip-
pocampal volumes from EIL and TEA, suggesting that

SES-related differences in hippocampal development

© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 4. Hippocampal subregional volumes (A and B) as well as hippocampal functional connectivity (C) and 18-month cognitive outcome by
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association between anterior hippocampal volumes (A) and 18-month cognitive outcome, and that between hippocampal functional connectivity
(C) and 18-month cognitive outcome. mHC, mean total hippocampus; mWB, mean whole brain.

might evolve over time beyond the NICU period. Of
note, biological sex, an important factor for cognitive and
motor development in preterm neonates,””° did not sig-
nificantly modify these relationships.

Prior studies demonstrated that structural and func-
tional maturation of the hippocampus is related to neuro-
development in  children.'"'>'”!%*%° " Hippocampal
volumes were associated with cognitive performances in
healthy children and children with congenital heart
disease.”* Hippocampal functional connectivity from term
age to 1 year was shown to be predictive of working
memory at preschool age in healthy infants.'” Adverse
events such as stress exposure, pain or brain injury were
associated with alterations in the developmental trajecto-
ries of the hippocampus across different ages; these brain

© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

changes were accompanied by poorer neurodevelopmental
outcomes.”'!>1>171% Fyrthermore, alterations in cogni-
tive functional networks involving the hippocampus were
identified in preterm neonates at TEA relative to healthy
term-born infants.”> However, literature focusing on SES
as an effect modifier of hippocampal developmental tra-
jectories regarding cognitive outcome, especially in very
preterm neonates, is scarce.”'>'® A recent study in a large
normative cohort of children, adolescents, and young
adults demonstrated that SES was associated with cogni-
tive function and that this association was mediated by
anterior, but not posterior, hippocampal volumes.”> We
found that maternal education modified associations
between neonatal hippocampal volumes and 18-month
cognitive outcome with specificity for the anterior
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Table 4. Associations between Bayley-lll Cognitive Composite scores
at 18 months and hippocampus functional connectivity (mean hippo-
campus—mean whole brain and mean hippocampus—16 brain
regions involved in cognition) with an interaction term of SES (mater-
nal level of education) and sex.

Cognitive scores at
18 months (with
SES as interaction)
p Value global
interaction term

Cognitive scores at
18 months (with
sex as interaction)
p Value global
interaction term

Functional connectivity
mean hippocampus

Mean whole brain 0.050* 0.94
Superior frontal gyrus 0.046* 0.55
(dorsal and medial)
Inferior frontal gyrus 0.071* 0.91
(opercular) and inferior
frontal gyrus
(triangular)
Insula 0.008* 0.60
Anterior cingulate gyrus 0.021* 0.48
Middle cingulate gyrus 0.009* 0.78
Posterior cingulate gyrus 0.014* 0.96
Parahippocampal gyrus 0.019* 0.92
Amygdala 0.048* 0.98
Superior parietal gyrus 0.001* 0.98
Inferior parietal lobule 0.012* 0.93
Precuneus 0.047%* 0.62
Caudate 0.021* 0.74
Thalamus 0.008* 0.73
Superior temporal gyrus 0.005* 0.99
Middle temporal gyrus + 0.001* 0.49
inferior temporal gyrus
Temporal pole 0.019* 0.96

(superior) + temporal
pole (middle)

All models adjusted for gestational age at birth, sex, post-menstrual
age at scan, and motion. SES, but not sex, is a modifier of hippocam-
pal functional connectivity with cognitive outcome.

Abbreviation: SES, socioeconomic status.

*p value <0.1.

hippocampus. Similarly, maternal education was an
important modifier of the relationship between hippo-
campal functional connectivity and cognition.

Greater anterior hippocampal volumes and hippocam-
pal functional connectivity correlated with higher cogni-
tive scores in the lower SES group only. This relationship
was attenuated in higher SES groups and is consistent
with prior observations in independent cohorts using dif-
ferent methods.>**> Socioeconomic disparities in hippo-
campal development were most apparent among children
of parents with lower education attainment.” Similarly,
high SES attenuated the association between cognitive
outcome and brain injury in very preterm neonates.”
These findings highlight the importance of maternal edu-
cation as a modifier of volumetric and functional

J. Konrad et al.

development of the hippocampus in relation to cognition.
Acknowledging the significance of education and a stimu-
lating environment for neurodevelopment in preterm
infants will prompt health policy to expand its focus,
strengthening additional areas of support for caregivers
beyond the medical domain in order to more equitably
promoting optimal neurodevelopment.

The subregion specificity of the hippocampus in rela-
tion to SES and cognition merits further attention. Fol-
lowing the principle of long-axis differentiation in the
hippocampus, emotion, anxiety-related behaviors, and
encoding memory were attributed to the anterior, whereas
spatial memory was related to the posterior
hippocampus.**** Underlying mechanisms for different
developmental trajectories of hippocampal subregions are
microstructural, metabolic and cellular in nature.'>*>**
Data from animal models suggested subregional micro-
structural changes such as apical dendrite atrophy and
suppression of neurogenesis or cell proliferation in CA3 of
cornu ammonis and dentate gyrus in response to chronic
stress, which were found to coincide with hippocampal-
dependent learning and memory deficits.’® Anterior but
not posterior hippocampal volumes correlated positively
with annual family income in children and adolescents.”
These income-related anterior hippocampal volumetric
differences predicted neurodevelopment measured by the
strength of the gaps in memory and language.”> These
findings are consistent with those in the present study
relating SES and cognition with the anterior hippocampus.
We assessed functional connectivity of the whole hippo-
campus for two reasons. First, technical limitations in
measuring very small regions of interest made assessing
subregional functional connectivity challenging. Second,
neonatal functional connectivity of the hippocampus
showed a lack of long axis specialization with less differen-
tiated network patterns.”” The earliest age when functional
anterior—posterior specialization and an association
between subregional hippocampus networks and episodic
memory function were demonstrated was early
childhood.” These findings suggest that the subregional
specificity and stress sensitivity of the anterior hippocam-
pus to environmental and socioeconomic factors evolve as
early as preterm age for structural maturation.

Multiple studies linked lower SES with reduced hippo-
campal volumes in children 3 years and older."”'"*>%
SES was associated with brain development and altered
hippocampal volumes in healthy term born neonates.’®
Likewise, an association between parental education and
altered in vivo fetal brain development has been
described,” suggesting that SES may influence structural
brain development even before birth. While evidence
strongly suggests a correlation between SES and brain vol-
umes in early infancy,"”**?” few studies did not observe
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this association with whole brain or white matter
volume.?”®° Recently, a study in preterm neonates exam-
ined the impact of birth GA and SES on brain develop-
ment and found, that lower birth GA was associated with
widely distributed differences in brain structure and corti-
cal morphology at TEA, whereas changes associated with
maternal education were less widely distributed.”” One
study in healthy term-born infants even reported an
opposite finding with lower SES being associated with
increased regional brain volumes.®'

Our study is the first to examine subregional hippocam-
pal volumes from the early-life period to term and their
associations with SES in very preterm neonates. We did
not find that maternal education directly predicts hippo-
campal subregional volumes. Reasons for this might be
multifactorial. First, the distribution of maternal education
in our cohort appeared quite homogeneous, with a sub-
stantial proportion of mothers having obtained a college
or undergraduate degree. This observation aligns with data
from the Canadian census, despite a slight underrepresen-
tation of mothers with a high school diploma.®” The rela-
tively low number of infants born to mothers with either a
high school or postgraduate degree may account for the
absence of direct relationships between SES and hippo-
campal volumes in our analysis. Moreover, direct relation-
ships between SES and hippocampal volumes may emerge
over time, given that equal access to specialized health care
was provided by a publicly funded health care system in
contrast to other studies. More equitable NICU treatment
may mitigate the association of differences in family sup-
port with brain development. Finally, additional factors
beyond maternal education may need to be further
explored to better elucidate the absence of a direct associa-
tion between SES and hippocampal volumes. In this study,
we used maternal level of education as a reliable measure
for SES based on our prior work and existing literature.>*’
Different measures of SES in other studies may have con-
tributed to differences in findings related to neurodevelop-
mental outcomes and brain development.“>>**>° Further,
individual differences in health status in our cohort of
very preterm neonates need to be acknowledged when
comparing the relationship between SES and hippocampal
volumes with normative cohorts.*>>*>°

Sex is recognized as an important predictor of volu-
metric and microstructural brain development.”**® Stud-
ies reported sex-related volumetric differences in the
developing hippocampus with boys having larger hippo-
campal volumes than girls.* How these sex-specific volu-
metric  hippocampal trajectories are related to
neurodevelopmental neonates
unclear. In a recent study examining functional connec-
tivity between very preterm and full-term neonates, very
preterm boys were shown to have greater alterations in

outcomes in remain
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resting neurophysiological network communication and
significant group differences from their full-term peers
compared to girls.°® In our study, we did not find sex to
modify the relationship between hippocampal structural
and functional development with 18-month cognition in
very preterm neonates. Our findings reinforce the need
for more attention to environmental factors reflected in
SES as they relate to hippocampal development and cog-
nition in preterm children. Given the distinct functional
contributions of anterior and posterior hippocampus in
memory processes and representations, it is important to
look at the relationship of specific memory functions in
later childhood and adolescence and regional specific hip-
pocampal volumes.

Given the COVID-19 pandemic, our in-person follow-up
rate was 74%. Yet, those attending follow-up were represen-
tative of the entire cohort (Table 2). Due to technical limita-
tions, functional connectivity analysis was only achieved on
the whole hippocampus. However, this second neuroimag-
ing modality allowed us to address structural and functional
development of the hippocampus more comprehensively.
Direct clinical measures of stress, such as blood cortisol
levels or maternal cytokine exposure, could permit deeper
insights into stress-induced hypothalamic—pituitary—adre-
nal (HPA) axis hippocampal metabolism.'®'"*® Given that
maternal education is a robust SES indicator within indi-

. s 3338
vidual families,

it served as a reliable proxy for SES in
our study, as well as in other preterm and normative
cohorts.>”* 7 Maternal education correlates highly with
other measures of SES.°® Of note, in additional post hoc
analyses we found that SES relationships were unrelated to
neighborhood environment and neighborhood income. It
is crucial to note that neighborhood data utilized were not
deeply phenotyped as we were able to access rural and
urban local and neighborhood-based income metrics using
the first three digits of families’ postal codes. No neighbor-
hood met the criteria for classification as a “low-income
neighborhood,” potentially further affecting the generaliz-
ability of results. We acknowledge that other socioeconomic
indicators besides maternal education, like the Area Depri-
vation Index or family income, likely play a crucial role
shaping children’s brain development and cognition. There
is increasing evidence supporting the importance of family
income in children’s cognitive development.”**>%7 A
recent study investigating the role of family-level versus
neighborhood-level SES measures on brain development in
preterm infants found, that family-level SES measures were
more closely associated with brain structure, underscoring
the role of genetic determinants of brain anatomy, exposure
to stress, nutrition and other factors that influence brain
development, which are not fully captured by neighbor-
hood deprivation.”® In another study, neighborhood pov-
erty, as measured by Area Deprivation Index, correlated
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with lower cognitive scores and decreased regional brain
volumes including the right hippocampus, even after
adjusting for individual family income.®® Ongoing
research is dedicated to identify these SES-related factors,
revealing its multifaceted impacts on brain development
and children’s cognitive abilities through various
pathways,>>?**3%4068 Qur findings, along with others,
emphasize the need for political interventions addressing
not only education, but also income and neighborhood
support.

In conclusion, this study highlights the anatomical
specificity of the anterior hippocampus in relation to
SES-linked differences in cognition starting as early as
preterm age. These findings suggest that the pathways
linking hippocampal structural and functional develop-
ment and cognition are related to aspects of SES beyond
the time frame of neonatal care. Identifying key factors
mediating the complex relationship of the regionally spe-
cific association between anterior hippocampal volumes,
hippocampal functional connectivity, cognition, and SES
is an important next step to mitigate SES-related gaps in
altered brain development and to attenuate disparities for
preterm neonates. These steps will ultimately help achieve
optimal care for neonates born very preterm and promote
their neurodevelopment more equitably.
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