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Abstract

Cortical thickness (CT) and surface area (SA) vary widely between individuals and are associated with intellectual ability and
risk for various psychiatric and neurodevelopmental conditions. Factors influencing this variability remain poorly
understood, but the radial unit hypothesis, as well as the more recent supragranular cortex expansion hypothesis, suggests
that prenatal and perinatal influences may be particularly important. In this report, we examine the impact of 17 major
demographic and obstetric history variables on interindividual variation in CT and SA in a unique sample of 805 neonates
who received MRI scans of the brain around 2 weeks of age. Birth weight, postnatal age at MRI, gestational age at birth, and
sex emerged as important predictors of SA. Postnatal age at MRI, paternal education, and maternal ethnicity emerged as
important predictors of CT. These findings suggest that individual variation in infant CT and SA is explained by different
sets of environmental factors with neonatal SA more strongly influenced by sex and obstetric history and CT more strongly
influenced by socioeconomic and ethnic disparities. Findings raise the possibility that interventions aimed at reducing
disparities and improving obstetric outcomes may alter prenatal/perinatal cortical development.
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Introduction those occurring in the pre- or perinatal period, have pervasive

Cortical thickness (CT) and surface area (SA) are two indepen-
dent components of cortical volume most commonly studied
using structural magnetic resonance imaging (MRI). Although
both measures change dynamically across the lifespan (Storsve
et al. 2014; Lyall et al. 2015; Remer et al. 2017; Tamnes et al.
2017) recent research suggests that early-life events, especially

and long lasting effects (Raznahan et al. 2012; Walhovd et al.
2012; Walhovd et al. 2016b). Pre- and perinatal events may be
especially important for atypical development as small differ-
ences early in life can have cascading effects on later outcomes
(Karmiloff-Smith 1998; Masten and Cicchetti 2010). Notably,
many neuropsychiatric disorders are characterized by altered
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global and/or regional CT and SA including schizophrenia and
bipolar disorder (Rimol et al. 2012), autism (Ohta et al. 2016;
Yang et al. 2016), and attention deficit and hyperactivity disor-
der (Silk et al. 2016).

Current theories of cortical development also point to the
prenatal period as a foundational period in the emergence of
individual differences in CT and SA. According to the radial
unit hypothesis, differences in global and regional SA are
driven by the number of cortical columns generated during the
early embryonic period, while differences in CT are attributed
to the number and size of cells within a column, packing den-
sity, and numbers of neuronal processes, glial processes, and
synapses, features which arise primarily during the fetal and
perinatal periods (Rakic 1995, 2009). More recently, a supragra-
nular layer expansion hypothesis has been proposed which
posits that outer radial glial (0RG) cells play a critical role in
radial and tangential expansion of supragranular layers in pri-
mates with potential implications for individual differences in
CT and SA (Nowakowski et al. 2016). Throughout the prenatal
and early postnatal developmental window, these processes
are influenced by tightly regulated patterns of gene expression
and environmental signals (Kandel et al. 2013). How these fac-
tors influence individual variation in early CT and SA is not
well understood.

In this paper, we report the first large scale neuroimaging
study of environmental influences on CT and SA during
infancy. Our aim was to understand how 17 major demo-
graphic and medical history variables affect neonatal CT and
SA. Studying infants allows us to determine pre- and perinatal
variables of interest with a high degree of accuracy and reduces
potential confounding effects that can arise when studying
children or adults, where pre- and perinatal variables of inter-
est may be correlated with later environmental exposures.
Previous work by our group (Knickmeyer et al. 2017) revealed
that age, sex, gestational age at birth, and birth weight are
highly significant predictors of neonatal brain volumes, but did
not assess CT and SA. Based on the theories of cortical develop-
ment reviewed above, we hypothesized that different sets of
environmental factors would impact CT and SA. Additionally,
based on previous findings relating birth weight, sex, and socio-
economic status (SES) to cortical structure in later childhood/
adulthood (Raznahan et al. 2011, 2012; Walhovd et al. 2012;
Wierenga et al. 2014; Noble et al. 2015), we hypothesized that
these environmental influences would determine individual
variation in SA to a greater extent than CT. Given that many
complex psychiatric diseases are the end result of altered neu-
rodevelopmental trajectories that commence in prenatal and
early postnatal life (Wolff and Piven 2014; Birnbaum et al. 2015),
our investigation of environmental influences on neonatal CT
and SA represents a fundamental step in developing public
health interventions to optimize early cortical development
and reduce risk for later mental illness.

Materials and Methods
Subjects

Our study included 805 neonates (434 twins, 371 singletons; 429
males, 376 females) between the ages of 6 and 144 days post
birth, drawn from two prospective longitudinal studies of early
brain development being carried out at the University of North
Carolina (UNC) at Chapel Hill (Gilmore et al. 2010a, 2010b, 2012).
Pregnant mothers were recruited from outpatient obstetrics
and gynecology clinics in central North Carolina. Women with

major medical illnesses or abnormal fetal ultrasounds were
excluded at enrollment. Maternal reports were used to deter-
mine parental demographic information such as maternal age,
paternal age, paternal ethnicity, maternal ethnicity, maternal
psychiatric history, and paternal psychiatric history and SES
variables such as maternal education, paternal education, and
household income. Psychiatric history variables were also
determined using medical record review. Both maternal and
paternal psychiatric history were categorized and binarized
such that individuals were considered positive for psychiatric
history if they reported a diagnosis in any of the following
DSM-V categories, or if medical record review indicated such a
diagnosis: schizophrenia spectrum and other psychotic disor-
ders, bipolar and related disorders, depressive disorders, anxi-
ety disorders, obsessive-compulsive and related disorders,
attention-deficit hyperactivity disorders, Tourette’s syndrome,
or autism-spectrum disorders. A breakdown of these categories
in our sample is available in Supplementary Table 1. Maternal
smoking during pregnancy was also collected using maternal
reports. Labor, delivery, and pediatric medical records were
used to collect obstetric variables such as birth weight, gesta-
tional age at birth, 5min APGAR scores, stay in neonatal inten-
sive care unit over 24h, gestation number, and delivery
method. Detailed demographic information can be viewed in
Table 1. After complete description of the study to subjects’
parent(s), written informed consent was obtained. Study proto-
cols were approved by the Institutional Review Board of the
UNC School of Medicine.

Image Acquisition

MRI images were obtained using either a Siemens Allegra head-
only 3T scanner (N = 673) or a Siemens TIM Trio 3T scanner
(N = 132) (Siemens Medical System, Inc., Erlangen, Germany)
during unsedated natural sleep. Subjects were fitted with ear-
plugs and secured into a vacuum-fixed immobilization device
prior to the scan. Heart rate and oxygen saturation were moni-
tored using a pulse oximeter. Proton density and T2 weighted
structural images were acquired on the Allegra using a turbo-spin
echo sequence (TSE, TR = 6200 ms, TE1 = 20 ms, TE2 = 119 ms, flip
angle = 150°, spatial resolution = 1.25mm x 1.25mm x 1.95mm,
N = 287, sequence name = Typel). For neonates who were
deemed unlikely to sleep through the scan session, a “fast”
turbo-spin echo sequence was collected on the Allegra using a
decreased TR, a smaller image matrix, and fewer slices (TSE, TR
range = 5270 ms-5690 ms, TE1 range = 20 ms-21ms, TE2 range =
119 ms-124 ms, flip angle = 150°, spatial resolution = 1.25mm X
1.25mm x 1.95mm, N = 386, sequence name = Type2). For the
Trio, subjects were initially scanned using a TSE protocol (TR =
6200ms, TE1 = 17, TE2 = 116 ms, flip angle = 150°, spatial res-
olution = 1.25mm x 1.25mm x 1.95mm, N = 12, sequence
name = Type3) while the rest were scanned using a 3-D T2 SPACE
protocol (TR = 3200 ms, TE = 406, flip angle = 120°, spatial resolu-
tion = Imm x 1mm X 1mm, N = 120, sequence name = Type4).
We determined that sequence parameters had a significant
influence on both CT and SA (see Supplementary Methods
and Supplementary Tables 2 and 3) and therefore included T2
sequence name (Typel-Type4) as a covariate in all of the analy-
ses described in this study.

Image Analysis

CT and SA measures were derived for all subjects using a pipe-
line previously described by Li et al. (2016). All MR images were
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Table 1 Descriptive statistics for demographic and medical history variables

Continuous variables Average SD Min Max
Birth weight 2843.511 706.544 790 4820
Gestational age at birth 261.195 19.082 192 295
Postnatal age at MRI 30.64 16.871 6 144
5min APGAR score 8.72 0.693 3 10
Maternal education 15.05 3.464 0 26
Paternal education 14.86 3.488 0 26
Maternal age 29.858 5.585 16 47
Paternal age 32.379 6.553 17 64
Categorical variables N %
NICU stay > 24h No 635 79

Yes 170 21
Sex Male 429 53

Female 376 47
Delivery method Vaginal 382 47

C-section 423 52
Household income High 238 30

Mid 217 27

Low 299 37

Missing 51 6
Maternal ethnicity Caucasian 612 76

African American 173 21

Asian 17 2

Native American 3 <1
Paternal ethnicity Caucasian 588 73

African American 184 23

Asian 26 3

Native American 7 1
Gestational number Singleton 371 46

Twin 434 54
Maternal psychiatric history No 508 63

Yes 297 37
Paternal psychiatric history No 714 89

Yes 91 11
Maternal smoking No 738 92

Yes 67 8
T2 sequence type Typel 287 36

Type2 386 48

Type3 12 1

Type4 120 15

preprocessed for tissue segmentation using a standard infant-
specific pipeline (Li et al. 2013). Specific steps included skull
stripping and manual editing of non-brain tissue, removal of the
cerebellum and brain stem, and corrections for intensity inho-
mogeneity. Gray matter (GM), white matter (WM), and cerebro-
spinal fluid (CSF) were segmented by applying a standalone
infant-specific patch-driven coupled level sets method (Wang
et al. 2014). Non-cortical regions were masked and tissues were
divided into the left and right hemispheres. A deformable sur-
face method (Li et al. 2012, 2014) was applied to the tissue seg-
mentations in order to reconstruct the inner, middle, and outer
cortical surfaces. This method involved a topological correction
of WM volume to ensure spherical topology, a tessellation of the
corrected WM to generate a triangular mesh, and the deforma-
tion of the inner mesh towards the reconstruction of each corti-
cal surface while preserving the initial topology. All inner,
middle, and outer surfaces for the left and right hemispheres
were visually examined for accurate mapping.

The inner surface was defined as the boundary between
gray and white matter and the outer surface as the boundary

between the gray matter and CSF. A third, middle cortical sur-
face was defined as the layer lying in the geometric center of
the inner and outer surfaces of the cortex. CT was computed
for each vertex as the average value of the minimum distance
from the inner to the outer surfaces and the minimum distance
from the outer to the inner surfaces. SA was computed based
on the central cortical surface. The cortical surface was parcel-
lated into 78 regions of interest based on an infant-specific 90
region parcellation atlas (Tzourio-Mazoyer et al. 2002; Gilmore
et al. 2012) as shown in Figure 1. Twelve regions represent sub-
cortical structures and were therefore not examined. The aver-
age CT and total SA were calculated for each ROI based on
corresponding values at each vertex.

Statistical Analysis

Parental demographic and medical history variables included
maternal age, paternal age, maternal education, paternal edu-
cation, maternal ethnicity, paternal ethnicity, maternal psychi-
atric history, paternal psychiatric history, total household
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Figure 1. The 78 cortical regions of interest from the AAL atlas (Tzourio-Mazoyer et

location, Heschl’s gyrus is not visible.

income, and maternal smoking during pregnancy. Infant demo-
graphic variables included sex, birth weight, gestational age at
birth, postnatal age at MRI, 5 min APGAR scores, stay in neona-
tal intensive care unit over 24 h, gestation number, and delivery
method. See Supplementary Table 4 for a correlation matrix of
predictor variables (continuous and binary). See Supplementary
Table 5 for a comparison of demographic variables between
Caucasian and African American subjects. See Supplementary
Table 6 for a comparison of demographic variables by income.
To examine the effects of these variables on individual differ-
ences in neonatal CT and SA, we applied a moment-based
method to select fixed effects in a linear mixed effects model
(Ahn et al. 2012; Knickmeyer et al. 2017). For the selection of
fixed effects, an adaptive lasso penalty was applied with all
twin pairs treated as repeated measures. Variable selection was
run separately for each outcome (total SA, average CT, 78
regional CT measures, 78 regional SA measures). Results were
bootstrapped 1000 times to ensure stable results. Variables
were considered to be important predictors for a specific out-
come if they were selected more than 800 times for that out-
come (an inclusion frequency of 80%). T2 sequence type was
included as a fixed variable when model selection was run for
all SA and CT measures. To account for overall brain size, total
SA was also fixed for all regional SA model selections and the
cubed root of intracranial volume (a sum of gray matter, white
matter and cerebrospinal fluid) was fixed in the model selection
for average and regional CT.

In the variable selection method, there are only two out-
comes: a variable is included or not. Thus, after variable selec-
tion, linear mixed effects models were run using the selected
variables for each region independently. These “selected mod-
els” were used to perform significance testing and to generate
effect sizes and r? values. Mixed effects models were also run
including all variables for comparison, these are termed “full
models”. To account for familial relatedness within monozy-
gotic (MZ) and dizygotic (DZ) twins, we used a standard ACE
model described in Xia et al. (2014), which includes additive
genetic effects (A), common environmental effects (C) and ran-
dom environmental effects (E) (see Supplementary Methods for
more details). For all regional analyses, adjustments for multi-
ple comparisons were made using Benjamini & Hochberg
method. FDR < 0.05 was considered significant for each region
of interest.
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al.,, 2002) projected onto a representative neonatal brain. Due to its anatomical

Sensitivity Analyses

The following sensitivity analyses were performed: (1) Model
selections for CT and SA were run without adjusting for overall
brain size. (2) In order to identify any effects of gestational
number, selected models for CT and SA were performed sepa-
rately for twins and singletons. (3) Selected models were run
replacing paternal education with maternal education. (4)
Selected models were also run replacing maternal ethnicity
with paternal ethnicity.

Results

Results reported below in the average CT, regional CT, total
SA, and regional SA sections are those generated using the
adaptive lasso and selected models adjusting for global brain
size.

Average CT

Postnatal age at MR, paternal education, and maternal ethnic-
ity emerged as important predictors of average neonatal CT
(Table 2). Postnatal age at MRI showed a positive relationship,
with average CT (Fig. 2a) increasing 0.09% every day. Paternal
education was negatively associated with average CT. With every
additional year of paternal education, there was a 0.13% decrease
in average CT. Significant associations between CT and mater-
nal ethnicity likely reflect differences between Caucasian and
African American mothers as these make up the majority of
the sample. Compared to offspring of Caucasian mothers, off-
spring of African American mothers showed 1.4% larger aver-
age CT, offspring of Asian mothers showed 0.45% larger
average CT, and offspring of Native American mothers showed
0.29% smaller average CT.

Regional CT

Postnatal age at MRI, gestational age at birth, maternal ethnicity,
and paternal education emerged as important predictors of
regional CT in at least 10% of regions examined (Supplementary
Table 7). Postnatal age at MRI showed positive associations with
regional CT (Fig. 3, Supplementary Table 8). Specifically, older
babies had thicker cortices in the pre- and postcentral gyri, right
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Table 2 Selected models for global cortical thickness and surface area

1143

Region of interest R? Predictors Beta r? q-value Relative difference

Average CT 0.52 Intercept 1.14E+00
Postnatal age at MRI 1.64E-03 1.77E-01 6.67E-44 0.09%
Paternal education —2.44E-03 1.67E-02 3.26E-06 -0.13%
Maternal ethnicity - Asian 8.66E-03 3.58E-04 3.39E-08 0.45%
Maternal ethnicity — African American 2.74E-02 2.91E-02 1.40%
Maternal ethnicity — Native American —-5.44E-03 2.53E-05 —-0.29%
Icv 3 9.59E-03 1.87E-01 4.24E-49 0.50%
T2 Sequence Type (Typel vs Type2) 3.62E-03 7.53E-04 8.12E-01 0.19%
T2 Sequence Type (Typel vs Type3) 2.73E-03 2.52E-05 0.14%
T2 Sequence Type (Typel vs Type4) —-1.86E-03 1.01E-04 -0.10%

Total SA 0.51 Intercept -2.11E+02
Birth weight 5.70E+00 1.89E-01 3.98E-24 3.6%%
Gestational age at birth 2.78E+02 3.29E-01 1.78E-26 0.35%
Postnatal age at MRI 4.08E+02 5.52E-01 1.16E-67 0.51%
Sex —3.06E+03 2.71E-02 1.69E-10 3.90%
T2 sequence type (Typel vs Type2) 7.39E+02 1.59E-03 3.76E-01 0.93%
T2 sequence type (Typel vs Type3) —-1.26E+03 2.72E-04 -1.59%
T2 sequence type (Typel vs Type4) 4.33E+02 2.73E-04 0.55%

#Per 500 g for birth weight.

supplementary motor area, right middle cingulate gyrus, insula, Total SA

and portions of the lateral frontal, occipital, and parietal lobes.
Gestational age at birth showed negative associations with
regional CT (Fig. 3, Supplementary Table 9). Earlier born babies
had thicker cortices in the medial and lateral frontal lobe, super-
ior and middle temporal poles, right hippocampal gyrus, and
postcentral gyrus. Paternal education also showed a negative
association with regional CT (Fig. 4, Supplementary Table 10).
Higher paternal education was associated with thinner cortices
in superior frontal, middle frontal, and middle orbital frontal
gyri as well as in the right inferior frontal pars triangularis, right
medial superior frontal gyrus, right olfactory region, and right
middle temporal gyrus.

Associations between maternal ethnicity and regional CT
likely reflect differences between infants of Caucasian and
African American mothers as these make up the majority of
the sample (Fig. 5, Supplementary Table 11). Compared to off-
spring of Caucasian mothers, offspring of African American
mothers had thicker cortices in bilateral postcentral gyri,
superior parietal lobules, precuneus, and the supramarginal
gyri, as well as the right precentral gyrus, insula, inferior pari-
etal lobule, supplementary motor area, and rolandic opercu-
lum. Compared to offspring of Caucasian mothers, offspring of
Asian mothers had thicker cortices in the right precentral gyrus,
rolandic operculum, supramarginal gyrus, insula, and precuneus
as well as the left superior parietal lobule. Offspring of Asian
mothers had thinner cortices in the postcentral gyrus, right
superior parietal lobule, right inferior parietal lobule, right sup-
plementary motor area, left supramarginal gyrus, and left precu-
neus. Compared to offspring of Caucasian mothers, offspring of
Native American mothers had thicker cortices in the precuneus,
left postcentral gyrus, right rolandic operculum, right supra-
marginal gyrus, right supplementary motor area, and right
insula, and thinner cortices in the right precentral and post-
central gyri, superior parietal lobule, right inferior parietal lob-
ule, and right supramarginal gyrus. Sex, birth weight and
gestational number emerged as important predictors of aver-
age CT in a small number of cortical regions. These results can
found in Supplementary Table 12.

Birth weight, gestational age at birth, postnatal age at MRI, and
sex emerged as the most important predictors of total SA
(Table 2 and Supplementary Table 13). Birth weight showed a
strong positive association with total SA. For every 500 g increase
in birth weight, there was a 3.6% increase in overall cortical SA.
Gestational age at birth and postnatal age at MRI also showed
strong positive associations with total SA (Fig. 2b,c). Total SA
increased 0.35% for every additional day in the womb and 0.51%
for every postnatal day. Additionally, sex was a significant pre-
dictor of total SA, with males having 3.9% larger cortical surfaces
than females.

Regional SA

We found postnatal age at MRI, birth weight, paternal ethnicity,
maternal ethnicity, sex, and gestational age at birth to be
important predictors of regional SA in a small number of ROIs.
These results can found in Supplementary Tables 14 and 15.

The following did not emerge as important predictors of
neonatal CT and SA at either the global or regional level:
APGAR scores at 5min, delivery method, maternal education,
total household income, maternal age, paternal age, maternal
psychiatric history, paternal psychiatric history, and NICU stay
over 24 h. Results of full mixed effects models containing all
possible predictors (Supplementary Tables 16-17) were highly
similar to results using the adaptive lasso. Exceptions included
birth weight and maternal ethnicity, which did not emerge as
significant predictors of regional CT in the full mixed models.
Additionally, gestational age at birth, sex, and birth weight
were significant predictors of regional SA in the full model but
did not appear in the adaptive lasso.

Sensitivity Analyses

In an additional analysis, without adjustments for overall brain
size, significant predictors for regional CT were similar to those
in the primary analysis (Supplementary Table 18). For regional
SA, we identified postnatal age at MRI, gestational age at birth,
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Figure 2. Age at MRI plotted against average CT (a), age at MRI plotted against
total SA (b), and gestational age at birth plotted against total SA (c) for all indi-
vidual subjects.

birth weight, gestation number, and sex as important predictors
in widespread regions of the cortex (Supplementary Table 19).
For selected models run separately in twin and singleton sub-
groups, beta values and directions of effect were similar to those
observed in the primary analysis (Supplementary Tables 20 and

21 for singletons and Supplementary Tables 22 and 23 for
twins). Overall patterns of results were also similar when
paternal education was replaced with maternal education
(Supplementary Table 24) and when maternal ethnicity was
replaced with paternal ethnicity (Supplementary Table 25) in
our selected models of CT.

Discussion

To our knowledge, this study is the first to examine environ-
mental influences on CT and SA in a large normative sample of
neonates. Our findings build on our previous work examining
the influences of obstetric, demographic, and socioeconomic
factors on neonatal brain volumes (Knickmeyer et al. 2017) and
provide a more refined account of how these factors impact
early cortical development.

We found that the cortical surface expanded 0.51% and CT
increased 0.09% daily between the ages of 6 and 144 days post
birth. These results capture extremely rapid expansion and
growth of the cortex during early postnatal development, likely
driven by dendritic development, synaptogenesis, and, gliogen-
esis, as well as complex patterns of cortical connectivity and
cortical folding (Stiles 2008). By comparison, annual growth
rates during middle and late childhood reach maximum values
of only 0.005% and 0.015% for CT and SA, respectively
(Raznahan et al. 2011). We also found that CT growth patterns
were regionally heterogeneous, with primary visual, motor, and
auditory regions representing some of the fastest growing corti-
ces after birth. This is consistent with longitudinal studies of
CT, SA (Li et al. 2015; Lyall et al. 2015), and cortical volume dur-
ing early brain development (Gilmore et al. 2012) that also
show heterogeneous patterns of growth across the cortex.
Specifically, sensory and motor regions are shown to mature
earlier during development compared to regions involved with
higher order integrative functions. Similar hierarchical organi-
zation is observed in older children and adolescents, with sen-
sory and motor regions reaching their peak thickness values
earlier than association cortices (Sowell et al. 2004; Shaw et al.
2008). While our results were in line with these reports, faster
growing cortices also included association regions within orbi-
tofrontal and prestriate cortex. This suggests there are complex
patterns of CT growth after birth in both primary sensory and
association regions. This notion is supported by our previous
assessments of global brain volumes which also revealed rapid
postnatal brain development and complex regional growth pat-
terns (Knickmeyer et al. 2017). Given minimal regional differ-
ences in gene expression during infancy (Pletikos et al. 2014),
heterogeneous patterns of CT growth observed in our sample
may reflect post-transcriptional processes and activity-
dependent mechanisms sensitive to environmental input.
Interestingly, we observed nominal regional heterogeneity in
SA growth during this time period.

We found that gestational age at birth had opposing effects
on SA and CT (positive and negative associations respectively).
In keeping with published studies showing reduced cortical SA
during infancy (Engelhardt et al. 2015) and childhood (Lax et al.
2013; Rogers et al. 2014; Zhang et al. 2015) in infants born pre-
term, total SA was larger in later born babies. During the late
fetal stage, there is rapid growth in brain size driven by the
accelerated development of cortical SA relative to cortical vol-
ume (Kapellou et al. 2006). This is likely influenced by the
development of sulci, gyri, and corticocortical connectivity. Our
results suggest that being born early disrupts these processes,
even in children that are not technically premature (>37
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Figure 3. Significant associations between regional CT and postnatal age at MRI and gestational age at birth shown as percent change by day. Postnatal age at MRI
ranges from 6 to 144 days and gestational age at birth ranges from 192 to 295 days. Regions where postnatal age at MRI and gestational age at birth did not emerge as
important predictors in the variable selection are shown in white; these regions were not included in the selected models. Subcortical regions are in gray and were

not analyzed.
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Figure 4. Regions having significant (negative) associations between CT mea-
sures and paternal education are presented onto the cortical surface. The per-
cent difference in CT for every additional year of paternal education is
indicated by the color bar. Regions where paternal education did not emerge as
an important predictor in the variable selection are shown in white; these
regions were not included in the selected models. Regions in gray were not
analyzed.

weeks). In contrast to SA, later born babies had thinner cortices
in widespread regions of the frontal lobe as well as the postcen-
tral gyrus, precuneus, and the temporal poles. This finding sug-
gests that exposure to the postnatal environment in earlier
born babies may alter growth of the cortical mantle in these
regions. Compared to the intrauterine environment, the extra-
uterine environment is rich in sensory information and could
promote synaptogenesis and complex dendritic morphology,
leading to accelerated growth of the cortex. In fact, findings of
smaller brain volumes in later born babies in our previous
study (Knickmeyer et al. 2016) may be related to the rapid CT
growth we observe in this current study. Alternatively, thicker
cortices in earlier born babies may reflect cortical overgrowth
resulting from disrupted apoptotic mechanisms which nor-
mally take place late in gestation. Thicker cortices in earlier
born babies compared to later born babies may also reflect a
lack of maturation of the underlying white matter (Keunen
et al. 2016) which would influence tissue classification during
automated MRI segmentation protocols. The intrauterine

environment is critical for the organization of axonal pathways
and the processes of premyelination and myelination that
begin during the second half of pregnancy and are likely inter-
rupted as a result of preterm birth (Qiu et al. 2015). Additional
studies assessing white matter microstructure and myelination
would help clarify the biological mechanisms underlying these
findings.

Overall, the opposing effects of gestational age at birth on
CT and SA reaffirm the conceptualization of CT and SA as rela-
tively independent phenotypes. This conceptualization is fur-
ther supported by our finding that individual variation in infant
CT and SA is explained by different sets of environmental fac-
tors. Sex and obstetric history variables (especially birth weight)
had a strong influence on neonatal SA whereas variables
related to SES and ethnic disparities (paternal education and
maternal ethnicity) had a strong influence on CT. Observed dif-
ferences are in keeping with twin studies which consistently
report CT and SA to be genetically independent (Jansen et al.
2015), and with current theories of prenatal cortical develop-
ment. In particular, the radial unit hypothesis (Rakic 2009) sug-
gests that the number of cortical minicolumns determines the
size of the cortical surface and that the number of minicolumns
depends on the rate of cell proliferation and/or programmed
cell death within symmetrically-dividing radial glial cells of the
ventricular zone (VZ). Differences in CT are ascribed to changes
in proliferation kinetics of asymmetrically dividing neural pro-
genitor cells, as well as to changes in the size of neurons and
the amount of tissue situated between neuronal cell bodies,
which is itself composed of neuronal and glial processes
including dendrites, dendritic spines, axon terminals, and syn-
apses (Rakic 1995, 2009). Additionally, the recently proposed
supragranular layer expansion hypothesis suggests that at
midneurogenesis, radial glial scaffolds become discontinuous
(Nowakowski et al. 2016). During this discontinuous phase,
self-renewing divisions of oRG cells increase the SA of supra-
granular layers, while neurogenic divisions of oRG cells
increase the thickness of these layers.

Our findings regarding birth weight and sex are similar to
studies in older children and adults, which reveal males and
heavier born babies have larger SA but not CT (Raznahan et al.
2011, 2012; Walhovd et al. 2012, 2016a, Wierenga et al. 2014).
Sex and birth weight were also significant predictors of global
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Maternal Ethnicity:
Caucasian vs. African American

Maternal Ethnicity:
Caucasian vs. Asian

Maternal Ethnicity:
Caucasian vs. Native American

Figure 5. Significant associations between regional CT and maternal ethnicity are projected onto the cortical surface. Negative percent differences represent thinner
cortices in infants of Caucasian mothers and positive percent differences show thicker cortices in infants of Caucasian mothers. Regions where maternal ethnicity
did not emerge as an important predictor in the variable selection are shown in white; these regions were not included in the selected models. Regions in gray were

not analyzed.

brain volumes in our previous study (Knickmeyer et al. 2016),
further confirming the importance of these prenatal factors
during early brain development. Keeping the above neurodeve-
lopmental hypotheses in mind, the positive association of birth
weight with SA may reflect the influence of genetic potential
for growth, maternal nutrition and metabolism, endocrine fac-
tors, and placental perfusion and function on proliferation and
apoptosis of radial glial cells, as well as on self-renewing divi-
sions of oRG cells, and, in late pregnancy, the development of
corticocortical connectivity. Larger total SA in males may reflect
the influence of gonadal steroids on these same processes. It is
notable that testosterone secretion in male fetuses is highest
between weeks 14 and 18 (Prince 2001), encompassing the latter
portion of the continuous scaffold stage and the early portions
of the discontinuous scaffold stage.

The association between paternal education and CT may
reflect the father’s ability to provide psychosocial resources
during pregnancy and the early postpartum period, support
healthy maternal behaviors, reduce stress, and provide greater
cognitive stimulation in the home (Blumenshine et al. 2011,
Shapiro et al. 2017). All of these factors may influence asym-
metrically dividing neural progenitor cells, neurogenic divisions
of oRG cells, synaptogenesis, and the formation/elaboration of
neuronal and glial processes during development. Alternatively,
associations between neonatal CT and paternal education could
be driven by genetic influences. Given the rapid rates of CT
growth observed in our study, it is somewhat surprising that
this association is negative such that infants of more educated
fathers have thinner cortices, especially in the frontal lobes.
With that said, our findings are in keeping with previous work
showing negative correlations between CT and intelligence dur-
ing early childhood (Shaw et al. 2006). These findings have led to
the hypothesis that children with higher IQs have more pro-
longed maturation of higher order regions. Thus, we hypothe-
size that infants born to more educated fathers may
experience a slower, more extended developmental window
of the frontal lobe that may be advantageous to later cognitive
outcomes. It is also possible that thinner cortices in offspring
of highly educated fathers reflect changes in image contrast
caused by the myelination of underlying white matter (Sowell
et al. 2004). Notably, environmental enrichment and social
interactions promote oligodendrocyte lineage development
and myelination (Tomlinson et al. 2016). Supporting this
hypothesis, we previously found that higher paternal educa-
tion is associated with larger overall white matter volume in
neonates (Knickmeyer et al. 2016).

We observed that offspring of African American mothers had
thicker cortices in parietal regions involved in somatosensory
processes and sensory integration compared to offspring of
white mothers. However, we note that these associations were
not significant in the full mixed effects models. Furthermore,
maternal ethnicity was not an important predictor of global
brain volumes in this sample of neonates (Knickmeyer et al.
2016). Associations between maternal ethnicity and CT may
reflect genetic differences and/or the influences of environmen-
tal factors associated with the sociocultural construct of race/
ethnicity on the cellular processes described above. Additional
studies are needed to determine whether these associations are
robust and if they are temporary or represent persistent altera-
tions with functional consequences. Furthermore, to effectively
develop interventions aimed at optimizing infant brain devel-
opment, future studies must delineate specific mechanisms
underlying these associations. Specific variables that may be
of importance include psychosocial stress, exposure to envi-
ronmental pollutants, and reduced access to/utilization of pre-
natal care, which may be more common among racial and
ethnic minorities (Grobman et al. 2016; Lorch and Enlow 2016).
These variables were not assessed in the current study, but
when comparing infants of Caucasian and African American
(AA) mothers, we did observe significant differences in birth
weight, maternal and paternal education, and maternal age
(all lower in AA), in NICU stay greater than 24 h, maternal psy-
chiatric history, and maternal smoking (all more common in
AA), and in paternal psychiatric history (less common in AA).
We note that Caucasian and African American women made up
the majority of the sample examined. Comparisons between
Asian and Native American women and other ethnic groups
should be treated with caution until future studies with larger
groups of Asian and Native American women are conducted.

We note that APGAR scores at 5min, delivery method,
maternal education, total household income, maternal age,
paternal age, maternal psychiatric history, paternal psychiatric
history, maternal smoking, and NICU stay over 24h were not
selected as important predictors of neonatal CT and SA. In
some cases this may reflect high correlations between predictor
variables (e.g., between paternal and maternal education). In
such a situation, the moment-based method selects the best
predictive variable. With specific regard to psychiatric history,
the lack of associations may reflect the fact that our psychiatric
history variables include multiple disorders with depression
being the most common. Previous work by our group has
shown that a maternal history of severe mental illness



(specifically schizophrenia) does influence brain development
(Gilmore et al. 2010a). Additionally, with only 8% of women
reporting smoking during pregnancy, our study may be under-
powered to detect associations between brain structure and
maternal smoking during pregnancy.

In conclusion, CT and SA both exhibit rapid growth during
the first postnatal month, but show distinct relationships with
environmental factors. Gestational age at birth is positively
associated with SA, but negatively associated with CT. Birth
weight and sex influence SA, potentially through cellular pro-
cesses active during early pregnancy and midgestation, while
maternal ethnicity and paternal education influence CT, possi-
bly through cellular processes active in the perinatal period.
Strengths of this study include the use of detailed medical,
obstetric, and demographic data, the collection of a large repre-
sentative imaging dataset, and the application of cutting edge
pediatric image analysis methods. Limitations reflect inherent
difficulties in imaging infant subjects. Age-related changes in
signal intensities and contrast may affect CT and SA measures
(Walhovd et al. 2016a). In addition, compared to SA measure-
ments at this age, CT measurements are much smaller, show
less variation, and more prone to partial volume errors. We
also note that paternal factors such as psychiatric history are
generally obtained from mothers and may not always be pro-
vided with full accuracy. Despite these limitations, our results
highlight the importance of obstetric, demographic, and socio-
economic factors in explaining individual variation in neonatal
CT and SA. Ultimately, this line of research will allow the devel-
opment and optimal application of interventions to support
prenatal/perinatal cortical development, ensuring a strong
foundation for a long, healthy, and productive life.
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