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Abstract

Few studies have assessed the association of parental SES with brain measures in neonates, at a
time when exposure to the postnatal environment is minimal. Social support may buffer the
adverse consequences of SES, and has been associated with better cognitive — emotional
development in children. We studied the association of prenatal SES and social support with
neonatal brain structure, and toddler cognition and psychiatric symptoms. In a sample of 37
healthy neonates, we correlated a measure of SES and marital/partner status (an index of social
support) with morphological features of the cerebral surface measured on high-resolution MRI
scans, scanned between the 15t — 6! weeks of postnatal life. We then assessed how SES relates to
cognitive and behavioral outcomes at age 24-months. We found that neonates born to mothers with
lower SES had greater local volumes at the surface of the right occipital lobe, left temporal pole,
and left inferior frontal and anterior cingulate regions. Partner status moderated the associations of
SES on neonatal brain morphology. Lower SES was associated with poorer language scores and
less severe ADHD and ODD symptoms. In summary, SES was associated with neonatal brain
structure and language and behavioral outcomes at toddler age. Future studies with a greater
sample size and longitudinal MRI scans will help to determine whether prenatal SES continues to
relate to early brain development in the same or different brain regions.
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Introduction

Lower socioeconomic status (SES), an index of economic and social resources, has
numerous adverse developmental consequences (Brito et al., 2016). Lower SES is associated
with poor physical and mental health (Brooks-Gunn and Duncan, 1997; Essex et al., 2006;
Hoffman and Hatch, 2000; McLaughlin et al., 2010), as well as with lower cognitive abilities
(Ozmert et al., 2005; Sarsour et al., 2011; Turkheimer et al., 2003) and poorer school
achievement (Crosnoe et al., 2010; Marks, 2006). It has also been associated with altered
brain development during childhood (Noble et al., 2006). For example, several studies of
school-aged children have reported associations of lower SES with reduced gray matter
volumes in subcortical structures, including the hippocampus and amygdala, and across the
cortical surface (Hanson et al., 2011; Jednordg et al., 2012; Merz et al., 2017). Cortical
regions that support language processing and executive functioning, including the prefrontal
and superior temporal areas, also significantly correlate with SES in school-age youth
(Jednordg et al., 2012; Noble et al., 2015b; Noble et al., 2012).

Very few published studies have examined the association of SES with brain measures in
early infancy. Lower SES was associated with reduced gray matter volume of the frontal and
parietal lobes in young children, 5 months to 4 years old (average age of 13 months)
(Hanson et al., 2013). Lower SES was also associated with reduced functional activity of the
frontal lobe using electroencephalogram in 6-9 month olds (Tomalski et al., 2013). Higher
SES was associated with greater within-network connectivity in sensorimotor regions and
lower outside-network connectivity in the default-mode network at 6 months of age, before
correcting for multiple comparisons (Gao et al., 2015). These infant studies aid our
understanding of the associations between SES on early brain development, although they
vary widely in the age of the infants at the time of MRI scanning and the imaging modality
employed, making conclusions difficult to draw about how SES relates to brain development
in the fetus and in the earliest days of postnatal life. An important next step is to consider the
independent association of SES and the neonatal brain, at a time when exposure to the
postnatal environment has been minimal. The current study aims to fill this gap.

Identifying factors that may buffer the adverse association between lower SES and early
brain development is also important. Marital or partner status (henceforth, simply “partner
status™) is an index of the presence of family and social support, and has been associated
with better cognitive and emotional development in children (Bacharach and Baumeister,
1998; Ricciuti and Scarr, 1990). Higher SES, having a partner, and having a better quality
partner relationship associate positively with child cognition and physical and mental health
(Duncan et al., 1994; Ricciuti and Scarr, 1990; Surkan and Poteat, 2011). The combination
of single parenthood and lower SES was associated with problems with inhibitory control
and cognitive flexibility in children from a sample of 60 families (Sarsour et al., 2011). Thus
partner status may provide a buffer for the adverse associations of lower SES (Ghosh et al.,
2010) and further investigation is warranted, given that family dynamics and social supports
are potential targets for preventive interventions.

These prior studies suggest a gap in our understanding of how SES relates to prenatal and
neonatal brain development, and they underscore the paucity of brain imaging studies that
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consider family and psychosocial support as a potential important moderator of those
effects. We acquired anatomical MRI scans in healthy, term infants and obtained prenatal
demographic and medical histories. These infants were followed through age twenty-four
months. We test our primary hypothesis that lower SES is associated significantly with
measures of brain structure in early postnatal life. We test our secondary hypothesis that
partner status will moderate the association between SES and neonatal brain structure, such
that the presence of partner support will attenuate the adverse association between SES and
the neonatal brain structure. We also hypothesize that the brain regions significantly
associated with SES will in turn be associated with later cognitive and behavioral capacities
in these infants when they are toddlers.

Methods

Participants

Our cohort of 37 healthy infants (mean postmenstrual age [PMA] at scan = 42; SD = 1.9)
was a subset of participants in a larger study of perinatal exposures on infant brain
development. Pregnant women were recruited from 2005 to 2009 during the second to early
third trimester of pregnancy from prenatal clinics at New York Presbyterian Hospital,
Columbia University Medical Center. Inclusion criteria included a maternal age at
conception of 18-45 years, no major prenatal or delivery complications, gestational age = 37
weeks, birth weight >10™ percentile relative to the national standards, no major congenital
anomalies, and an uncomplicated neonatal nursery course as preterm birth, low birth weight,
and nursery course putative to alter the developing brain (Duerden et al., 2016; Kwon et al.,
2015; Scheinost et al., 2016b). Exclusion criteria were maternal history of a chronic medical
disease, using drugs of abuse, smoking cigarettes, or drinking more than 1 ounce of alcohol
per day during any trimester. Parents provided informed written consent for their infant to
participate in the study including the MRI scan. Infants were imaged within the first 6 weeks
of life. All study procedures were approved by the Institutional Review Board of the New
York State Psychiatric Institute.

Procedures

Measures—Obstetrical and neonatal charts were reviewed by a co-investigator
(neonatologist) to extract information on the pregnancy, labor, and delivery, and any other
pertinent information. Postmenstrual age is defined as the time elapsed between the first day
of the pregnant woman’s last normal menstrual period and the time of the MRI scan of their
infant. Apgar is an assessment performed on the neonate following birth at 1- and 5-minutes
following birth. The score includes breathing effort, heart rate, muscle tone, reflexes, and
skin color. The total score ranges from 1 to 10. Gravida is the total number of confirmed
pregnancies for each participant. Para is the number of births that each participant had after
20 weeks of gestation.

A previously validated psychosocial questionnaire was administered to each participant to
obtain demographic information such as ethnicity, education, and family structure (Johnson
etal., 1999). SES was obtained by utilizing the Hollingshead Index of Social Status. The
Hollingshead Index provides an estimate of SES by using the highest educational and
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current occupational levels attained by the parent(s) (Hollingshead, 1975). Participants were
asked to self-report the current highest level of education and occupation for themselves and
if available another contributing adult (s) in the household. Weighted scores of education and
occupation are derived. Occupations were coded according to the Hollingshead Four Factor
occupational codes. Occupation scores range from 1-9, with scores of 1 indicating laborers
and 9 indicating higher executives and major professionals. Educational attainment scores
range from 1-7, with scores of 1 indicating completion of less than 7t grade and 7
indicating graduate training. Higher scores were indicative of higher SES. The Hollingshead
measure is one of the most frequently used measures of socioeconomic position and has
demonstrated good interrater reliability in previous research (Cirino et al., 2002). The
Hollingshead in its original scoring system continue to be used as an estimate of SES across
health research (Arentoft et al., 2015; Bava et al., 2018; Boylan et al., 2018; Bublitz et al.,
2016; Daepp and Arcaya, 2017; Harris et al., 2014; Heptulla et al., 2016; Hur et al., 2015;
Matthews et al., 2014; Mogi et al., 2019; Seyrek et al., 2017; Turkheimer et al., 2015;
Turkheimer et al., 2003; Valenzuela et al., 2019). However, given more recent studies that
define SES as education, income, or occupation alone (Brito et al., 2016; Merz et al., 2017,
Noble et al., 2015a; Noble et al., 2015b; Noble et al., 2012; Noble et al., 2007; Noble et al.,
2005; Noble et al., 2006), and the suggestion that occupation is one of the best estimates of
SES as it reflects power, income, and education (https://macses.ucsf.edu/research/
socialenviron/occupation.php), we also re-coded our occupation variable using an updated
system (O*NET government codes [https://www.onetcenter.org/overview.html] based off the
standard occupation classification [https://www.bls.gov/soc/]) (Choi et al., 2012).

Partner status was also obtained from the sociodemographic history form. For this study, a
partner was defined as a spouse or if unmarried, an individual the mother was cohabitating
with.

The Bayley Scales of Infant and Toddler Development, Third Edition (BSID-111)(Bayley,
2005) was administered at 24 months of age by a master’s level psychologist. This measure
assesses developmental functioning in early childhood from ages 1 to 42 months. We
included the cognitive scale that measures visual processing, attention, and habituation and
the language scale that measures receptive communication and expressive communication
skills. The cognitive and language scales were used for analyses because cognitive function
correlates with SES in school-age children (Ozmert et al., 2005; Sarsour et al., 2011;
Turkheimer et al., 2003).

The Child Behavior Checklist (CBCL)(Achenbach, 2009) was administered to the parents
when their child was 24 months of age. This measure assesses the emotional status of
individuals ranging from ages 24 months to 21 years. The DSM syndrome scales, affective,
anxiety, pervasive developmental disorder (PDD), attention - deficit hyperactivity disorder
(ADHD), and oppositional defiant disorder (ODD) were used for analyses because of the
correlations of both externalizing and internalizing symptoms with lower SES in school-age
children found in prior studies (Essex et al., 2006; McLaughlin et al., 2010). Higher t-scores
on the scales reflect greater symptom report.

Child Neuropsychol. Author manuscript; available in PMC 2021 February 01.


https://macses.ucsf.edu/research/socialenviron/occupation.php
https://macses.ucsf.edu/research/socialenviron/occupation.php
https://www.onetcenter.org/overview.html
https://www.bls.gov/soc/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Spann et al.

Page 5

MRI Scanning—The infants were fed, swaddled, and acclimated to the scanner
environment and noise by listening to a tape recording of the scanner sounds played before
each pulse sequence. The infants were given time to fall into deep sleep, without the use of
sedatives, on the scanner bed before the start of each sequence. Foam and wax earplugs
along with ear shields (Natus Medical Inc., San Carlos, CA) were applied to dampen scanner
noise. MRI safe ECG and pulse oximetry leads were placed and heart rate and oxygen
saturation were continually monitored during the scan (InVivo Research, Orlando, FL). As
part of the standard protocol, scans were stopped at any signs of infant discomfort or
changes in vital signs. This was not necessary for any of the infants in the current sample.

Images were obtained using a 3 Tesla GE Signa MRI scanner (Milwaukee, Wisconsin) and
an 8-channel head coil. A 3-plane localizer was used to position the T,-weighted axial
images parallel to the anterior—posterior commissure line. The To-weighted images were
acquired using a 2D, multiple-shot, fast spin echo pulse sequence that employed
PROPELLER (Periodically Rotated Overlapping Parallel Lines with Enhanced
Reconstruction) to reduce motion artifacts in reconstructed MR images (Pipe, 1999). The
pulse sequence parameters were: repetition time (TR)=10,000 ms; echo time (TE)=130 ms;
echo train length (ETL)=32; matrix size=192x192; field of view (FOV)=190x190 mm;
phase field of view=100%; slice thickness=1.0mm; slice spacing=0mm; readout
bandwidth=83.33 KHz; number of excitations (NEX)=1x2 (i.e., two images are acquired
and averaged off-line, allowing us to use one of the acquisitions if the infant moved). The
spatial resolution of the T,-weighted images was 1mm3.

Image Processing—The anatomical To-weighted images for each infant were processed
using a combination of automated and manual editing procedures that have been previously
validated (Bansal et al., 2008a; Bansal et al., 2005; Bansal et al., 2008b; Peterson et al.,
2003; Peterson et al., 2000; Sobel et al., 2010). Briefly, morphometric analyses were
performed by operators blinded to participant characteristics. Large-scale variations in image
intensity were removed (Sled et al., 1998) and images were reformatted to a standard
orientation using midline landmarks (anterior and posterior commissure) to correct for head
rotation and tilt. We isolated the brain from nonbrain tissue using an isointensity contour
function with manual edits that were confirmed by a second operator (Peterson et al., 2000;
Peterson et al., 2009). Connecting dura was removed manually on each slice in the sagittal
view and confirmed in the orthogonal views. The brain was divided into hemispheres using a
curvilinear plane positioned through standard midline landmarks. The cerebellum was
removed where the peduncles join the brainstem, the brainstem was transected at the
pontomedullary junction, and the brain was split into two hemispheres. The operator
interrater reliability was assessed on 10 scans and intraclass correlation coefficients were
greater than 0.95.

Template Selection—We applied a rigorous, two-step procedure to select the brain of a
single infant from the sample as the template to ensure that it was morphologically
representative of the brains in our cohort (Bansal et al., 2005; Peterson, 2010; Sobel et al.,
2010; Spann et al., 2014; Spann et al., 2015). We selected a single representative infant brain
as the template, rather than the brain generated by averaging the brains of all infants in our
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cohort, because a single brain has well-defined tissue interfaces that reduce errors when
determining point correspondences across its surface with the surfaces of the other brains in
the sample (Bansal et al., 2005; Goh et al., 2011). First, a preliminary template brain was
selected that was closest in PMA and sex to the mean of the entire sample. The remaining
participants were coregistered to the preliminary template brain and the Euclidian distances
between the corresponding points on the surface of this preliminary template and each
participant brain were computed. Then each participant brain was compared to the average
distance across the entire surface for the sample. The brain of the infant having a surface
contour closest to the average contour defined by the average distance at each point was
selected as the final template. The procedure has been shown to be reliable regardless of the
specific template brain selected for morphological analysis (Spann et al., 2015).

Deformation-Based Measures of Brain Morphology—We calculated distances from
the surfaces of each neonatal brain from the corresponding points on the surface of a
template brain using previously validated methods (Bansal et al., 2005) that permit fine-
grained analyses of localized morphological features across the cerebral surface (Peterson,
2010). First we applied to each brain a similarity transformation consisting of seven
parameters (three translations along the X, Y, and Z axes, three different rotations about the
three axes, and one global scaling that scales the entire brain by the same amount along the
three axes) to coregister each brain to the template while maximizing mutual information
between the brains (Wells et al., 1996). Second, we nonlinearly transformed each brain to
the template using a high-dimensional, non-rigid warping algorithm based on fluid dynamics
(Christensen et al., 1996) so that the two brains matched perfectly in size and shape. The
nonlinear deformation was then reversed, thereby establishing a point-to-point
correspondence across the surfaces of the two brains. We then measured the Euclidean
distances between corresponding points across the two surfaces, encoding the distances as
positive for outward and negative for inward deformations relative to the template.

Statistical Analyses—We applied multiple linear regression to brain measures at each
point across the cerebral surface to test the hypothesis that lower SES altered neonatal brain
structure. For surface analyses, the dependent measure was the signed Euclidean distances at
each point on the surface of the template for each infant brain. The independent variable was
SES, and covariates were PMA at the time of scan and sex. As exploratory analyses, we
repeated the primary hypothesis model, relating SES as measured by occupation (O*NET
coding) to neonatal brain structure (see Measures section for justification). Secondary
analyses were performed to evaluate the interaction of SES and partner status on neonatal
brain maturation. The independent variables were SES, partner status, and the interaction
term of SES-by-partner status, and covariates were PMA and sex, and the dependent
variable was the signed Euclidean distances. We also used linear regression to assess the
associations of developmental outcomes with distance values of regions of brain
morphology that were significantly associated with SES. The dependent measure was the
signed Euclidean distance from the surface of the template brain. The independent variables,
entered separately, were BSID-I11 cognitive and language standard scores and CBCL scales
at 24 months of age. Covariates were also PMA and sex.
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P-values were adjusted for the number of statistical comparisons across the brain surface
using False Discovery Rate (Logan and Rowe, 2004), color-coded, and displayed on the
template brain, with warm colors (red and yellow) denoting outward deviations or
protrusions and cool colors (purple and blue) denoting inward deviations or indentations
associated with the independent variables. For the purposes of simplicity, the regional
findings for surface distances relative to the template brain are interpreted and discussed as
effects of local volumes across the cerebral surface.

Atlas-Based Visualization of Findings—To aid in localization of findings, a digital
brain atlas of an infant with a parcellation scheme (Oishi et al., 2011) was registered to the
template using the same procedures outlined for surface analysis. Then the major sulci that
were represented in the atlas and that are usually present in term newborn brains (the
Sylvian and interhemispheric fissures; central, pre-central, post-central, and superior
temporal sulci) were digitized and represented on the 3-D surface rendering of the template
brain (Battin et al., 1998; Duvernoy, 1991; Kennedy et al., 1998; Ono, 1990; Sowell et al.,
2002; van der Knaap et al., 1996).

Sample Description

Maternal and neonatal demographic information, including gestational age at birth, ethnicity,
gender, gravida, and para are presented in Tables 1 and 2. Mean years of education for the
mother’s was high school. Approximately 41% of the mothers’ had a partner. Age at time of
pregnancy was 26.2 (SD = 6.4).

The majority of infants were born via normal vaginal delivery at 39.2 (SD = 1.2) weeks
gestation with Apgar scores of 9 (SD = 0.2) at 5 minutes. Birth weight, length, and head
circumference fell within normal limits. The majority of infants were male and of Hispanic
ethnicity. Infants participated in MRI scans at mean postmenstrual age of 42.0 (SD = 1.9)
weeks.

SES was not significantly correlated with or different from any maternal or neonatal factors,
with the exception of race/ethnicity. There was no significant difference in SES among the
mothers who had a partner compared to mothers” who did not have a partner (meanpartner =
35.9, meanng partner = 33.8, F (1, 28) = 0.73, p = 0.40).

Of the 37 participants, 17 (45.9%) had behavioral follow-up data at 24-months of age. The
demographic information for the toddlers are presented in Supplemental Table 1.

Primary Hypothesis Testing

SES.—We detected significant inverse correlations of local brain volumes in the infants
with SES in the superior and middle occipital gyri primarily of the right hemisphere, parieto-
occipital region of both hemispheres, middle frontal and temporal pole regions of the right
hemisphere, and the inferior frontal and anterior cingulate regions of the left hemisphere
(Fig. 1). We also detected significant positive correlations with SES in the frontoparietal
region of the right hemisphere and the inferior temporal lobe of the left hemisphere. Since
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SES significantly differed across the ethnic groups, we performed a post-hoc partial
correlation. SES controlling for ethnicity was correlated with significant brain morphology
(distance values) from the main effect analysis. The main effect findings remained
unchanged. In supplemental figure 1, when SES is measured by the occupation along
(O*NET coding) instead of the Hollingshead, the findings are comparable.

Secondary Hypothesis Testing

Partner Status.—Infants whose mother had a partner compared to those who did not have
a partner had smaller local volumes in the prefrontal and occipital (diffuse) regions of both
hemispheres and the angular gyrus of the left hemisphere (Fig. 2). There were greater local
volumes in the fronto-parietal and inferior temporal regions of both hemispheres.

SES-by-Partner Status Interaction.—Infants whose mother had lower SES and who
also had a partner compared to those who did not have a partner had smaller local volumes
in the middle and superior frontal, temporal pole, and inferior temporal regions of both
hemispheres, and the parieto-occipital region of the right hemisphere (Fig. 3). They also had
greater local volumes in the middle temporal and occipital, inferior frontal, and medial
superior frontal regions of both hemispheres, and the anterior cingulate of the left
hemisphere. This similar pattern was true for pregnant women with higher SES who did not
have a partner compared to those who had a partner resulting in a cross-over effect.

SES and toddler cognitive and behavioral outcome.—SES was correlated
positively with the BSID-I11 language, but not the cognitive score (Table 3). SES also
correlated positively with the CBCL ADHD and ODD scores, but not the affective, anxiety,
or PDD scores. Since the BSID-I11 language and CBCL ADHD and ODD scales correlated
positively with SES, we performed additional analyses to determine whether the scales
correlated with brain morphology that was significantly associated with SES.

No outcome variables correlated with brain regions that were significantly associated with
SES (not shown). The local volumes of the right parieto-occipital region had an inverse
correlation that approached significance with the CBCL ODD scale (r= —0.44, p = 0.09).

Discussion

Our goal in this study was to identify morphological features of the neonatal brain
associated with lower SES, how partner status, as a proxy for social support may moderates
those correlations, and how those associations relate to cognitive and behavioral outcomes at
24-months of age. Local volumes within the superior and middle occipital gyrus and parieto-
occipital region bilaterally, right middle frontal and temporal pole regions, and left inferior
frontal region and anterior cingulate gyrus were associated with SES. The interaction of SES
with partner status was significant in additional regions (primarily superior and middle
frontal and inferior and middle temporal gyri) and in regions (parieto-occipital, inferior
frontal, and temporal pole) overlapping those of the main findings related to SES. For the
independent variables, SES and partner status, the main effects are interpretable in locations
where the interaction term is not significant. SES did not correlate significantly with overall
cognitive scores on the BSID-III or internalizing behavior symptoms on the CBCL at age 24
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months. However, infants with lower SES compared with higher SES had lower language
scores and less severe ADHD and ODD symptoms.

In contrast to studies with older infants and children, we observed that lower SES was
associated with larger local brain volumes in infants, albeit in similar brain regions as
reported previously (Hanson et al., 2013; Noble et al., 2006). Brain maturation in early life
involves both progressive and regressive processes. Soon after birth the brain grows rapidly
as a consequence of both glial cell multiplication and dendritic arborization that will support
subsequent synaptogenesis (Gilmore et al., 2007; Huttenlocher et al., 1982a), whereas in
later infancy through the school-age years the same brain regions may disproportionately
slow in their growth due to apoptosis or synaptic pruning (Huttenlocher et al., 1982a;
Huttenlocher et al., 1982b). Thus, SES may relate to the direction of the volumetric findings
by altering maturational processes that determine these region-specific growth trajectories
(Merz et al., 2017). Consistent with this possibility, several researchers have reported that
early life adversity is associated with accelerated brain maturation during infancy and
childhood (Gee et al., 2013; Posner et al., 2016). Because our study was cross-sectional
rather than longitudinal, however, we cannot definitively attribute our findings to accelerated
maturation of the cerebral surface. Nevertheless, our interpretations do provide a framework
and set of hypotheses for future studies to consider and test.

Prior studies vary greatly in their imaging measures, time points of assessment, and
measures of SES, making their findings difficult to compare directly with one another and
with ours. Nevertheless, the brain regions associated with lower SES that have been
identified in prior studies are generally consistent with our findings. As reported in prior
studies, we found associations of SES with local volumes in parietal and occipital regions
(Hanson et al., 2013; Noble et al., 2006). Although we did not detect significant associations
in frontal regions (Hanson et al., 2013; Noble et al., 2015b; Tomalski et al., 2013), we did
detect associations in a smaller region within the anterior portion of the superior temporal
lobe. In addition, lower SES was associated with larger local volumes in the anterior
cingulate gyrus, a brain region involved in emotion regulation and attention processing
(Bush et al., 2000).

The moderating associations of partner status on SES are in brain regions that both overlap
with the main associations of SES and that are distinct from them. These brain regions
support several functional capacities, including emotion regulation, attention, sensory
processing, and language. Marital or partner status, and the number of family members, have
both been found to reduce the detrimental role of lower SES on cognitive, physical, and
mental health outcomes in children (Ghosh et al., 2010; Sullivan et al., 2012). Similarly,
prior studies have reported that a two-parent household and better parent-child relationships
can help reduce the cognitive and mental health challenges associated with early life
adversity, including premature birth and institutionalization following parental loss (Ment et
al., 2003; Vantieghem et al., 2017). Nevertheless, our findings add another layer to this
previous literature, indicating that the presence of a partner is complex, multifaceted, and
beyond what the current study can disentangle. To parse this apart, future studies would need
to investigate the individual facets that partner status represents (e.g., emotional, monetary,
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and social support). Overall, these results underscore the value of assessing the moderating
associations of social support in future studies.

A wide range of cognitive and behavioral outcomes have been associated with lower SES
(Brooks-Gunn and Duncan, 1997). We found that lower SES was associated with poorer
language outcome at 24-months of age, consistent with prior findings of deficits in
language-related functions including reading, phonological processing, and intellectual and
executive capacities that require language-based reasoning (Markant et al., 2016; Sarsour et
al., 2011). While the language outcome was not significantly associated with the brain
regions from the main effect analysis of SES, SES demonstrated an association with inferior
frontal and temporal regions, which support language production. Prior studies have reported
that the superior temporal lobe, an important language region, modulated SES-related
differences in reading and phonological language performance (Noble et al., 2006). In
contrast to prior research, however, we found that lower compared to higher SES was
associated with less severe ADHD and ODD symptoms. Prior studies have found that older
children in lower SES environments exhibit more severe internalizing and externalizing
symptoms (Essex et al., 2006; McLaughlin et al., 2010; Merz et al., 2017). Our findings may
differ from theirs because of the unique community sample we have available, which
consisted predominantly of Hispanic families. Minority populations with higher SES can
experience greater stress, less family support, less time with their child if the mother is
working, and challenges with acculturation (Cardoso et al., 2016; Foster et al., 2000;
Gorman-Smith et al., 2000; Jones et al., 2008). These factors may lead to more externalizing
behaviors in the child.

Our study has several limitations. The study sample is representative of the Washington
Heights district of New York City, a primarily Latino community, but is not representative of
the national demographic. The findings therefore may not generalize to the national
population. Our sample of infants with MRI data was small and only provided sufficient
power to detect a large effect of our primary hypothesis. In addition, several infants were
unable to complete follow-up cognitive and behavioral assessments at 24 months of age,
reducing power to detect significance when testing our secondary hypothesis. Scheduling of
MRI’s post-conception relates to scanner and maternal availability. The infants participated
in MRI scans generally within the first two weeks after birth. Within that timeframe, they
had the opportunity to interact with their mothers, health professionals, and other family
members. Thus, postnatal environmental factors could have contributed to infant brain
development during that time, albeit minimally compared with the older infants of prior
studies. Similarly, recruitment of mothers spanned the second to third trimesters of
pregnancy. As such, maternal prenatal assessments, which included psychosocial data
collection, may have varied somewhat throughout the pregnancy.

Our results add to the rapidly growing literature investigating the associations of prenatal
exposures with the neonatal brain (Qiu et al., 2017; Scheinost et al., 2016a; Scheinost et al.,
2017). Our findings are novel as they demonstrate that prenatal exposure to lower SES was
associated with larger local volumes at the neonatal cerebral surface, particularly in the
occipital lobes, and it was associated with poorer language and fewer externalizing
symptoms subsequently as toddlers. Our study also extends findings from prior studies of
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SES and the developing brain by assessing the potential moderating effects of social support,
as measured by partner status. To our knowledge, no other imaging studies of the brain
correlates of SES have included social support factors as a potential moderator. Our ability
to scan infants shortly after birth provides a window into the contributions of prenatal and
very early postnatal environment on the developing brain. Future longitudinal imaging and
corresponding assessments of the social environment and behavior will help to identify the
transient and enduring associations between SES and brain development in young children,
as well as their functional implications for subsequent cognitive, emotional, and behavioral
development (Gao et al., 2015).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Correlation of Cerebral Surface Measureswith SES
Maps are shown for the correlations of surface measures of the neonatal brain with SES.

Results are FDR-corrected for multiple comparisons and shown in red and yellow are local
protrusions and in blue and purple are local indentations of the cerebral surface, which are
regarded as smaller or larger, respectively local volume of the cerebral surface. We found
significant inverse correlations of local brain volumes in the infants with SES in the superior
and middle occipital gyri primarily of the right hemisphere, parieto-occipital region of both
hemispheres, middle frontal and temporal pole regions of the right hemisphere, and inferior
frontal and anterior cingulate regions of the left hemisphere. We also detected significant
positive correlations of local brain volumes in the infants with SES in the frontoparietal
region of the right hemisphere and the inferior temporal lobe of the left hemisphere. The
scatterplot of the inverse correlation with SES and surface measures of the SOG. Surface
distances (in mm from the corresponding point on the surface template brain) are plotted on
the y-axis. Blue scatter points represent SES values. Abbreviations: IFG — Inferior Frontal
Gyrus; 10G - Inferior Occipital Gyrus; MFG — Medial Frontal Gyrus; MOG — Middle
Occipital Gyrus; SOG — Superior Occipital Gyrus; TP — Temporal Pole.
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Figure 2. Correlations of Cerebral Surface Measureswith Partner Status
Maps are shown for partner status correlations with morphological measures of the cerebral

surface. The p-values are adjusted for multiple comparisons with FDR. We found significant
inverse correlations of local brain volumes in the neonates based on maternal partner status
in the prefrontal region and diffuse across the occipital lobe of both hemispheres, and the
angular gyrus of the left hemisphere. There were positive correlations of local volume in the
fronto-parietal and inferior temporal regions of both hemispheres. A sample of the average
local volumes (or, more accurately, distances in mm from the most significant corresponding
point on the surface of the template brain in the region denoted) are displayed in bar charts
for the SM and SOG of the right hemisphere. Abbreviations: PreF — Prefrontal; MOG —
Middle Occipital Gyrus; PO — Parieto-occipital; SM — Somatomotor; SS — Somatosensory;
SFG - Superior Frontal Gyrus; SOG — Superior Occipital Gyrus.
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Figure 3. Interaction of SESwith Partner Statuson Cerebral Surface M easures
Correlations of surface measures with SES in infants with mothers who have a partner

compared to those who do not have a partner. The p-values are adjusted for multiple
comparisons with FDR. We found significant inverse correlations of local brain volumes in
the neonates for the interaction of SES with partner status in the middle and superior frontal,
temporal pole, and inferior temporal regions of both hemispheres, and the parieto-occipital
region of the right hemisphere. The correlation suggests that neonates whose mother had
lower SES and a partner compared to those whose mother did not have a partner had smaller
local volumes in the regions note above. We also detected positive correlations of local
volume in the middle temporal and occipital, inferior frontal, and medial superior frontal
regions of both hemispheres, and anterior cingulate region of the left hemisphere. Since the
right parieto-occipital and temporal pole, and left inferior frontal regions were significant in
the main effect model with SES, partner status moderates SES in these brain regions.

The scatterplot for this interaction are shown for the ACC of the left hemisphere and the
SFG of the right hemisphere. Surface distances (in mm from the corresponding point on the
surface template brain) are plotted on the y-axis. Blue scatter points represent infants whose
mother had a partner and yellow scatter points represent infants whose mother did not have a
partner; surface distances are in mm from the corresponding point on the surface of the
template brain. Abbreviations: ACC — Anterior Cingulate; ITG — Inferior Temporal Gyrus;
MTG - Middle Temporal Gyrus; MOG — Middle Occipital Gyrus; SFG — Superior Frontal
Gyrus; SOG - Superior Occipital Gyrus.
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Table 1.

Maternal Demographic Information

Variable Mean (SD)
Age at pregnancy, years 26.2 (6.4)
Spouse/Partner, n (%) 15 (40.5%)
Hollingshead — SES 36.7 (8.0)
Years of Education 12.7 (2.8)
Gravida 3.1(1.9)
Para 1.1(1.1)

Type of Delivery, n (%)

Vaginal Delivery 21 (56.8%)

Assisted Vaginal Delivery | 3 (8.1%)

Cesarean Section 12 (32.4%)

Race, n (%)

White 1(2.7%)
Hispanic 33 (89.2%)
African American 3(8.1%)

Abbreviations: n, number; SD, standard deviation
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Neonatal Demographic Information

Variable Mean (SD)
Postmenstrual age at scan, wk | 42.0 (1.9)
Gestational age at birth, wk 39.2(1.2)
Birth weight, g 3320.4 (471.8)
Birth length, cm 50.6 (2.6)
Head Circumference, cm 345 (1.3)

5 minute Apgar Score 9(0.2)

Male, n (%) 24 (64.9%)

Table 2.

Abbreviations: cm, centimeters; g, grams; wk, weeks; SD, standard deviation.
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Table 3.

Correlations between prenatal SES and cognitive and behavioral outcomes

Prenatal SES

Variable r p-value
BSID-I111 (Standard Scores)

Cognitive 0.002 0.99

Language 0.58 0.02%
CBCL - DSM Scales (T-scores)

Affective Problems 0.33 0.24

Anxiety Problems 0.34 0.22

Pervasive Developmental Problems | 0.12 0.67

ADHD Problems 0.59 0.02%

Oppositional Defiant Problems 0.64 0.01%

Abbreviations: BSID-111, Bayley Scales of Infant Development — Third Edition; CBCL, Child Behavior Checklist

*
p-value significant at < 0.05.
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