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Abstract

Living in poverty places children at very high risk for problems across a variety of domains, including schooling, behavioral
regulation, and health. Aspects of cognitive functioning, such as information processing, may underlie these kinds of
problems. How might poverty affect the brain functions underlying these cognitive processes? Here, we address this
question by observing and analyzing repeated measures of brain development of young children between five months and
four years of age from economically diverse backgrounds (n=77). In doing so, we have the opportunity to observe changes
in brain growth as children begin to experience the effects of poverty. These children underwent MRI scanning, with
subjects completing between 1 and 7 scans longitudinally. Two hundred and three MRI scans were divided into different
tissue types using a novel image processing algorithm specifically designed to analyze brain data from young infants. Total
gray, white, and cerebral (summation of total gray and white matter) volumes were examined along with volumes of the
frontal, parietal, temporal, and occipital lobes. Infants from low-income families had lower volumes of gray matter, tissue
critical for processing of information and execution of actions. These differences were found for both the frontal and parietal
lobes. No differences were detected in white matter, temporal lobe volumes, or occipital lobe volumes. In addition,
differences in brain growth were found to vary with socioeconomic status (SES), with children from lower-income
households having slower trajectories of growth during infancy and early childhood. Volumetric differences were associated
with the emergence of disruptive behavioral problems.
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Introduction outdated assumptions about family expenditures and resources
[2,3].

The full burden of poverty for children frequently includes early
and repeated exposure to stress and environmental hazards [for
review, see Refs. [4-5]. Empirical investigations have noted

Childhood poverty is a major public health problem. As an
estimate of the number of children affected, there are nearly 15
million children in the United States who are currently living in
households with incomes below the federal poverty line and
another 15 million in other industrialized nations who live in
relative poverty [1]. This represents more than 20% of children in
the United States and a range across industrialized countries from
4.5% (Iceland) to 25.5% (Romania) While these official rates are
staggering, they underestimate the number of children affected by
poverty world-wide, as published measurements often rely on

children living in poverty are exposed to more family turmoil,
violence, separation from their families, instability, and receive less
social support [6,7] (as reviewed in Ref. [4]). In addition, children
living in poverty generally experience less cognitive stimulation
and enrichment in comparison to wealthier children. For example,
low-income parents speak less often and in less sophisticated ways
to their young children, and are less likely to engage jointly with
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their children in literary activities such as reading aloud or visiting
the library, compared with middle-income parents [8]. Low-
income households also tend to have smaller designated play
spaces for young children, have fewer home learning resources
(e.g., age-appropriate toys, books), and are less likely to have access
to a home computer or the Internet [9]. For these reasons, it is not
surprising that individuals raised in poor families have elevated
rates of learning, behavioral, mental health and physical health
problems that persist into adulthood [10-13].

Experimental manipulations of income among families, such as
conditional cash transfer or welfare-to-work programs are
important approaches to study the effect of income on child
development, as such programs often increase total income for
families at or below the federal poverty line. Economists consider
such approaches as one way to study causal effects of SES on child
development. Recent work by Duncan, Morris, & Rodrigues [14]
pooling nearly 20,000 observations of children ages 2 to 15 found
increased household income led to improvements in children’s
cognitive performance, specifically at younger ages. These
investigators, along with Dahl & Lochner [15], found a $1,000
increase in family income raised children’s cognitive outcomes,
such as math and reading test scores by 6% of a standard
deviation. Similar effects have been noted in motivation, social
behavior, and externalizing problems with experimental increases
in family income leading to better outcomes in these domains [16—
18]. Such results help to clarify that post-natal environmental
experiences do contribute to some of the behavioral differences
associated with poverty. Such effects have been found in the
United States and also other industrialized countries such as Brazil
[19] and Mexico [20,21]. Preliminary evidence also indicates that
such experimental poverty-alleviation programs can positively
affect neurobiology, with conditional cash transfer programs in
Mexico found to be related to lower salivary cortisol in children
[22]. Thus, this body of work moves beyond correlational studies
that have shown associations between social class and outcomes
and instead provides causal evidence linking increased income in
poor families to improvements in outcomes in a number of
domains. Some social scientists may see limitations in these data,
as these social programs are not specifically designed to affect
outcomes for children therefore the exact mechanisms of any
observed change are unclear [23]. It is not known what lies behind
the positive response to increased income or the negative effect of
poverty on children. We still know very little about how
impoverished environments lead to developmental problems.

Studies in non-human animals where environmental conditions
can be experimentally manipulated suggest candidate mechanisms
for how environmental experience might affect central nervous
system functioning. Conditions such as the variety and complexity
of the stimuli in an animal’s cage can influence different aspects of
brain structure, including the number of neurons, glial cells,
myelination, dendrites, synapses, and neurogenesis (for review, see
Ref. [23-24]). Such environmental variables capture some aspects
of extremely low-income home environments. Animals living in
environments with lower amounts of cognitive stimulation or
greater amounts of stress tend to have smaller brains and fewer cell
bodies, dendrites and synapses than animals reared in more
normative environments [25-27]. Remodeling of these cellular
components (e.g., neural cell bodies, dendrites and synapses) are
theorized to underlie changes in gray matter, one type of brain
tissue [27].

The development of gray matter is especially important for
understanding problems in cognition and behavioral regulation
because this brain tissue contains neural cell bodies, dendrites,
synapses that support the processing of information and execution
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of actions. A large body of research has focused on these types of
changes because learning is believed to be related to this kind of
neural reorganization [27,28]. Developmental cognitive neurosci-
ence research in humans has found gray matter and also white
matter, the other major type of tissue in the brain, are vulnerable
to environmental perturbations [29,30]. White matter is composed
of myelinated fiber tracts and aids in helping distal portions of the
brain work together. Important research in human twins
examining genetic and environmental contributions of brain
development however finds gray matter may be uniquely affected
by the early environment and is less heritable than white matter
[31].

Research focused specifically on the neurocognitive effects of
poverty helps to further clarify possible changes in the brain, with
recent studies providing evidence of SES influences on executive
function (for review, see Ref. [32]). The frontal lobe has been
mmplicated in executive functions such as planning, impulse
control, and control of attention, making it a candidate structure
for investigation [33]. This brain region also has a protracted
course of post-natal development and may be particularly
vulnerable to the effects of early stress and experience [34].
Additionally, alterations in the frontal lobe may be particularly
important for the elevated rates of learning, behavioral, and health
problems seen in children from low SES backgrounds. Exposure to
poverty has been associated with decrements in attentional
processes, working memory, and inhibitory control during infancy
[35,36], childhood and adolescence [37-39], and also in
adulthood [40,41]. The results of longitudinal research suggest
that increased duration of a child’s exposure to poverty is related
to greater deficits in executive function and working memory in
adulthood [42]. The nascent body of research employing measures
of neurobiology such as electroencephalography (EEG) or MRI
also point to possible alterations in the frontal lobe being
associated with poverty. In young children [43,44] and adolescents
[45], differences have been found in the resting frontal EEG, with
lower activity being noted for children living in poverty. Otero
[42] suggested this result reflected a maturational lag in frontal
lobe development. Further work examining SES, behavioral
performance, and the neural correlates of selective attention has
found differences in evoked brain activity. Young children from
lower-SES backgrounds display lower electrical activity when
deploying different aspects of selective attention, a cognitive
process dependent on the frontal lobe [46-48].

Based upon these ideas, we examined changes in human brain
structure from birth through the toddler years. Participants in this
study ranged from 5 months to 4 years of age, covering a period
during which there is a great deal of post-natal brain growth.
Indeed, gray matter development accounts for most of the human
brain’s growth during the first few years of post-natal life [49]. We
predicted that children from Low SES, as indexed by lower
household income, would have lower volumes in total gray matter
and frontal lobe gray matter. We hypothesized that these
differences would not be present early in development and would
increase over time. Given the importance of the frontal lobe in
behavioral regulation [50], we also hypothesized that variations in
this brain area (both in regards to lower volume and slower
growth) would be related to greater disruptive behavioral problems
in children (as measured by the Child Behavior Checklist, CBCL).
In order to test this idea, we examined whether growth trajectories
for these brain regions were altered as toddlers were increasingly
exposed to impoverished environments.

We analyzed two hundred and three MRI scans from seventy-
seven infants living in lower SES households and also those living
in more affluent households to test our hypothesis. Most of the
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infants were followed longitudinally, with the average first scan at
age 13 months and subsequent scans approximately every half-
year until children were four years old. We employed a method
that provides an extremely sensitive way of detecting changes in
infant brain growth. The infants in this study represent families
with annual incomes that ranged from extreme poverty (less than
$5,000 a year in income) to over $100,000 annually.

Methods

Subjects and Recruitment Information

Data were derived from the US National Institute of Health
MRI Study of Normal Brain Development. This is a multi-site,
longitudinal study of typically developing children, from ages
newborn through young adulthood, conducted by the Brain
Development Cooperative Group and supported by the National
Institute of Child Health and Human Development, the National
Institute on Drug Abuse, the National Institute of Mental Health,
and the National Institute of Neurological Disorders and Stroke
(Contract #s NO1-HD02-3343, NO1-MH9-0002, and NO1-NS-9-
2314, -2315, -2316, -2317, -2319 and -2320). A listing of the
participating sites and a complete listing of the study investigators
can be found at www.bic.mni.mcgill.ca/nihpd/info/participating
centers.html.

Participants were recruited from the greater Boston and Saint
Louis metropolitan regions via a community- based strategy that
included hospital venues (e.g., maternity wards and nurseries,
satellite physician offices, and well-child clinics), community
organizations (e.g., day- care centers, schools, churches, and other
types of community centers), and siblings of children participating
in other studies (details provided in Ref. [51]). Participants were
excluded based on demographic (e.g., child adopted; medical
history unknown), pregnancy (e.g., intrauterine exposure to
teratogens such as cigarette smoke or alcohol; use of general
anesthesia during childbirth), delivery (e.g., C-section with fetal or
maternal distress; high forceps or vacuum extraction), other birth-
neonatal complications (e.g., anemia; respiratory distress; hospital
admission for specialized care), child development (e.g., significant
language/learning disorder; lead treatment; muscle disease;
maternal medications during breastfeeding; child head injury),
and family psychiatric history criteria. For full discussion of these
criteria, see Ref. [51].

The itial sample consisted of 110 healthy children (newborn
through 4-years 5-months of age), demographically- balanced to
mirror proportions defined by the United States Census Bureau in
terms of gender, race, ethnicity, and income distribution. A total of
338 MRI scans were acquired from these participants over time.
We were able to segment scans from two hundred and three MRI
images (representing seventy-seven infants). Fifty-five infants were
followed longitudinally (Average age at first scan=13.5 +/—7.9
months; Average number of scans = 3.1; Average amount of time
between scans = 6.5+/ —4.1 months) and an additional twenty-two
infants were scanned once at various ages (Average age =17.9+/
—11.9 months). Participants were drawn from families with
incomes ranging from barely 4% to over 400% of the federal
poverty level (FPL). Demographics of the sample are noted in
Table 1. Data on children’s behavioral and emotional problems

were collected using the Child Behavior Checklist (CBCL) [52].

Ethics Statement

Written informed consent from the parents/guardians of all
children was obtained in compliance with research standards for
human research at Children’s Hospital Boston and Washington
University in St. Louis. All procedures were in accordance with the
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Table 1. Subject Demographics.

Total Subjects

(n=77) Total Scan (n=203)

Gender (Male) 46 115

Maternal Education
Less Than High School 1 1
High School 72 187
Some College 1 1
College Degree 1 2
Greater than a College 2 5
Degree
Education Information 0 7
Missing

Household Income
$0-5000 2 5
$5001-10000 2 4
$10001-15000 2 6
$15000-25000 2 9
$25001-35000 7 19
$35001-50000 12 25
$50001-75000 21 68
$75001-100000 11 27
Greater than $100001 18 32

Sample characteristics in relation to federal poverty line (FPL)
Below 200% FPL 16 45
Between 200-400% FPL 32 102

doi:10.1371/journal.pone.0080954.t001

Helsinki Declaration. The Institutional Review Board at the
University of Wisconsin-Madison and University of North
Carolina also approved the analysis of this human subjects data.

MRI Acquisition and Processing

T1- and T2-weighted scans were obtained with a GE (General
Electric, Milwaukee, WI) or Siemens (Siemens AG, Erlangen,
Germany) MRI scanner. A 2D multi-slice spin-echo T'1 sequence
was used with- TR: 500 ms, TE: 10 ms for GE, 12 ms for
Siemens, and 3 mm slice thickness. T2 images were acquired via a
2D multi-slice dual-echo fast/turbo spin echo with the following
parameters- TR: 3500 ms, TEL: 17 ms, TE2: 119 ms, and 3 mm
slice thickness. Both scans provided coverage from the apex of
head to bottom of the cerebellum.

All structural scans had non-brain tissue (e.g., skull and dura)
automatically removed and were then bias corrected with
nonparametric non-uniform intensity normalization methods to
reduce the impact of intensity inhomogeneity [53-55]. All images
were segmented via an Expectation-Maximization (EM) algorithm
[56] with infant brain atlases representing subject-independent
population information (as detailed in Ref. [57]; infant brain
templates are available for download at http://www.nitrc.org/
projects/pediatricatlas). This segmentation involved two iterative
steps: 1) a registration step for aligning an age-specific atlas onto a
given image and 2) a segmentation step for estimating brain tissues
using the MRI intensity distribution from the image in conjunction
with the aligned tissue probability maps from atlas. For
participants with longitudinal data, segments of the last time-point
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image were alternatively employed as subject-specific atlas for
guiding segmentations of early time-point images for better
accuracy [58]. These procedures aided in robustly registering
and identifying tissue structures across age groups and subjects. A
brain atlas labeled with gray matter, white matter, and the four
primary lobes of the brain (i.e., frontal, temporal, parietal,
occipital) was employed to label the whole-brain [58]. This atlas
was originally defined on the Montreal Neurological Institute
(MNI) single subject brain MR image and was later adapted for
infant neuroimages [57,59]. For each subject, total gray, white,
and cerebral (summation of total gray and white matter) volumes
were calculated, along with gray matter volume of the frontal,
parietal, temporal, and occipital lobes. Example structural scans
and resulting segments are shown in Figure 1.

Imaging data was examined pre- and post-processing to
improve the reliability of segmentation results. First, as a screening
step, images were labeled by an expert in infant neuroimaging (I'S)
as “pass” or “fail” corresponding to whether image quality (e.g.,
motion, contrast) was sufficient or not to separate brain tissues. For
example, white matter varies in contrast for cortical versus
subcortical tissue. MRI volumes with poor image quality do not
allow for robust segmentation of these different types of white
matter. Elimination due to image quality accounted for 80% of
discarded scans. Second, as an evaluation step, segmented images
were reviewed one by one by the rater and those with visible skull-
stripping or segmentation errors were discarded. Segmentation
failure rates were similar to those previously reported in the infant
imaging literature [49]. Discarded scans did not differ by group
(Pearson y* p=.233).

Statistical Analyses

Random effects models were constructed to assess differences in
average brain volumes by family economic status controlling for
participant birth weight, sex, and age in months (quadratic
polynomial). Birth weight serves as an indicator of both an infant’s
early health and individual differences in head/brain size. The
quadratic polynomial for the effects of age allow for a concave or
convex growth pattern rather than imposing an assumption of

Figure 1. This figure shows example axial slices from a typical
subject scanned at birth (left column), 2 (middle column), and
4 years old (right column). T1 MRI, T2 MRI, and segmented gray
matter (green) and white matter (red) are provided.
doi:10.1371/journal.pone.0080954.g001

PLOS ONE | www.plosone.org

Poverty Affects Human Infant Brain Growth

linear age effects. An indicator of SES was constructed using
reported household income. If a subject had multiple study visits,
household income was averaged over visits to create a measure of
permanent income (since annual inflation over the 2001-2007
period was relatively low and stable, averaging 2.7 percent).

Families were divided into three groups relative to the federal
poverty level (FPL): (i) low SES families with household income at
or below 200 percent of the FPL, (ii) moderate SES families with
household income between 200 and 400 percent of the FPL, and
(iti) high SES families with household income above 400 percent of
the FPL. These categories have been used in previous work on
disparity and inequality within the social science, public policy,
and health literatures, along with being employed by the United
States Department of Health and Human Services (e.g., [60]). For
this analysis, brain volumes of interest included: total gray, white
and cerebral (summation of total gray and white matter) volumes,
along with the gray matter volumes of the frontal, parietal,
temporal, and occipital lobes. The random effects model for the
ith subject at time t took the form-

Voli; = By + B birthwt; + B,male; + Bsage;,
+ Bjage? + BsLowSES; + BsModSES; + by; + e

Mixed-effects linear models (growth models) were constructed to
extend our analysis to examine differences in brain volume
trajectories. This approach is consistent with work on overall
health, which finds that lower income during childhood is
associated with poorer overall health and higher instances of
health problems and, moreover, that this gradient steepens with a
child’s age [61]. Covariates for the growth models included birth
weight and sex. The mixed-effects linear model for the ith subject
at time t took the form-

Voli; = By + B, birth wt; + Bymale; + B3age;;

+ Bjage] + BsLowSES; + BsLowSES;age;,

+ B7L0WSESiagei2t + BgModSES; + BoModSES;age;,
+ BmModSESiageﬁ + B11 Xt + boi + briage;; +eit

The terms by; and by; are the subject-specific random intercept
and random slope. The growth model analysis focused on volumes
that were observed to be affected, on average, by low SES.

Finally, we explored whether observed delays in infant brain
development may be associated with aspects of children’s
behavior. Random effects models were constructed to examine
the influence of brain development (both absolute brain volumes
and growth rates) on children’s maladaptive behavioral and
emotional problems as measured by the Child Behavior Checklist
(CBCL). The analysis focused specifically on children’s internal-
izing (i.e., anxious, depressive) and externalizing (i.e., aggressive,
hyperactive) behaviors. Covariates included participant birth
weight, sex, and age in months.

Results

The sample of infants was representative of the population of
children living in poverty in the United States. Among minorities
Black/Non Hispanic and Hispanic/Black, we replicate demo-
graphics in the US (two groups combined- 45.5% in our sample
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and 40% nationally). Nationally, nineteen percent of the
population is living below the poverty line; in our sample it is
20% of infants. We have more two-parent families in the study
than nationally and low-birth weight of children was used as an
exclusionary criterion during recruitment. This makes our
estimates of group differences conservative and likely underesti-
mates the effects of poverty on children’s brain development.

As hypothesized, when compared to children from high SES
families, children from poor and near poor households (family
incomes below 200% FPL) were found to have significantly lower
average total gray matter volumes (B=—32,345.3, p=0.021).
This represents a difference of 0.40 standard deviations compared
to the overall sample average for total gray matter volume
(568,837£80,812). We also examined whether there are specific
regions of the infant brain that are particularly sensitive to the
effects of early poverty. Children from poor and near poor
households were additionally found to have significantly lower
average frontal (B=—10,983.1, p=0.020) and parietal
(B=-6,290.1, p=0.017) gray matter volumes. These differences
are large, representing deficits of 0.47 and 0.40 standard
deviations, respectively. The estimated differences in total, frontal
and parietal gray matter volumes among children in the low SES
group remain statistically significant after adjusting for multiple
comparisons according to the Benjamini-Hochberg (False Discov-
ery Rate) procedure. All results also remain the same if scanner
type is added as a covariate of no interest.

We did not detect statistically significant differences in total
cerebral volume (summation of total gray and white matter) or
white matter volumes. In addition, no differences were found for
regional gray matter volumes of the parietal or temporal lobes.
The association between family economic status and average brain
volumes was found to be concentrated among the most
impoverished children. We did not detect statistically significant
differences in any brain volumes of interest when comparing
children from moderate SES households to children from high
SES families.

For brain volumes where we found strong associations with
early poverty — total gray matter volume and the gray matter
volumes of the frontal and parietal lobes — we examined whether
these associations with family economic status extended to growth
trajectories. We see children from low SES households showed
reduced total gray matter growth trajectory (age B=—6,599.7,
p<<0.001; age’2 B=91.5, p=0.004) when compared to that of
high SES children. Similar patterns of reduced growth trajectory
in children from low SES households were also found for the
frontal lobe trajectory (age P=—1,234.2, p=0.019; age2
B=16.4, p=0.1) and parictal lobe trajectory (age p=—1,187.1,
p=0.003; agé2 PB=16.3, p=0.036). For children from low,
moderate, and high SES families, growth trajectory for total gray
matter is presented in Figure 2, for frontal lobe gray matter in
Figure 3, and for parietal lobe gray matter in Figure 4.

Finally, we explored the potential implications of the differences
we observed in infant brain development for aspects of children’s
behavior by examining internalizing and externalizing sympto-
mology on the CBCL. Most subjects were within the normative
range for both scales (>63 being in the clinical range); for
externalizing, the 90 percentile of the data was a score of 56. We
found that lower total gray matter was associated with greater
externalizing symptoms such as rule breaking, excessive aggres-
sion, and hyperactivity in the children by age 4 vyears
(B=—0.0000394, p=.05). In addition, there was an association
between externalizing symptoms and frontal lobe gray matter
(B=—0.000185, p=.004), while no such association was seen for
the parietal lobe gray matter (= —0.0000549, p=.584). Such
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behavior problems in young children are risk factors for
increasingly serious and persistent mental health issues in
adulthood [52]. Looking at whether absolute volumetric variations
or differences in growth rate were related to externalizing
symptoms, total gray matter volume (as opposed to growth) was
more strongly related to these problem behaviors (volume
B =—0.0000409, p=.080; growth B=—0.000227, p=.358). For
the frontal lobe, we observe a statistically significant association
with growth and volume, with initial evidence suggesting volume,
rather than growth, has a stronger influence on externalizing
symptoms for low SES children (volume = —0.000158, p =.049;
growth B=-0.00138, p=.045). There was no association
between internalizing symptomology and total gray matter
(p =0.366), frontal lobe gray matter volume (p = 0.496), or parietal
lobe gray matter (p=0.312). SES was not associated with
externalizing symptoms in this sample; selection of the sample
and numerous exclusionary criteria likely explain why we do not
find this expected link.

Discussion

These unique data suggest that low SES environments influence
the rate of human infant brain development. Infants, toddlers and
preschoolers from lower income families began their lives with
similar gray matter brain volumes but had lower total gray matter
compared with those from middle and high-income households by
toddlerhood. Differences in brain volumes between children from
low and high SES households are not accounted for by infant birth
weight, infant’s early health, or differences in head size at birth. As
infants aged—and presumably had increased exposure to the
effects of their environments— the differences in brain volume
between poor children and those with greater resources widened.
Smaller volumes in this brain tissue were related to greater
behavior problems in the pre-school years.

The differences seen were localized to the frontal and parietal
volumes, with children from lower income families having smaller
volumes in these brain regions. A large body of research has found
the frontal lobe is centrally involved with executive functions such
as planning, impulse control, and control of attention [33]. Such
differences fit well with previous research noting poorer executive
function in in children from lower SES backgrounds [62]. The
parietal lobe is important for sensory integration and aspects of
visual attention [63]. Development of the parietal lobe may be
particularly important for connectivity between brain regions [64].

These results extend a consistent literature in rodents, non-
human primates, and humans suggesting that early environments
marked by stress or deprivation negatively influence brain
development [65-69]. This emerging body of research has found
differences in brain structure in portions of the frontal lobe, which
fits well with the analysis presented here [68]. These findings
suggest that aspects of low SES environments have important
functional implications for children’s health and adaptation [70],
perhaps by influencing key features of central nervous system
development. In regards to neurobiological mechanisms, the
differences in volume we find are likely due to neuronal
remodeling, rather than birth of new neurons (or neurogenesis)
[27,71,72]. Volumetric differences associated with environmental
experience are likely related to an increase in synapses along with
increases in supportive tissue, including both capillaries and glia
[27]. Studies with mice find changes in the hippocampus as
measured by MRI to correlate strongly with axonal growth
markers and not with measures of neuronal size or number, again
pointing to remodeling of neuronal processes rather than
neurogenesis. Further work is however needed to fully understand

December 2013 | Volume 8 | Issue 12 | e80954



Total Gray Matter

700000 -+
650000 -+

600000 -

Volume (cm?3)

550000 +

500000 =

Poverty Affects Human Infant Brain Growth

HighSES
MidSES
LowSES

T T I T T I L) Ll T

L) Ll
S 7 9 11 13 15 17 19 21 23 25
Age (in months)

Figure 2. This figure shows total gray matter volume for group by age. Age in months is shown on the horizontal axis, spanning from 5 to
37 months. Total gray matter volume is shown on the vertical axis. The blue line shows children from Low SES households; children from Mid SES
households are shown in red. The green line shows children from High SES households.

doi:10.1371/journal.pone.0080954.9002

such changes as alterations in neurogenesis, synaptogenesis and
neuronal morphology could all be driving volumetric changes (for
review, see Ref. [72]). In future research, we also aim to employ
higher resolution MRI methods in order to more precisely
quantify areas implicated by previous research such as the
hippocampus, specific portions of the frontal lobe, or smaller
brain structures involves with language functions (e.g., Broca’s and

&»
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Wernicke’s areas). Additional use of novel MRI methods, such as
diffusion tensor imaging would also be beneficial, as initial
investigations have found aspects of white matter integrity are
related to SES [73].

This sample was economically diverse: children came from
families with incomes significantly below the federal poverty level
(FPL) as well as from families with incomes over 400% of the FPL.

HighSES
MidSES
LowSES
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Figure 3. This figure shows frontal lobe gray matter volumes for group by age. Age in months is shown on the horizontal axis, spanning
from 5 to 37 months. Total gray matter volume is shown on the vertical axis. The blue line shows children from Low SES households; children from
Mid SES households are shown in red. The green line shows children from High SES households.

doi:10.1371/journal.pone.0080954.g003
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Figure 4. This figure shows parietal lobe gray matter volumes for group by age. Age in months is shown on the horizontal axis, spanning

from 5 to 37 months. Total gray matter volume is shown on the vertical axis
Mid SES households are shown in red. The green line shows children from
doi:10.1371/journal.pone.0080954.g004

Specifically, children in this study were drawn from families with
incomes ranging from barely 4% to over 400% of the IFPL. Yet,
these data cannot address issues of causation. This is because
poverty carries multiple components of environmental risk. Other
“third” variables, not measured in our sample, could lead to or be
related to both lower family SES and differential rates of infant
brain growth. Future research will be necessary to determine if one
critical aspect of the environment is likely to influence children’s
brain development, or whether such effects reflect the influence of
multiple factors in combination. Candidate factors might include
the effects of household resources, environmental stimulation,
crowding, exposure to pathogens and noise, parental stress, and
nutrition. It is also possible that pre-natal experiences affect brain
development and reflect other disadvantages and risks related to
poverty. Because humans are able to adapt to a range of
environmental conditions, we must understand more about the
level at which impoverished environments become toxic for
children.

Of important note, this data set was designed to study
normative development and screened out infants based on
demographic, birth-neonatal complications, child development,
and family psychiatric history criteria (as noted in our method
section, also see Ref. [41]). This design may skew the sample
because such issues are disproportionately represented among
impoverished children. The present results therefore reflect so-
called “normal” children living in lower SES. Our results likely
under-represent the true effects of SES. Alternatively one could
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