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Association of Child Poverty, Brain Development,
and Academic Achievement
Nicole L. Hair, PhD; Jamie L. Hanson, PhD; Barbara L. Wolfe, PhD; Seth D. Pollak, PhD

IMPORTANCE Children living in poverty generally perform poorly in school, with markedly
lower standardized test scores and lower educational attainment. The longer children live in
poverty, the greater their academic deficits. These patterns persist to adulthood, contributing
to lifetime-reduced occupational attainment.

OBJECTIVE To determine whether atypical patterns of structural brain development mediate
the relationship between household poverty and impaired academic performance.

DESIGN, SETTING, AND PARTICIPANTS Longitudinal cohort study analyzing 823 magnetic
resonance imaging scans of 389 typically developing children and adolescents aged 4 to 22
years from the National Institutes of Health Magnetic Resonance Imaging Study of Normal
Brain Development with complete sociodemographic and neuroimaging data. Data collection
began in November 2001 and ended in August 2007. Participants were screened for a variety
of factors suspected to adversely affect brain development, recruited at 6 data collection
sites across the United States, assessed at baseline, and followed up at 24-month intervals for
a total of 3 periods. Each study center used community-based sampling to reflect regional
and overall US demographics of income, race, and ethnicity based on the US Department of
Housing and Urban Development definitions of area income. One-quarter of sample
households reported the total family income below 200% of the federal poverty level.
Repeated observations were available for 301 participants.

EXPOSURE Household poverty measured by family income and adjusted for family size as a
percentage of the federal poverty level.

MAIN OUTCOMES AND MEASURES Children’s scores on cognitive and academic achievement
assessments and brain tissue, including gray matter of the total brain, frontal lobe, temporal
lobe, and hippocampus.

RESULTS Poverty is tied to structural differences in several areas of the brain associated with
school readiness skills, with the largest influence observed among children from the poorest
households. Regional gray matter volumes of children below 1.5 times the federal poverty
level were 3 to 4 percentage points below the developmental norm (P < .05). A larger gap of
8 to 10 percentage points was observed for children below the federal poverty level (P < .05).
These developmental differences had consequences for children’s academic achievement.
On average, children from low-income households scored 4 to 7 points lower on standardized
tests (P < .05). As much as 20% of the gap in test scores could be explained by maturational
lags in the frontal and temporal lobes.

CONCLUSIONS AND RELEVANCE The influence of poverty on children’s learning and
achievement is mediated by structural brain development. To avoid long-term costs of
impaired academic functioning, households below 150% of the federal poverty level should
be targeted for additional resources aimed at remediating early childhood environments.
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L ow-income students are now a majority of schoolchil-
dren attending public schools in the United States. Data
collected by the National Center for Education Statis-

tics show that 51% of students across US public schools were
from low-income families in 2013.1 Socioeconomic dispari-
ties in school readiness and academic performance are well
documented. Children living in poverty have lower scores on
standardized tests of academic achievement, poorer grades in
school, and lower educational attainment.2,3 These patterns
persist into adulthood, ultimately contributing to low wages
and income.4,5 Moreover, increased exposure to poverty in
childhood is tied to greater deficits in these domains.6,7 De-
spite numerous studies demonstrating the relationship be-
tween family resources and children’s educational out-
comes, little is known about mechanisms underlying the
influence of poverty on children’s learning and achievement.
In the current study, we tested whether atypical structural de-
velopment in several areas of the brain tied to school readi-
ness skills may have mediated the relationship between child-
hood poverty and impaired academic performance. Our
hypotheses were motivated by the widespread environmen-
tal inequities (both physical and psychological) faced by chil-
dren living in poverty along with increasing evidence that en-
vironmental stimulation, parental nurturance, and early life
stress affect brain growth and functioning.

Socioeconomic Status Disparities in Academic Achievement
Children living in poverty tend to fare poorly across a variety
of academic measures beginning in early childhood,8 with con-
sequences found to persist to adulthood.4,5 A study of ad-
opted children by Duyme et al9 provides some of the most com-
pelling evidence that parental financial resources have a causal
effect on children’s cognitive performance. In that study,9 the
IQs of more than 5000 children were assessed prior to adop-
tion and again in adolescence. Compared with children ad-
opted into lower socioeconomic status (SES) families, the IQs
of children adopted into higher SES families were 13 points
higher in adolescence. Additional studies that exploit varia-
tion in the types of public programs that target low-income
families, such as the Earned Income Tax Credit10 and Welfare
to Work experiments,11 also point to the influence of in-
creased parental income on children’s outcomes.

Brain Plasticity and Environments of Poverty
Research involving nonhuman animals (where the environ-
ment can be experimentally manipulated, controlled, and pre-
cisely measured) demonstrates that environmental stimula-
tion, parental nurturance, and early life stress affect brain
structure and functioning.12-14 These kinds of early experi-
ences map adversities characteristic of poverty environ-
ments. When compared with their more-advantaged peers,
children living in poverty experience less parental nurtur-
ance while confronting elevated levels of life stress, in-
creased family instability, and greater exposure to violence.
Their homes are more crowded and often provide less-
cognitive stimulation.15

Initial efforts to understand the effects of poverty on the
human brain structure and development used neurocogni-

tive tests to assay functions associated with specific areas of
the brain.16 There is strong evidence that poverty influences
language (tied to the temporal lobe) and executive function-
ing (related to the frontal lobe).17-19 Deficits in the executive
functioning of individuals in poverty have been found during
the life course in studies conducted during infancy20 as well
as in childhood, adolescence,21 and adulthood.22 Motivated by
these findings, a growing number of studies have used neu-
roimaging and found smaller volumes in the frontal and tem-
poral lobes for children and adolescents living in poverty.23,24

Different facets of poverty, including elevated life stress and
less caregiving support,25,26 may uniquely or interactively con-
tribute to such differences in neurobiology.

Hypotheses
The focus of this study was to determine whether systematic
differences in structural brain development mediate the rela-
tionship between poverty and impaired academic perfor-
mance. We focused on the gray matter tissue of several areas
of the brain that are likely vulnerable to early environments
(eg, areas that display a protracted period of postnatal devel-
opment or less heritability) and are believed to have an im-
portant role in cognitive abilities that are critical for chil-
dren’s school readiness.27 Focal brain areas include the frontal
lobe because previous research has found that this brain re-
gion is particularly important for the top-down control of at-
tention, inhibition, emotion regulation, and complex
learning28; the temporal lobe because of its importance for
memory and language comprehension, such as identifying
words, relating heard sounds with letters of the alphabet, and
attaching meaning to words29; and the hippocampus, a brain
structure that plays a critical role in processing spatial and con-
textual information and has been tied to long-term memory
functioning.30 Taken together, circuits in these areas of the
brain influence critical processes and skills, including read-
ing comprehension,31 language usage,32 and associative
learning.33 Dysfunction in these processes may significantly
affect scholastic and later occupational success.

The current study included a diverse sample of children
and adolescents. The broad range of participants aged 4 to 22
years was a novel aspect of this large multisite longitudinal
study. Participants were followed up and rescanned across a
number of years. Because human gray matter follows a non-
linear developmental trajectory, we established a reference for

At a Glance

• This study tests whether structural brain development may
mediate the relationship between childhood poverty and
impaired academic performance.

• Magnetic resonance imaging brain scans of 389 economically
diverse and typically developing children aged 4 to 22 years were
analyzed.

• Children from families with limited financial resources displayed
systematic structural differences in the frontal lobe, temporal
lobe, and hippocampus.

• Developmental differences in the frontal and temporal lobes may
explain as much as 20% of low-income children’s achievement
deficits.
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typical development in focal brain areas and constructed an
index that measured whether regional gray matter volume was
larger or smaller than expected, comparing children with oth-
ers of the same sex and age. Thus, structural brain develop-
ment was assessed in terms of deviations from an expected
norm.

Methods
Participants
We used data from the National Institutes of Health Magnetic
Resonance Imaging Study of Normal Brain Development (http:
//pediatricmri.nih.gov/nihpd/info/Documents/Protocol_release
_Nov06.pdf). Institutional review board approval was ob-
tained from the University of Wisconsin–Madison. Written
informed consent was obtained from parents before screen-
ing as well as during on-site visits and magnetic resonance
scans. Children aged 6 to 17 years also provided written in-
formed assent.

Following a community-based sampling plan, 433 chil-
dren aged 4 to 18 years were recruited at 6 study centers across
the United States to reflect both regional and US demo-
graphic compositions of income and race/ethnicity. Income by
race/ethnicity categories were distributed across age, with
equal sex representation for each age category. Participants
were followed up at 24-month intervals across 3 periods. We
analyzed 823 observations of 389 children with complete neu-
roimaging and sociodemographic information (Table 1). Par-
ticipating families were screened for a number of factors sus-
pected to adversely affect brain development. Exclusionary
criteria included demographic characteristics (eg, whether the
child was adopted); risky pregnancy, birth, and neonatal his-
tories; physical/medical histories (eg, lead treatment or ma-
ternal medications during breastfeeding); family psychiatric
history; and behavioral/psychiatric measures, including low
IQ. Details regarding sampling and recruitment can be found
in the Waber et al study.34

Family Income
The database included race/ethnicity, family size, parents’
education, and household income. Total family income was
recorded in 9 categories, ranging from less than $5000 to
between $100 000 and $150 000. We adjusted household
income measured at the categorical midpoint for family size
using federal poverty thresholds. The sample was economi-
cally diverse. We observed households well below the fed-
eral poverty level (FPL) to families with incomes more than
8 times the FPL. One-quarter of households were classified
as poor or near poor (below 200% of the FPL). Reported
income was overwhelmingly stable during the sample
period, with very few families transitioning in or out of pov-
erty. Mothers’ educational attainment in our sample was
high; 84.9% of mothers reported at least some college-level
education and 22.4% reported at least some graduate-level
education. Comparable patterns were observed for sample
fathers. Rates of successful recruitment were similar across 3
income groups. However, consistent with elevated morbid-

ity within low-income populations, children from the lowest
income category were more likely to meet 1 or more exclu-
sionary criteria during preliminary screening (eTables 1 and 2
in the Supplement).

Procedures
Neuroimaging and neurobehavioral testing batteries were
attempted for all participants and intervals. While magnetic
resonance imaging scan success rates were high, some neu-
roimaging data were incomplete owing to artifacts associ-
ated with child movement or contraindication for magnetic

Table 1. Summary of Sample Characteristics in the National Institutes
of Health Magnetic Resonance Imaging Study
of Normal Brain Developmenta

Variable Mean (Range)

Male 0.475 (0-1)

Nonwhite 0.147 (0-1)

Hispanic 0.122 (0-1)

Birth weight, oz 126 (86-182)

Age, y 12 (4-22)

Scans, No. 2.12 (1-3)

Age at first scan, y 11.1 (4-20)

Family size 5.39 (2-14)

Education level

Less than high school 0.008 (0-1)

High school 0.144 (0-1)

Some college 0.302 (0-1)

College 0.323 (0-1)

Some graduate school 0.056 (0-1)

Graduate school 0.168 (0-1)

Income

Relative to the FPL, % 360.7 (10.7-838.9)

Below 100% of the FPL 0.056 (0-1)

Between 100% and 150% of the FPL 0.100 (0-1)

Between 150% and 200% of the FPL 0.104 (0-1)

Above 200% of the FPL 0.740 (0-1)

WASI

Full-scale IQ 112 (75-160)

Performance IQ 111 (72-157)

Verbal IQ 110.4 (73-156)

WJ-III

Math computation 110.3 (74-156)

Letter-word identification 108.6 (71-151)

Passage comprehension 107.7 (71-140)

Abbreviations: FPL, federal poverty level; WASI, Wechsler Abbreviated Scale of
Intelligence; WJ-III, Woodcock-Johnson III Tests of Achievement.
a Analysis sample comprised 823 observations of 389 children with

neuroimaging and sociodemographic information. Family income assigned the
value of the categorical midpoint. Household income levels were
overwhelmingly stable across the sample period, with very few families
observed to transition into or out of poverty. Mean (SD) scores on both the
WASI and WJ-III were standardized (100 [15]). The WASI and WJ-III batteries
were administered to children who were aged at least 5 and 6 years,
respectively.
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resonance imaging scanning (eg, missed visit owing to den-
tal braces). Incomplete neuroimaging information was found
to be unrelated to socioeconomic characteristics (eTable 3 in
the Supplement). Repeated scans were available for 301 chil-
dren. Neuroimaging data for each participant were pro-
cessed according to voxel-based morphometry analytic
framework with region of interest drawings. The processing
of neuroimaging data is described in eAppendix 1 in the
Supplement. The Wechsler Abbreviated Scale of Intelligence
(WASI) and Woodcock-Johnson III Tests of Achievement
(WJ-III) were administered to assess general intelligence and
measure language and math achievement. The WASI com-
posite scores included a verbal IQ that measured word
knowledge, verbal reasoning, and concept formation and a
performance IQ that assessed visual information processing,
abstract reasoning, and visual motor coordination. The full-
scale IQ combined the verbal IQ and performance IQ.35 The
WJ-III subscales included math computation, letter-word
identification, and passage comprehension. The letter-word
identification and passage comprehension tests measure a
child’s word identification skills and ability to understand
written text.36 Both the WASI and WJ-III assessments were
standardized with a mean (SD) of 100 (15).

Data Analyses: Modeling Normal Brain Development
Dynamic changes in the brain continue through young adult-
hood. An initial period of growth is followed by a period of
pruning as the brain cuts off unused pathways.37 To account
for the nonmonotonic inverted U-shaped trajectories of gray
matter volumes, we first established a reference of typical de-
velopment for each brain area of interest. We modeled re-
gional gray matter volume trajectories, estimating sex-
specific mixed effect linear models, a statistical analysis
technique that combined cross-sectional and longitudinal data
and accounted for both intraparticipant correlation and un-
balanced panel design.38

Using the estimated developmental trajectories (eTable
4 and eFigures 1, 2, 3, and 4 in the Supplement), we con-
structed an index of structural brain development based on
an adjusted or normed measure of regional gray matter vol-
ume. The participant regional volume was expressed as a
percentage of an expected volume given sex and age. This
index reflected deviations from normative development.
Primary analyses considered whether a region was smaller
or larger than expected by comparing a child with others of
the same sex and age. Basic summary statistics related to
developmental indices are available in eTable 5 in the
Supplement.

Modeling Brain Development and Poverty
Using the constructed indices, we examined the influence of
socioeconomic status, specifically growing up in or near pov-
erty, on development within focal areas of the brain. Family
financial resources were used as an indicator of SES. Low SES
was defined using both binary and categorical income mea-
sures and we additionally considered the sensitivity of esti-
mates to the selection of particular income thresholds. Speci-
fications with an extended set of covariates controlled for birth

weight, race/ethnicity, family size, and maternal education. The
results provided evidence of a tie between low income and the
gray matter in critical areas of the brain. These results were used
in the following analysis of brain development and academic
achievement.

Modeling Brain Development in Relation to Poverty
and Academic Achievement
As hypothesized, low income was associated with lower
WASI and WJ-III scores. To improve our understanding of
this relationship between poverty and impaired academic
performance, we used mediation analysis.39 Focusing on
areas of the brain where we reported deviations from nor-
mative development among low-income children, we tested
whether structural brain development (ie, relative regional
gray matter) was 1 process or a channel underlying the
income achievement gap. The amygdala, a brain structure
that was not expected to influence cognition as measured by
educational assessments, was presented as a control region.
eAppendix 2 in the Supplement includes a detailed discus-
sion of statistical methods.

Results
SES and Anatomical Brain Development
Low SES was associated with atypical gray matter develop-
ment. Children from families with limited financial
resources displayed systematic structural differences in the
frontal lobe, temporal lobe, and hippocampus. The regional
gray matter volumes of children below 1.5 times the FPL
were, on average, 3 to 4 percentage points below develop-
mental norms for their sex and age (Table 2). The estimated
gap increased to 7 to 10 percentage points in children living
below the FPL (Table 2).

A review of Table 2 suggests that the detrimental influ-
ence of growing up in or near poverty was concentrated among
those children from the poorest households. When com-
pared with near-poor peers, children below the poverty thresh-
old displayed a significant maturational lag in each brain area
of interest. In contrast, a comparison of near-poor children with
higher SES peers revealed no significant differences in brain
structure (Table 2). This nonlinear income pattern was con-
stant across alternative definitions of SES, including mea-
sures based on current income, permanent income, mini-
mum reported income, and family size–adjusted income
(eTable 6 in the Supplement).

We considered several alternative hypotheses, such as that
the observed structural differences in the brains of children
developing in poverty might have been explained by differ-
ences in early health or parental education. Study partici-
pants were subject to strict eligibility criteria, including
family medical, prenatal, birth, and perinatal histories. Addi-
tionally, we controlled for birth weight, an indicator of both
early health status, and initial head size. Likewise, it is un-
likely that the atypical development was driven by SES-
associated differences in parental education. Poor families in
our sample were highly educated. Estimates of the influence
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Table 2. Socioeconomic Status and Brain Development in the National Institutes of Health Magnetic Resonance Imaging Study of Normal Brain Developmenta

Variable
Total Gray Matter,
β (SE)

Frontal Gray Matter,
β (SE)

Temporal Gray Matter,
β (SE)

Hippocampus Gray Matter,
β (SE)

Model 1

Below 200%
of the FPL

−2.437b (1.098) −1.581 (1.159) −2.157b (1.24) −1.19 (1.331) −2.336c (1.285) −1.165 (1.343) −1.716 (1.244) −0.573 (1.302)

Model 2

Below 150%
of the FPL

−3.839b (1.432) −2.816b (1.368) −3.532b (1.546) −2.375 (1.519) −4.250b (1.639) −3.002c (1.528) −3.710b (1.355) −2.642c (1.416)

Model 3

Below 100%
of the FPL

−8.808c (2.328) −7.505c (2.298) −8.383b (2.597) −7.037b (2.742) −9.497b (2.600) −7.844c (2.439) −8.035b (1.807) −6.564b (1.946)

Model 4

Below 150%
of the FPL

−3.903b (1.436) −2.859b (1.389) −3.577b (1.553) −2.369 (1.545) −4.259b (1.648) −2.893c (1.562) −3.661b (1.379) −2.411c (1.46)

Between 150%
to 200% of the FPL

−0.727 (1.455) −0.25 (1.566) −0.502 (1.721) 0.0364 (1.854) −0.0932 (1.688) 0.634 (1.802) 0.553 (1.739) 1.341 (1.741)

Model 5

Below 100%
of the FPL

−8.953b (2.342) −7.591b (2.335) −8.493b (2.615) −7.024b (2.783) −9.603b (2.618) −7.803b (2.483) −8.079b (1.820) −6.426b (1.969)

Between 100%
to 150% of the FPL

−1.328 (1.319) −0.431 (1.244) −1.07 (1.445) 0.0202 (1.364) −1.534 (1.603) −0.373 (1.504) −1.409 (1.598) −0.350 (1.635)

Between 150%
to 200% of the FPL

−0.727 (1.455) −0.207 (1.562) −0.502 (1.722) 0.0782 (1.851) −0.0932 (1.689) 0.678 (1.799) 0.553 (1.740) 1.377 (1.738)

Extended controls No Yes No Yes No Yes No Yes

No. of Observations 823 817 823 817 823 817 823 817

Abbreviation: FPL, federal poverty level.
a Measures of brain development are normed. The focal brain area volume is expressed as a percentage of the sex-

and age-specific norm. Results related to the estimation of normative developmental curves are available in
eTable 4 in the Supplement. Extended controls included birth weight, race/ethnicity, family size, and maternal
education.

b P < .05.
c P < .10.
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of poverty were consistent in models that were adjusted for
the level of maternal education.

SES, Anatomical Brain Development,
and Academic Achievement
Children below 1.5 times the FPL scored 4 to 8 points (¼ to ½
of a SD) lower on tests of achievement (P < .05). In addition,
the structural development of gray matter in brain areas where
atypical development has been reported in low-income chil-
dren was associated with improved test performance. We used
mediation analyses to formally test whether differences in neu-
robiology may help explain the deleterious effects of child-
hood poverty on academic achievement.

For each focal brain area, we presented estimates of the
direct effect of low income on academic achievement along-
side estimates of the indirect effect (ie, the portion that may
have been explained by poverty’s influence on [adjusted]
regional gray matter volume). We then calculated the indi-
rect (mediated) effect as a fraction of the total low-income
effect. Finally, we presented parallel estimates for 1 addi-
tional brain structure. The amygdala provided a point of
comparison for the outlined mediation analyses because
while the region plays a key role in the processing of emo-
tions, we did not expect it to influence cognition (as mea-
sured by the WASI or WJ-III).

We found that developmental differences in the frontal and
temporal lobes may have explained as much as 15% (Table 3)
to 20% (Table 4) of low-income children’s achievement defi-
cits. Analysis of the amygdala provides evidence that we were
capturing regionally specific effects (ie, differences in spe-
cific brain regions of interest vs the alternative hypothesis that
children in poverty have smaller brains overall). In contrast to

our main results, estimates tied to the amygdala (Table 2) were
small and statistically indistinguishable from zero. Addi-
tional analyses (eTable 7 and eTable 8 in the Supplement) con-
trolled for multiple but nonoverlapping portions of the brain
and similarly suggested the importance of the frontal and tem-
poral lobes.

Discussion
Although the income achievement gap is well documented, the
question of how childhood poverty is translated into deficits
in learning and academic achievement is largely unan-
swered. With the current data, we demonstrated that chil-
dren from low-income households exhibit atypical structural
development in several critical areas of the brain, including
total gray matter and the frontal lobe, temporal lobe, and hip-
pocampus. This maturational lag has implications for chil-
dren’s scholastic success. A typical low-income child scores
lower on standardized tests of achievement and 15% to 20%
of that developmental difference might be attributed to the del-
eterious effects of limited family resources on relative brain
development. We found that the influence of parental SES on
children’s anatomical brain development was concentrated
among children from the poorest households. No statistically
significant differences were found when comparing near-
poor children (eg, 150% to 200% of the FPL or $25 000-
$35 000) with children from higher SES groups.

Our study had 2 limitations worth noting. First, it is pos-
sible that reported differences across socioeconomic groups
could have been caused by a third factor tied both to family
poverty and smaller regional gray matter volumes, such as a

Table 3. Socioeconomic Status, Brain Development, and WJ-III Scores in the National Institutes of Health
Magnetic Resonance Imaging Study of Normal Brain Developmenta

Variable Frontal Lobe, β Temporal Lobe, β Hippocampus, β Amygdala, β
WJ-III math computation
(n = 87)

Direct effect −6.18 −6.15 −6.27 −6.64

Indirect effect −0.95 −1.01 −0.87 −0.54

Percentile 95% CI −1.72 to −0.32 −1.78 to −0.38 −1.59 to −.28 −1.26 to 0.02

Bias-corrected 95% CI −1.83 to −0.39 −1.83 to −0.41 −1.66 to −.33 −1.35 to −0.03

Indirect/total effect 0.13 0.14 0.12 0.02

WJ-III letter-word identification
(n = 798)

Direct effect −3.83 −3.65 −3.97 −4.05

Indirect effect −0.47 −0.66 −0.33 −0.26

Percentile 95% CI −0.92 to −0.12 −1.22 to −0.24 −0.77 to −0.02 −0.65 to 0.01

Bias-corrected 95% CI −0.98 to −0.14 −1.32 to −0.28 −0.83 to −0.05 −0.72 to −0.01

Indirect/total effect 0.11 0.15 0.08 0.06

WJ-III passage comprehension
(n = 797)

Direct effect −5.15 −4.94 −5.07 −5.43

Indirect effect −0.4 −0.61 −0.49 −0.13

Percentile 95% CI −0.83 to −0.08 −1.11 to −0.20 −0.99 to −0.11 −0.43 to 0.05

Bias-corrected 95% CI −0.91 to −0.11 −1.20 to −0.25 −1.05 to −0.14 −0.52 to 0.01

Indirect/total effect 0.07 0.11 0.09 0.02

Abbreviation: WJ-III,
Woodcock-Johnson III Tests of
Achievement.
a Mediation analyses correspond to

specifications in eTable 9 in the
Supplement. Estimates of the direct
and indirect (mediated through
influence on structural brain
development) effects of low income
on a standardized test of
achievement are shown. Mean (SD)
tests scores are standardized (100
[15]). Standard errors have been
bootstrapped. The 95% CIs were
constructed using bootstrap
resampling with 5000 iterations.
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genetic predisposition that might have led an individual to be-
come poor. Our analyses mitigated concerns related to this
competing explanation. We focused on regions of the brain
known to undergo a protracted period of postnatal develop-
ment (most likely to be influenced by environmental condi-
tions), specifically, the brain’s gray matter tissue, which pre-
vious work suggests is likely affected by early environment and
less heritable than other brain tissues. Second, the National In-
stitutes of Health study was designed specifically to study typi-
cal development; therefore, children were screened based on
factors thought to adversely affect brain development. How-
ever, such adversities are disproportionately represented
among impoverished children, meaning that this study exam-
ined a sample of children who were likely doing better than
most children living in poverty. Our analyses likely under-
stated the full effects of poverty on children’s development.
The strict exclusionary criteria were beneficial in that they al-
lowed us to rule out a number of potentially confounding fac-
tors, particularly a child’s early or initial health status, as in-
fluencing reported associations with family income or
socioeconomic status and mitigated the potential for adverse
selection of sample families based on unobserved factors (eg,
families who may volunteer out of concern for a child’s health
or developmental progress). However, a true representative
sample of children in poverty is likely to reveal even greater
deficiencies than those reported in this relatively healthy

sample of impoverished children, who, despite meeting the
study’s inclusionary criteria, still evinced striking neurocog-
nitive delays.

Conclusions
While brain structure and development may not be the only
mechanism underlying the income achievement gap, the novel
evidence presented in this study seems to suggest that 1 com-
ponent linking parental SES to children’s achievement and hu-
man capital more broadly operates through a neurobiological
mechanism. Our work suggests that specific brain structures
tied to processes critical for learning and educational func-
tioning (eg, sustained attention, planning, and cognitive flex-
ibility) are vulnerable to the environmental circumstances of
poverty, such as stress, limited stimulation, and nutrition. If
so, it would appear that children’s potential for academic suc-
cess is being reduced at young ages by these circumstances.
Such understanding should lead to public policy initiatives
aimed at improving and decreasing disparities in human capi-
tal. Development in these brain regions appears sensitive to
the child’s environment and nurturance. These observations
suggest that interventions aimed at improving children’s en-
vironments may also alter the link between childhood pov-
erty and deficits in cognition and academic achievement.
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Table 4. Socioeconomic Status, Brain Development, and WASI Scores in the National Institutes of Health
Magnetic Resonance Imaging Study of Normal Brain Developmenta

Variable Frontal Lobe, β Temporal Lobe, β Hippocampus, β Amygdala, β
WASI full-scale IQ
(n = 802)

Direct effect −6.92 −6.61 −6.88 −7.62

Indirect effect −1.08 −1.4 −1.12 −0.41

Percentile 95% CI −1.96 to −0.34 −2.37 to −0.52 −1.97 to −0.39 −1.00 to 0.03

Bias-corrected
95% CI

−1.98 to −0.36 −2.43 to −0.57 −1.98 to −0.41 −1.09 to −0.001

Indirect/total effect 0.14 0.17 0.14 0.05

WASI performance IQ
(n = 802)

Direct effect −5.65 −5.32 −5.66 −6.37

Indirect effect −1.09 −1.43 −1.08 −0.4

Percentile 95% CI −2.00 to −0.34 −2.47 to −0.57 −1.86 to −0.39 −0.97 to 0.017

Bias-corrected
95% CI

−2.08 to −0.40 −2.56 to −0.63 −1.92 to −0.44 −1.05 to −0.02

Indirect/total effect 0.16 0.21 0.16 0.06

WASI verbal IQ (n = 802)

Direct effect −6.67 −6.46 −6.57 −7.2

Indirect effect −0.83 −1.05 −0.93 −0.33

Percentile 95% CI −1.53 to −0.26 −1.90 to −0.39 −1.67 to −0.31 −0.86 to 0.015

Bias-corrected
95% CI

−1.58 to −0.29 −1.97 to −0.45 −1.72 to −0.35 −0.95 to −0.02

Indirect/total effect 0.11 0.14 0.12 0.04

Abbreviation: WASI, Wechsler
Abbreviated Scale of Intelligence.
a Mediation analyses correspond to

specifications in eTable 9 in the
Supplement. Estimates of the direct
and indirect (mediated through
influence on structural brain
development) effects of low income
on a standardized test of
achievement are shown. Mean (SD)
tests scores are standardized (100
[15]). Standard errors have been
bootstrapped. The 95% CIs were
constructed using bootstrap
resampling with 5000 iterations.
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eAppendix 1: Imaging Appendix. 

To examine the neurobiological correlates of socioeconomic status, regions of interest were quantified by 
registering a parcellated brain template via diffeomorphic warping to each individual subject. The wrapping 
algorithm used symmetric normalization (SyN; Avants and Gee (2004)) which was recently judged as one 
of the best available in a comparison of fourteen nonlinear registration routines (Klein et al., 2009). 

The approach used consisted of the following steps: first T1-weighted images were checked for scanner 
artifacts (such as extreme field inhomogeneity). Next, these volumes were segmented using custom a priori 
brain tissue segmentations generated by the Template-o-Matic toolbox (Wilke et al., 2008). These custom 
segmentations were based on the age and sex distributions of the full sample. Structural neuroimaging 
expert Jamie Hanson then checked the accuracy of each subject’s segmentation. If any errors were present, 
the bounding box or image matrix was adjusted and MRI images reprocessed. If after this correction 
segments still contained errors, they were corrected by hand to remove skull, dura, and other nonbrain 
matter. Once segmentation was completed successfully, each subject’s tissue segments were registered to a 
template where brain regions were previously quantified (Davatzikos et al., 2001). This procedure yielded 
an individual subject’s MRI with ninety possible regions of interest across the brain. Amount of gray or 
white matter was then summed in each region of interest. 

  

Downloaded From: http://archpedi.jamanetwork.com/ on 07/30/2015



© 2015 American Medical Association. All rights reserved. 

eAppendix 2: Statistical Appendix. 

Modeling Normal Brain Development. To account for the non-monotonic “inverted U” shaped trajectories 
of gray matter volumes, we first establish a reference of typical development for each brain area of interest. 
We use mixed effects linear models, a statistical analysis technique that combined cross-sectional and 
longitudinal data and accounts for both intrasubject correlation and unbalanced panel design, to estimate a 
series of growth curves. 

	 	                     ( 1 ) 

The dependent variable, ROIist, is the volume, measured in cubic centimeters, of a brain region of interest 
for subject i of sex s at sample period t. The estimated developmental curves are sex-specific and quadratic 
in age. The terms b0i and b1i allow for subject-specific random intercept and slope components. 

Using the estimated developmental trajectories (eTable 4, eFigures 1- 4), we construct an index of 
structural brain development based on an adjusted or “normed” measure of regional GM volume: subject 
regional volume expressed as a percentage of an expected volume given sex and age. 

∗
| , ∗ 100              ( 2 ) 

This index reflects deviations from normative development. Primary analyses consider whether a region is 
smaller or larger than expected comparing a child to others of the same sex and age. Basic summary 
statistics related to developmental indices ( ∗ ) are available in eTable 5. 

Modeling Brain Development and Poverty. Using the constructed indices, we examine the influence of 
socioeconomic status, specifically growing up in or near poverty, on development within focal areas of the 
brain.  

∗          ( 3 ) 

The dependent variable ( ∗ ) is defined as in equation (2).  is an indicator of family 
financial resources or socioeconomic status. Several classifications of SES are evaluated. We introduce 
binary (e.g., an indicator equal to 1 if household income below 1.5 times FPL) as well as categorical 
measures of income and consider the sensitivity of estimates to the selection of particular income threshold. 
Specifications with an extended set of covariates control for birth weight, race/ethnicity, family size, and 
maternal education. Standard errors are clustered at the individual level. 

Modeling Brain Development in Relation to Poverty and Academic Achievement. As hypothesized, 
childhood poverty was associated with lower WASI and WJ-III scores. To better inform our understanding 
of the relationship between poverty and impaired academic performance, we conduct mediation analyses 
(Preacher and Hayes, 2004).  

               ( 4 ) 

∗         ( 5 ) 

We test each focal area – where we report structural differences among low income children – as a possible 
mediator of the income-achievement gap. The outcome of interest is a child’s performance on an index of 
academic ability or achievement: the Wechsler Abbreviated Scale of Intelligences (Full IQ, Performance 
IQ, Verbal IQ) or Woodcock-Johnson III Tests of Achievement (Math Computation, Letter-Word 
Identification, Passage Comprehension). All specifications adjust for sex and age. Specifications with an 
extended set of covariates additionally control for birth weight, race/ethnicity, family size, and maternal 
education. Standard errors are clustered at the individual level. 
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eFigure 1: Normative Developmental Curve: Total Gray Matter. 

Notes: Sex-specific developmental trajectories estimated using mixed effects linear models. Regression coefficients are 
available in eTable 4. 
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eFigure 2: Normative Developmental Curve: Frontal Lobe Gray Matter. 

Notes: Sex-specific developmental trajectories estimated using mixed effects linear models. Regression coefficients are 
available in eTable 4. 
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eFigure 3: Normative Developmental Curve: Temporal Lobe Gray Matter. 

Notes: Sex-specific developmental trajectories estimated using mixed effects linear models. Regression coefficients are 
available in eTable 4. 
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eFigure 4: Normative Developmental Curve: Hippocampus Gray Matter. 

Notes: Sex-specific developmental trajectories estimated using mixed effects linear models. Regression coefficients are 
available in eTable 4. 
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eTable 1. Recruitment Summary by SES, NIH MRI Study of Normal Brain 
Development. 

       

Recruitment Summary by SES.     
NIH MRI Study of Normal Brain Development     
  Low SES Mid SES High SES 
Intro Letters Sent  15313 13555  6561 
Newly Contacted  10939 71.40% 10211 75.30% 4955 75.50%
Refused on Calls  3102 28.40% 3959 38.80% 2170 43.80%
Refusals  4824 44.10% 5710 55.90% 3011 60.80%
Exclusions  2565 37.90% 1410 27.00% 517 21.80%
CBCLs Sent   685 19.30% 988 32.00% 497 34.80%
CBCLs Received  418 61.00% 646 65.40% 333 67.00%
CBCLs Passed   337 80.60% 549 85.00% 304 91.30%
    
Source: K.N. Botteron, L.S. Freund & The Brain Development Cooperative Group (2004, October). The NIH Study of 
Normal Brain Development: Objective-2 Behavior Analyses. Poster presented at the Society for Neuroscience Annual 
Meeting, San Diego, CA. 

eTable 2.  Exclusion During Early Screening, NIH MRI Study of Normal 
Brain Development.  
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Exclusions During Early Screening   
NIH MRI Study of Normal Brain Development   
 Low Mid High Total 
Size (off growth chart) 12 16 13 41 (1.30%) 

Braces 19 29 15 63 (2.10%) 
Chronic Medical Disorder 9 14 3 26 (0.90%) 
Lead Poisoning 3 0 0 3 (0.10%) 
Seisures, LOC, Neurological Disorder 28 37 11 76 (2.80%) 

Psychiatric Disorders - All Sites Low Mid High Total 

Major Depression or Bipolar  10 21 8 39 (1.40%) 

ADHD  75 126 60 261 (9.20%) 
Autism  12 20 8 40 (1.40%) 
Tourette Syndrome or OCD  2 3 1 6  

Schizophrenia 0 1 0 1  
Alcoholism  2 1 0 3  
      
Source: K.N. Botteron, L.S. Freund & The Brain Development Cooperative Group (2004, October). The NIH Study of 
Normal Brain Development: Objective-2 Behavior Analyses. Poster presented at the Society for Neuroscience Annual 
Meeting, San Diego, CA. 

 

eTable 3.  Predicted Probability of Incomplete Neuroimaging Data. 
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  Logit Marginal Effectsa 
  dy/dx P > |z| 
Male      0.0317 0.144 
Non-white        0.0102 0.820 
Hispanic  0.0411 0.335 
Birth weight (ounces) -0.0006 0.478 
Age (years) -0.0293 0.000 
   
Maternal Education   
High School or less 0.0288 0.361 
Some College 0.0347 0.344 
College  0.0188 0.354 
    
Household Incomeb 
Below 100% FPL -0.0558 0.419 
100 to 150% FPL -0.0257 0.435 
150 to 200% FPL -0.0159 0.751 
Observations     1019  
Pseudo R² 0.1045  
 

Notes: a Marginal effects for birth weight and age evaluated at sample means. Estimates related to binary covariates 
estimated as discrete change form 0 to 1. Model additionally controls for survey time point and collection site. Robust 
standard errors adjust for clustering on collection site. b Household income adjusted for family size and expressed relative 
to federal poverty level (FPL).  
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eTable 4.  Normative Developmental Curves for Regions of Interest. 

 
Normative Developmental Curves for Regions of Interest  
NIH MRI Study of Normal Brain Development

 1 2 3 4 5 
 Total Frontal Temporal Hippo. Amyg. 
 GM GM GM GM GM 

Age (months)     34.6 50.45 36.97 8.212** 3.429** 
                 -208.7 -67.39 -36.02 -2.483 -0.938 
Age2          -1.684** -0.606** -0.382** -0.0168** -0.00846** 
                 -0.663 -0.215 -0.115 -0.00795 -0.003 
Male             35166.4 4015.2 4401.4 10.65 -28.86 
                 -23712 -7628 -4107.6 -282.3 -101.1 
Age x Male      386.2 165.6* 78.37 5.807 2.748** 
                 -298.1 -96.27 -51.48 -3.549 -1.337 
Age2 x Male   -0.941 -0.45 -0.199 -0.0147 -0.00738* 
                 -0.935 -0.302 -0.162 -0.0112 -0.0043 
Constant         758826.8** 189420.4** 113097.5** 6831.5** 1944.2** 
                 -16322 -5251.5 -2826.8 -194.3 -69.82 
Observations     823 823 823 823 823 
     
Notes: Sex-specific development trajectories (mixed effects linear models) allow for subject-specific random intercept and 
slope components. Growth models that additionally adjust for PSU/scanner are available upon request. We found nothing 
to suggest systematic differences across study sites or MRI machines. 
* p < 0.10, ** p < 0.05 
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eTable 5.  Summary of Normed Developmental Measure. 

 
Summary of Normed Developmental Measure  
NIH MRI Study of Normal Brain Development

 Min Max Mean SD 
Full Analysis Sample 

Total GM 75.6 126.6 100.1 8.2 
Frontal GM 72.5 132.2 100.0 9.4 

Temporal GM 66.6 130.7 100.2 9.4 
Hippo GM 77.3 130.5 100.1 9.0 

Low Incomea 
Total GM 75.6 115 96.6 9.1 

Frontal GM 72.5 116.6 96.8 10.1 
Temporal GM 68.5 116.5 96.4 10.8 

Hippo GM 77.3 123.3 96.7 9.5 
High Incomeb 

Total GM 84.4 126.6 100.8 9.1 
Frontal GM 80.8 132.2 100.7 9.1 

Temporal GM 77.9 127.2 101.0 8.7 
Hippo GM 86.0 128.8 101.3 8.4 

 
Notes: Full sample consists of 823 observations from 389 children and adolescents with non-missing neuroimaging and 
demographic information. Regional volumes are expressed as a percentage of a sex- and age-specific norm. a Household 
income below 150% of the FPL. ² Household income above 400% of the FPL. 

 

eTable 6.  SES and Brain Development: Sensitivity to Alternative Measures 
of Low SES.  
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SES and Brain Development: Sensitivity to Alternative 
Measures of Low SES  
NIH MRI Study of Normal Brain Development 
 1 2 3 4 

 Total GM Frontal GM Temporal GM Hippo GM 
 Current Family Income (Adjusteda) 
Below 150% FPL -3.177 -3.075 -4.165* -4.214** 
                 (1.964) (2.206) (2.241) (1.988) 
Above 200% FPL 0.727 0.502 0.0932 -0.553 

 (1.039) (1.206) (1.247) (1.322) 
 Minimum Family Income 
Below $25,000 -8.614** -6.062** -6.332** -5.952** 
                 (3.012) (2.118) (2.389) (2.446) 
Above $35,000   1.978 -0.659 0.501 -1.025 
                 (1.953) (1.532) (1.649) (1.682) 
 Permanent Family Incomeb 
Below $25,000 -6.421** -8.898** -7.175* -6.954** 
                 (2.115) (3.284) (4.007) (3.181) 
Above $35,000   0.722 1.769 3.379 2.481 
                 (1.479) (2.117) (2.673) (2.624) 
 Minimum Family Income (Adjusted) 
Below 100% FPL -5.240** -5.197* -5.230* -6.636** 
                 (2.364) (2.673) (2.82) (2.107) 
Above 200% FPL 1.669 1.514 1.72 0.23 
                 (1.152) (1.307) (1.34) (1.363) 
 Permanent Family Income (Adjusted) 
Below 150% FPL -4.355* -4.688* -2.783 -6.287** 
                 (2.51) (2.795) (3.069) (2.788) 
Above 200% FPL -0.0305 -0.44 0.945 -1.918 
                 (1.821) (2.082) (2.244) (2.288) 
 Current Family Income (HUD Adjustedc) 
Below $25,000 -9.076** -9.745** -10.13** -4.192 
                 (2.979) (3.336) (3.614) (3.562) 
Above $35,000   -0.249 -1.291 -0.98 2.735 
                 (2.048) (2.285) (2.439) (2.403) 
Notes: Models mirror those presented in Table 2 with varying measures of parental SES. a Household income is adjusted 
for family size according to official federal poverty thresholds. b Household income in recorded as a categorical measure. 
We assign family income a numerical value at the categorical midpoint and average over all available sample periods. c 
Household income adjusted for both family size and geographic variations. Clustered standard errors in parentheses. * p 
< 0.10, ** p < 0.05 
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eTable 7.  SES, Brain Development, and Achievement (Regional Specificity, 
WASI). 
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SES, Brain Development, and Achievement  
NIH MRI Study of Normal Brain Development 

     

 WASI Full IQ (n = 802) WASI Performance IQ 
(N=802) 

WASI Verbal IQ (n = 802)

 1 2 3 4 1 2 3 4 1 2 3 4 
Below 
150% FPL 

-
8.02
5** 

-
6.47
4** 

-
6.67
7** 

-
6.68
0** 

-
6.76
4** 

-
5.24
1** 

-
5.42
0** 

-
5.41
1** 

-
7.51
9** 

-
6.30
2** 

-
6.46
9** 

-
6.48
0** 

                 (1.8
37) 

(1.6
61) 

(1.6
56) 

(1.6
53) 

(2.0
29) 

(1.8
51) 

(1.8
32) 

(1.8
3) 

(1.7
44) 

(1.6
58) 

(1.6
62) 

(1.6
56) 

Total GM  0.42
8** 

   0.38
7** 

   0.36
1* 

  

                  (0.0
948) 

   (0.1
01) 

   (0.0
993) 

  

Total WM   -
0.05
23 

-
0.01
06 

  0.00
581 

0.03
02 

  -
0.08
43 

-
0.03
84 

 

                  (0.0
879) 

(0.0
85) 

  (0.0
916) 

(0.0
899) 

  (0.0
901) 

(0.0
857) 

 

Parietal 
Lobe GM 

  0.09
96 

0.09
66 

  0.18
5 

0.19
3 

  -
0.00
38 

-
0.01
45 

                   (0.1
28) 

(0.1
27) 

  (0.1
25) 

(0.1
22) 

  (0.1
35) 

(0.1
35) 

Occipital 
Lobe GM 

  -
0.08
15 

-
0.08
34 

  -
0.11 

-
0.10

4 

  -
0.02
46 

-
0.03
13 

                   (0.1
01) 

(0.1
02) 

  (0.0
981) 

(0.0
983) 

  (0.1
15) 

(0.1
15) 

Frontal 
Lobe GM 

  0.08
29 

0.08
24 

  0.01
26 

0.01
41 

  0.12
1 

0.11
9 

                   (0.1
42) 

(0.1
42) 

  (0.1
42) 

(0.1
42) 

  (0.1
51) 

(0.1
51) 

Temporal 
Lobe GM 

  0.25
2* 

0.25
1* 

  0.24
8* 

0.25
3* 

  0.19
2 

0.18
5 

                   (0.1
39) 

(0.1
36) 

  (0.1
35) 

(0.1
32) 

  (0.1
47) 

(0.1
46) 

             
Notes: Standard errors in parentheses.  * p < 0.10, ** p < 0.05 

eTable 8.  SES, Brain Development, and Achievement (Regional Specificity, 
WJ-III).
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SES, Brain Development, and Achievement  
NIH MRI Study of Normal Brain Development 
 

     

 WJ-III Math 
Computation (n = 

787) 

WJ-III Letter-Word 
Identification (n = 798) 

WJ-III Passage 
Comprehension (n = 797) 

 1 2 3 4 1 2 3 4 1 2 3 4 
Below 
150% 
FPL 

-
7.1
50*
* 

-
5.9
05*

* 

-
6.1
43*

* 

-
6.1
49*
* 

-
4.3
05*
* 

-
3.66
6** 

-
3.63
3** 

-
3.625

** 

-
5.558

** 

-
4.96
6** 

-
4.98
3** 

-
4.952

** 

                 (1.5
68) 

(1.4
35) 

(1.4
39) 

(1.4
36) 

(1.4
49) 

(1.4
38) 

(1.4
45) 

(1.44
9) 

(1.49
9) 

(1.47
2) 

(1.47
7) 

(1.48
1) 

Total GM  0.3
61*

* 

   0.15
8* 

   0.09
13 

  

                  (0.0
955

) 

   (0.0
862) 

   (0.07
38) 

  

Total 
WM 

 -
0.0
672 

-
0.0
228 

  0.00
93 

0.02
94 

  0.10
1 

0.11
7* 

 

                  (0.0
876

) 

(0.0
861

) 

  (0.0
808) 

(0.0
767)

  (0.06
86) 

(0.06
51) 

 

Parietal 
Lobe GM 

  -
0.0
49 

-
0.0
55 

  -
0.10

9 

-
0.101

  0.04
72 

0.076
5 

                   (0.1
3) 

(0.1
27) 

  (0.1
11) 

(0.11
1) 

  (0.09
82) 

(0.09
92) 

Occipital 
Lobe GM 

  -
0.0
085 

-
0.0
125 

  0.01
23 

0.017
6 

  -
0.02

3 

-
0.001

6 
                   (0.1

03) 
(0.1
03) 

  (0.0
869)

(0.08
67) 

  (0.07
9) 

(0.07
91) 

Frontal 
Lobe GM 

  0.2
94*

* 

0.2
92* 

  0.05
92 

0.060
7 

  -
0.09
11 

-
0.083

8 
                   (0.1

49) 
(0.1
49) 

  (0.1
16) 

(0.11
5) 

  (0.11
9) 

(0.11
8) 

Temporal 
Lobe GM 

  0.0
499 

0.0
458 

  0.16
7 

0.173   0.13
1 

0.153 

                   (0.1
23) 

(0.1
23) 

  (0.1
09) 

(0.10
7) 

  (0.10
3) 

(0.10
1) 

             
Notes: Standard errors in parentheses.  * p < 0.10, ** p < 0.05 
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eTable 9.  SES, Brain Development, and Achievement (Mediation 
Regressions). 
 
SES, Brain Development, and Achievement  
NIH MRI Study of Normal Brain Development 
 1 2 3 4 5 

 Base GM Frontal Temporal Hippo. 
 WASI Full IQ (n = 802) 
Below 150% FPL -8.025** -6.510** -6.916** -6.614** -6.881** 
                 (1.837) (1.66) (1.688) (1.658) (1.679) 
Brain   0.388** 0.306** 0.330** 0.303** 
                  (0.0718) (0.063) (0.0608) (0.0713) 
 WASI Performance IQ (n = 802) 
Below 150% FPL -6.764** -5.236** -5.648** -5.320** -5.664** 
                 (2.029) (1.851) (1.878) (1.834) (1.929) 
Brain   0.391** 0.308** 0.338** 0.291** 
                  (0.0758) (0.0653) (0.0653) (0.0669) 
 WASI Verbal IQ (n = 802) 
Below 150% FPL -7.519** -6.361** -6.670** -6.460** -6.572** 
                 (1.744) (1.652) (1.671) (1.664) (1.604) 
Brain   0.296** 0.234** 0.247** 0.251** 
                  (0.0718) (0.064) (0.0619) (0.0747) 
 WJ-III Math Computation (n = 787) 
Below 150% FPL -7.150** -5.950** -6.180** -6.148** -6.268** 
                 (1.568) (1.429) (1.422) (1.462) (1.476) 
Brain   0.308** 0.270** 0.238** 0.235** 
                  (0.0648) (0.0573) (0.0557) (0.0603) 
 WJ-III Letter-Word Identification (n = 798) 
Below 150% FPL -4.350** -3.659** -3.831** -3.647** -3.975** 
                 (1.449) (1.441) (1.438) (1.45) (1.436) 
Brain   0.166** 0.132** 0.154** 0.0881 
                  (0.0571) (0.0489) (0.0487) (0.0561) 
 WJ-III Passage Comprehension (n = 797) 
Below 150% FPL -5.558** -4.897** -5.154** -4.943** -5.067** 
                 (1.499) (1.467) (1.477) (1.477) (1.441) 
Brain   0.170** 0.113** 0.145** 0.131** 
                  (0.0506) (0.0457) (0.044) (0.0546) 
      
Notes: Scores on both the WASI and WJ-III are standardized with a mean of 100 and a standard deviation of 15. The 
“Base” specification controls for sex and age. Subsequent specifications introduce an index of structural development in a 
focal rain area: regional volume expressed as a percentage of a sex and age-specific norm. Clustered standard errors in 
parentheses.  
* p < 0.10, ** p < 0.05 
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