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The mechanisms underlying socioeconomic disparities in children’s reading skills are not well understood.
This study examined associations among socioeconomic background, home linguistic input, brain structure,
and reading skills in 5-to-9-year-old children (N = 94). Naturalistic home audio recordings and high-resolu-
tion, T1-weighted MRI scans were acquired. Children who experienced more adult–child conversational turns
or adult words had greater left perisylvian cortical surface area. Language input mediated the association
between parental education and left perisylvian cortical surface area. Language input was indirectly associated
with children’s reading skills via left perisylvian surface area. Left perisylvian surface area mediated the asso-
ciation between parental education and children’s reading skills. Language experience may thus partially
explain socioeconomic disparities in language-supporting brain structure and in turn reading skills.

Socioeconomic disparities in children’s language
and literacy skills are well-documented, persistent,
emerge early and widen over time (Pace, Luo,
Hirsh-Pasek, & Golinkoff, 2017; Schwab & Lew-Wil-
liams, 2016). Socioeconomic factors, such as family
income and parental education, are distal factors
that likely exert their effects on development via
proximal environmental factors, which in turn
impact the brain in ways that explain observable
cognitive performance. In line with this theoretical
framework, recent work has linked socioeconomic
background with differences in the structure and

function of language-supporting cortical regions in
children (Noble et al., 2015; Raizada, Richards,
Meltzoff, & Kuhl, 2008). However, the underlying
experiential and neural mechanisms through which
socioeconomic background influences children’s
language and literacy outcomes have yet to be fully
elucidated. An important next step to build on this
emerging literature requires an examination of links
among socioeconomic factors, language input and
children’s brain structure.

Linguistic input in the home represents a key
mechanism through which socioeconomic factors
may impact children’s language-related brain struc-
ture, and in turn, reading outcomes. Higher socioe-
conomic status (SES) has been associated with
higher quantity and quality of language input (Pace
et al., 2017), which in turn predicts stronger lan-
guage and reading skills in children (Bingham,
2007; Dickinson & Porche, 2011; Dieterich, Assel,
Swank, Smith, & Landry, 2006; Hart & Risley, 1995;
Hoff & Naigles, 2002; Hurtado, Marchman, & Fer-
nald, 2008; Huttenlocher, Haight, Bryk, Seltzer, &
Lyons, 1991; Rowe, 2012; Weisleder & Fernald,
2013). However, very little is known about the
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relations between children’s language experiences
and their brain structure. The goals of this study
were to investigate associations between home lin-
guistic input and children’s brain structure, and to
examine the role of these associations in explaining
socioeconomic disparities in children’s reading
skills.

Theoretical Mechanisms Underlying Socioeconomic
Disparities in Reading

Language and reading development are inti-
mately linked, with language development in early
through middle childhood among the strongest pre-
dictors of later reading skills (Dickinson, McCabe,
Anastasopoulos, Peisner-Feinberg, & Poe, 2003; Muter,
Hulme, Snowling, & Stevenson, 2004; NICHD Early
Child Care Research Network, 2005; Storch & White-
hurst, 2002). In concert with genetic influences, lan-
guage development and reading skills are theorized
to result from a nested set of social contexts in which
the child is embedded (Bronfenbrenner & Morris,
1998). At the most distal levels are socioeconomic
factors, which are thought to exert their effects on
language development through more proximal envi-
ronmental factors. According to sociocultural and
social-interactionist theoretical perspectives (Bruner,
1981; Vygotsky, 1978), children’s language experi-
ences are key proximal predictors of variability in
language development (Hoff, 2006). These language
experiences include the quantity and quality of adult
speech to children, which are thought to shape chil-
dren’s brain development and in turn expressive and
receptive language skills.

Early childhood is a sensitive period during which
language experiences are thought to have especially
pronounced effects on the development of language
and its underlying neural circuitry. Yet, the plasticity
of language-supporting neural networks continues
into older ages, with research showing effects of lan-
guage experience on language and reading develop-
ment in middle childhood (Dickinson & Porche,
2011; Neuman, Kaefer, & Pinkham, 2018; Tenen-
baum, Snow, Roach, & Kurland, 2005; Weizman &
Snow, 2001). Parent–child interactions that are at the
center of children’s social worlds in early childhood
continue to be an important source of children’s lan-
guage experiences in middle childhood, a period in
which language and reading skills are rapidly devel-
oping (NICHD Early Child Care Research Network,
2005). Thus, collective theoretical and empirical work
suggests that language input may link socioeconomic
factors with the developing brain and, in turn, lan-
guage and reading skills.

Socioeconomic Factors and the Developing Brain

In alignment with this theoretical framework,
socioeconomic background has been consistently
associated with the structure and function of lan-
guage-supporting cortical regions in children
(Farah, 2017; Hair, Hanson, Wolfe, & Pollak, 2015;
Hanson et al., 2013; Raizada et al., 2008). Using
structural magnetic resonance imaging (MRI),
socioeconomic disadvantage has been associated
with reduced gray matter in the left hemispheric
cortical regions underlying language comprehen-
sion and production, as well as reading (Noble,
Houston, Kan, & Sowell, 2012; Noble et al., 2015;
Romeo et al., 2017), including perisylvian (i.e.,
superior temporal gyrus), inferior frontal, and
occipitotemporal regions (Friederici, 2011; Jednor�og
et al., 2012; Mackey et al., 2015). Although some
neuroimaging studies have focused on cortical vol-
ume, more recent work has taken a surface-based
approach by examining cortical thickness and sur-
face area separately, based on evidence that these
morphometric indices are developmentally and
genetically distinct (Panizzon et al., 2009; Raznahan
et al., 2011). Indeed, in the largest such study to
date, higher family income and higher parental
education were each robustly associated with
greater cortical surface area, with particularly nota-
ble differences observed in left perisylvian cortical
regions (Noble et al., 2015).

Similarly, at the level of brain function, research
has demonstrated socioeconomic differences in the
recruitment of language-supporting cortical regions
during language and reading tasks (Conant, Lieben-
thal, Desai, & Binder, 2017; Farah, 2017; Noble,
Wolmetz, Ochs, Farah, & McCandliss, 2006; Rai-
zada et al., 2008). However, the proximal environ-
mental factors through which socioeconomic
background may influence language-related brain
development are not well understood.

Socioeconomic Factors and Linguistic Input in the Home

Socioeconomic factors are strongly associated
with the quantity and quality of linguistic input in
the home (Pace et al., 2017; Schwab & Lew-Wil-
liams, 2016). Parents from more advantaged back-
grounds tend to talk more with their children and
use more complex, responsive language (e.g., more
extensive vocabulary, longer sentences, more com-
plex grammar) compared to parents from less
advantaged backgrounds. In a seminal study, Hart
and Risley (1995) observed large socioeconomic dis-
parities in the number of words that children heard
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from their parents—more than three times as many
in higher-income families as in lower-income fami-
lies. Follow-up work revealed that 3-year-olds from
lower-income families had less than half the vocab-
ulary of their counterparts from higher-income fam-
ilies (Hart & Risley, 1995). In addition to the
quantity of language input, the quality of language
input is often an even stronger predictor of chil-
dren’s language skills (Hirsh-Pasek et al., 2015;
Merz et al., 2015; Pace et al., 2017; Ram�ırez-
Esparza, Garc�ıa-Sierra, & Kuhl, 2014; Rowe, 2012;
Weisleder & Fernald, 2013). Both the amount and
quality of adult speech that children hear have been
found to mediate associations between family SES
and children’s language skills (Hoff, 2003; Hutten-
locher, Waterfall, Vasilyeva, Vevea, & Hedges,
2010; Rowe, 2012; Schwab & Lew-Williams, 2016).

Linguistic stimulation is traditionally measured
through naturalistic home observations which are
then transcribed and coded—a labor-intensive pro-
cess. More recently, a novel approach involving the
Language Environment Analysis (LENA) system
has been developed (Ganek & Eriks-Brophy, 2017).
In this approach, the child wears a small digital
recorder that can store up to 16 hr of recorded
sound. LENA software then analyzes the recording
and provides estimates of the number of adult
words, adult–child conversational turns, and child
vocalizations. Like studies using transcription, stud-
ies incorporating the LENA system have demon-
strated significant associations between SES and
linguistic stimulation in the home (Gilkerson et al.,
2017; Romeo, Leonard, et al., 2018).

Linguistic Input in the Home and the Developing Brain

In research using functional neuroimaging and
electrophysiological techniques, linguistic stimula-
tion in the home has been linked with the function
of children’s language-supporting brain regions
(Romeo, Leonard, et al., 2018; Sheridan, Sarsour,
Jutte, D’Esposito, & Boyce, 2012). For example, one
functional MRI (fMRI) study of 4- to 6-year-old chil-
dren (N = 36) found that higher SES was associated
with more adult–child conversational turns, which
in turn were associated with greater left inferior
frontal activation during a story listening task,

independent of socioeconomic background (Romeo,
Leonard, et al., 2018). In addition, in two event-
related potential studies (N = 27–37), greater lan-
guage input to the child was associated with brain
responses indicative of greater learning of native-
language speech (Garcia-Sierra, Ram�ırez-Esparza, &
Kuhl, 2016; Garcia-Sierra et al., 2011).

At the structural level, a greater number of
adult–child conversational turns was related to
stronger, more coherent white matter connectivity
in the left arcuate and superior longitudinal fasci-
culi, after accounting for SES and the overall
amount of adult speech (Romeo, Segaran, et al.,
2018). However, the extent to which linguistic input
is linked with cortical gray matter structure is
wholly unknown.

This Study

Here, we examined associations among family
socioeconomic circumstance, linguistic input in the
home, children’s brain structure, and children’s read-
ing skills. A socioeconomically diverse sample of
parents and children (5–9 years; N = 94) participated
in this study. Linguistic input in the home was mea-
sured using the LENA system (Ganek & Eriks-Bro-
phy, 2017; Gilkerson et al., 2017), and children
completed high-resolution, T1-weighted MRI scans.
Family income and parental education were exam-
ined separately as they represent distinct aspects of
children’s environments that contribute differentially
to their development (Duncan & Magnuson, 2012).

As shown in Figure 1, we hypothesized that
socioeconomic disparities would be found in home
linguistic stimulation, replicating past work; and
that higher-quality linguistic stimulation in the
home would in turn be associated with greater sur-
face area in left perisylvian cortical regions, even
after controlling for SES indices. We also expected
to find evidence of the following significant media-
tion effects: (a) home linguistic input would medi-
ate the association between SES indices and
children’s left perisylvian cortical structure; (b) left
perisylvian cortical structure would mediate the
association between home linguistic input and chil-
dren’s reading skills; and (c) home linguistic input
and left perisylvian cortical structure would jointly

Family SES Home Linguis�c 
Input 

Child Le� 
Hemisphere 

Language Cortex 

Child Reading 
Skills  

Figure 1. Hypothesized mechanistic model. SES = socioeconomic status.
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mediate the association between SES indices and
children’s reading skills.

While descriptive and with a sample size typical
of many neuroimaging studies, this study is an
important addition to the emerging literature exam-
ining SES, brain structure and language and read-
ing outcomes. We extend past work by testing an
evidence-based mechanistic model of socioeconomic
disparities in children’s reading skills, and by focus-
ing on structural (rather than functional) MRI. Such
research is crucial to building an understanding of
the mechanisms underlying socioeconomic dispari-
ties in reading skills.

Method

Participants

Recruitment

Participants were recruited from community
events and posting flyers in local neighborhoods in
New York, New York. A socioeconomically diverse
sample was recruited by ensuring that families in
the study represented a wide range of parental edu-
cational attainment. Interested families were con-
tacted by phone and screened for eligibility.
Inclusionary criteria were as follows: (a) between 5
and 9 years of age, (b) born at or after 37 weeks of
gestation, (c) born from a singleton pregnancy, (d)
no history of medical or psychiatric problems, (e)
the primary caregiver and child were proficient in
English, and English was the language spoken most
often in the home. Children with contraindications
for MRI scanning were excluded.

Sample Characteristics

Children ranged from 5.06 to 9.87 years of age
(61% female), family income ranged from $2,880 to
$350,000 (income-to-needs ratio range: 0.17–15.21),
and parental education ranged from 6.50 to
20.00 years. Children were 50% Hispanic/Latino,
31% African American, non-Hispanic/Latino, and
14% White, non-Hispanic/Latino (see Table 1).

Sample Sizes

There were 94 total families who completed
questionnaires and the child testing battery. Of
those, 80 provided LENA data. LENA data were
missing for families who declined to schedule the
LENA recording days (n = 3), did not return the
LENA recorder (n = 8), or returned the recorder
without recorded data (n = 3).

Of the 94 total families, 85 were enrolled in the
MRI portion of the study and participated in a
mock scan. Of that group, MRI data were acquired
for 66 children. MRI data were missing because the
family or child chose not to participate in the MRI
scanning session following the mock scan (n = 12)
or because the child was fidgety, afraid, or uninter-
ested during the mock scan and the MRI scan was
therefore not scheduled (n = 7).

There were no significant differences between
participants who had both MRI and LENA data
and those who did not in terms of child sex,
v2(1) = 0.02, p = .90, child race/ethnicity,
v2(2) = 3.73, p = .16, family income-to-needs ratio, t
(92) = �.39, p = .70, or parental education, t
(92) = �1.37, p = .17. However, the subsample with
both MRI and LENA data was older on average
(7.38 vs. 6.67 years) than those without these data, t
(92) = �2.79, p = .01, due to older children being
more likely to complete the mock scan and MRI
scan.

Procedure

Families participated in two campus visits within
a month. During the first visit, informed consent/
assent was obtained from parents and children.
Children then completed a neurocognitive task

Table 1
Descriptive Statistics for Sample Characteristics (N = 94)

M SD

Child age (years) 7.03 1.29
Parental education (years) 14.14 2.64
Family income-to-needs ratio 2.68 2.79
Letter-Word Identification subtest standard score 110.72 13.90
Word Attack subtest standard score 109.05 11.77
Passage Comprehension subtest standard score 103.40 11.75

% n

Child sex (female) 60.64 57
Child race/ethnicity
African American, non-Hispanic/Latino 30.85 29
Hispanic/Latino 50.00 47
White, non-Hispanic/Latino 13.83 13
Other 5.32 5

Family income below U.S. poverty thresholda 29.79 28
Parent proficient in a second languageb 55.29 47
Child exposed to a second language but
not proficientc

26.09 24

Child proficient in a second languagec 15.22 14

aDefined as an income-to-needs ratio < 1.00. bData for eight fam-
ilies were missing. cData for two families were missing.
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battery, while parents completed questionnaires
and were given a LENA recorder with instructions.
Finally, a mock MRI session was performed to
familiarize children with scanning. During the sec-
ond visit, children completed the MRI scan. All pro-
cedures were approved by the Institutional Review
Boards at the New York State Psychiatric Institute
and Teachers College, Columbia University.

Image Acquisition and Processing

MRI data were acquired on a 3-Tesla General
Electric MR750 scanner with a 32-channel head
coil at the New York State Psychiatric Institute.
During scanning, children watched a movie of
their choice. Children completed a high-resolution,
T1-weighted fast spoiled gradient echo scan with
the following parameters: sagittal acquisition;
TR = 7.1 ms; TE = min full; inversion time
(TI) = 500 ms; flip angle = 11 degrees; 176 slices;
1.0 mm slice thickness; field of view
(FOV) = 25 cm; inplane resolution = 1 9 1 mm.

All images were visually inspected for motion
artifacts and ghosting, leading to exclusion of 15,
and a final sample of 51 usable scans. There was no
manual editing of data that were deemed eligible
for inclusion. Images were processed using stan-
dard automated procedures in the FreeSurfer soft-
ware suite (http://surfer.nmr.mgh.harvard.edu/;
version 6.0). These included removal of non-brain
tissue, image intensity normalization, and construc-
tion of white/gray matter and gray matter/cere-
brospinal fluid boundaries (Dale, Fischl, & Sereno,
1999; Fischl & Dale, 2000). Following cortical sur-
face reconstruction, automated procedures parcel-
late the cerebral cortex into regions based on gyral
and sulcal structure (Desikan et al., 2006; Fischl
et al., 2004), using the Desikan-Killiany atlas
(Desikan et al., 2006).

Measures

SES Indices

Parents reported their annual household income
and the number of adults and children in the
household. The income-to-needs ratio was calcu-
lated by dividing household income by the poverty
threshold for the size of the family. Family income-
to-needs ratio was log-transformed to correct for
positive skew. In addition, parents reported on
their years of educational attainment, which were
averaged across the number of parents in the
household.

Language Input

Parents were given a 2-ounce LENA Pro digital
language processor (DLP), which fits in a child’s
shirt pocket and stores up to 16 hr of digitally
recorded audio (Xu, Yapanel, & Gray, 2009). They
were also given two child-sized t-shirts with spe-
cially designed pockets to hold the DLP securely.
Parents were instructed to record eight continuous
hours each day for 2 days (weekend days or days
when children were primarily at home), amounting
to 16 recorded hours. The average number of days
between LENA recording and the MRI scan was
5.80 (SD = 15.10), with a maximum of 65 days.

Upon return of the DLPs, data were uploaded
and analyzed using LENA software. LENA soft-
ware provided estimates of the total number of
adult words spoken in the recording, the total num-
ber of child vocalizations, and the total number of
adult–child conversational turns, defined as an
adult utterance followed by a child utterance within
5-s or vice versa. These totals were then divided by
the amount of recording time in hours to generate
hourly adult words, conversational turns, and child
vocalizations.

Audio recording time. The majority of families
(66%) had 16 hr of recording time. Three families
with < 5 hr of recording time and one family that
used the recorder incorrectly were excluded from
analyses, for a final total of 76 families with usable
LENA data. Recording time ranged from 5.18 to
16.00 hours (M = 14.22, SD = 3.24, skew = �1.73,
kurtosis = 1.64). Of the total sample of 76 record-
ings, there were 11 recordings that were < 10 hr. Of
the sample of 42 children with both LENA and
MRI data, there were eight recordings that were
< 10 hr. Audio recording time was not associated
with hourly adult word count (r = �.07, p = .55),
but was significantly associated with hourly conver-
sational turns (r = �.32, p = .005) and child vocal-
izations (r = �.29, p = .01). Audio recording time
was included in analyses as a covariate, and we
conducted supplemental analyses excluding record-
ings < 10 hr.

Reliability check. LENA speech identification
algorithms have demonstrated strong reliability,
with approximately 82% accuracy for adult speech
and 76% accuracy for the speech of children up to
3 years of age (Gilkerson et al., 2017). The LENA
system has been formally validated up to 4 years of
age, and recent work has successfully used LENA
algorithms with older children (Romeo, Leonard,
et al., 2018; Vohr, Topol, Watson, St Pierre, &
Tucker, 2014; Wang, Pan, Miller, & Cortina, 2014).
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As an additional check, we examined the reliability
of child vocalization counts in our sample following
previously used procedures (Weisleder & Fernald,
2013). Twelve 5-min chunks were transcribed from
10 randomly chosen home audio recordings, gener-
ating 60 min of transcribed speech for each of these
10 participants. To include chunks that were repre-
sentative of the entire recording, four 5-min chunks
were selected randomly from the top-, middle-, and
bottom-third of the distribution of child vocaliza-
tion counts for each participant, totaling 20 min of
transcribed speech in each bin for each participant.
Analysis of these transcriptions revealed a strong
correlation between automated estimates of child
vocalizations and transcriber-based child vocaliza-
tion counts (r = .74, p < .001), confirming that the
LENA system’s estimates of child vocalizations in
recordings of 5- to 9-year-old children are as
reliable as those used in younger children.

Reading Skills

Children’s reading skills were measured using the
Woodcock–Johnson Tests of Achievement III (Wood-
cock, McGrew, & Mather, 2001) Letter-Word Identifi-
cation, Word Attack, and Passage Comprehension
subtests. Raw scores on these subtests were strongly
correlated (r = .89–.95, p < .0001) and thus were stan-
dardized and averaged to create a reading composite.

Statistical Analyses

Analyses were conducted in SAS (version 9.4
SAS Institute Inc., Cary, NC, USA) and FreeSurfer
software (https://surfer.nmr.mgh.harvard.edu/).
Multiple linear regression analyses (general linear
model procedure in SAS) were employed to

examine associations of SES indices (family income-
to-needs ratio, parental education) with hourly
adult word count, conversational turns, and child
vocalizations, with effect sizes (partial eta squared
[g2

p]) reported. Associations of home linguistic input
with child brain morphometry were examined
using whole-brain-corrected, vertex-wise analyses.
Cortical thickness and surface area analyses were
conducted with the Query, Design, Estimate, Con-
trast (QDEC) surface-based analysis tool, using a
10 mm smoothing kernel and cluster-wise correc-
tion for multiple comparisons. Monte Carlo null-Z
simulations were conducted with the cluster-wise p-
value threshold set to .05 and the vertex-wise
threshold set to .01. Cortical thickness/surface area
data for significant cluster(s) identified in the ver-
tex-wise analyses were extracted for each partici-
pant and imported into SAS for further analyses.

Child age, sex, ethnicity, and audio recording
time were included as covariates in all regression
and mediation analyses. Race was not significant in
any of the analyses and was thus dropped as a
covariate. Parental education and family income-to-
needs ratio were included as covariates in analyses,
as appropriate. Given the ethnic diversity of our
sample and evidence of links between bilingualism
and children’s brain structure and function (Garcia-
Sierra et al., 2016; Kuhl et al., 2016), the potential
effects of children’s exposure to a second language
were carefully considered. Being Hispanic/Latino
was strongly associated with both parental profi-
ciency in a second language, v2(1, N = 86) = 26.53,
p < .0001, and child exposure to a second language,
v2(2, N = 92) = 28.83, p < .0001. Results were the
same whether child ethnicity or exposure to a sec-
ond language were included as covariates in
analyses.

Table 2
Descriptive Statistics and Zero-Order Correlations for SES Factors, Home Linguistic Input, and Children’s Reading Skills

M SD 1 2 3 4 5 6

1. Family income-to-needs ratio 2.68 2.79 —

2. Parental education 14.14 2.64 .68*** —

3. Hourly adult words 1,183.67 550.82 .27* .42*** —

4. Hourly conversational turns 47.99 26.49 .20+ .25* .78*** —

5. Hourly child vocalizations 187.13 96.61 .12 .12 .56*** .85*** —

6. Reading compositea 0.00 1.00 .08 .19+ �.02 �.02 �.08 —

Note. Sample size for the socioeconomic status (SES) measures and reading composite was 94; sample size for the Language Environ-
ment Analysis variables (hourly adult words, conversational turns, and child vocalizations) was 76.
aCreated by standardizing and averaging scores on the Letter-Word Identification (M = 34.70, SD = 15.09), Word Attack (M = 11.82,
SD = 8.02), and Passage Comprehension (M = 17.52, SD = 8.40) subtests.
+p < .10. *p < .05. ***p < .001.
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To test the significance of indirect (or mediated)
effects (ab path), bias-corrected bootstrapping via
the PROCESS macro was conducted, with a 95%
confidence interval (Hayes, 2013). The effect is sig-
nificant when the confidence interval does not
include zero. One participant’s data were excluded
due to exceeding cutoffs on both leverage (Maha-
lanobis distance, robust minimum covariance deter-
minant distance) and outlier (standardized robust
residual) statistics.

Results

Descriptive Statistics and Zero-Order Correlations

Hourly adult words ranged from 166.43 to
2,622.31 (skew = .55; kurtosis = �.006); hourly con-
versational turns from 4.93 to 132.18 (skew = .89;
kurtosis = .85); and hourly child vocalizations from
29.11 to 452.63 (skew = .75; kurtosis = .009; see
Table 2). Family income-to-needs ratio and parental
education were significantly positively associated
with hourly adult words, and parental education
was significantly positively associated with hourly
conversational turns (see Table 2).

Socioeconomic Factors Are Associated With Language
Input

Higher parental education and family income-to-
needs ratio were each significantly associated with
both higher hourly adult word count and higher
hourly conversational turns, after adjusting for
child age, sex, ethnicity, and audio recording time,
b = .33–.44, p = .01 to < .001, g2

p = .10–.19 (see Fig-
ure 2). Neither SES factor was significantly associ-
ated with hourly child vocalizations, b = .21–.24,
p = .05–.07 (see Table S1).

Language Input is Associated With Left Perisylvian
Cortical Surface Area

Higher hourly conversational turns were signifi-
cantly associated with greater cortical surface area
in one left hemisphere cluster which survived
whole-brain correction for multiple comparisons
(p = .0001, corrected). The peak coordinate fell
within the superior temporal gyrus with the cluster
also including all of the transverse temporal gyrus
and parts of the insula, middle temporal gyrus,
supramarginal gyrus, and postcentral gyrus.

Figure 2. Scatterplots of (a) hourly adult word count and (b) hourly conversational turns as functions of parental education and family
income-to-needs ratio (N = 76). Regression analyses controlled for child age, sex, ethnicity, and audio recording time.
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Covariates in this analysis included child age, sex,
ethnicity, parental education, and audio recording
time (see Table 3 and Figure 3).

Similarly, higher hourly adult words were signifi-
cantly associated with greater cortical surface area in
one left hemisphere cluster which survived whole-
brain correction for multiple comparisons (p = .0013,
corrected). The peak coordinate fell within the

superior temporal gyrus with the cluster also includ-
ing parts of the transverse temporal gyrus and insula
(see Table 3 and Figure 3). There were no significant
clusters in the right hemisphere for either hourly con-
versational turns or adult words.

The adult word count cluster was mostly
encompassed within the larger conversational turns
cluster, and the effect size for conversational turns

Table 3
Significant Clusters for Left Hemisphere Surface Area, Corrected for Multiple Comparisons (N = 42)

Cluster # Anatomical region of peak coordinatea Area (mm2)

Peak Talairach coordinates
Vertices in
cluster (n) pclusterx y z

Hourly conversational turns
1 Superior temporal 3,197.99 �42.5 �14.4 �10.3 7,112 .0001
Hourly adult word count
1 Superior temporal 1,218.78 �45.6 �12.5 �9.7 2,917 .0013

aLabel from the Desikan-Killiany gyral-based atlas.

a

b

Figure 3. (a) Children who experienced more conversational turns per hour had greater surface area (SA) in the left perisylvian cortex
cluster shown here (p = .0001), with a peak coordinate in the superior temporal gyrus (N = 42). (b) Children who experienced more
adult words per hour had greater surface area in the left perisylvian cortex cluster shown here (p = .0013), again with a peak coordinate
in the superior temporal gyrus. This cluster fell nearly completely within the larger cluster for conversational turns. Colors denote the
�log10 (p-value). Child age, sex, ethnicity, parental education, and audio recording time were included as covariates in these models.
[Color figure can be viewed at wileyonlinelibrary.com]
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(g2
p = .47) was 15% greater than the effect size for

adult word count (g2
p = .40; see Table S2). How-

ever, neither hourly conversational turns nor adult
words remained significant after additionally con-
trolling for the other, likely due at least in part to
their strong inter-correlation (r = .78, p < .0001).
Thus, hourly conversational turns and adult words
were associated with a similar and largely overlap-
ping left perisylvian cortical region, with a larger
effect size for conversational turns compared to
adult word count. Surface area data for the area of
overlap (hereafter termed “left perisylvian cortex”)
were extracted and imported into SAS for further
analyses. There were no significant surface area
clusters associated with hourly child vocalizations
or cortical thickness clusters. Because the extracted
brain region represented overlapping variance
between hourly adult words and hourly conversa-
tional turns, principal component analysis with
hourly adult words and conversational turns was
used to extract a single “language input” compo-
nent with an eigenvalue > 1.0 (explaining 89% of
the total variance), which was used in the media-
tion analyses.

Socioeconomic Factors, Language Input, and Left
Perisylvian Cortical Surface Area

Higher parental education was significantly asso-
ciated with greater surface area in the left perisylvian
cortex, b = .39, p = .01, g2

p = .17, but family income-
to-needs ratio was not, b = .27, p = .10, g2

p = .07 (see
Table S3). Language input significantly mediated the
association between parental education and left peri-
sylvian cortical surface area, controlling for child
age, sex, ethnicity, and audio recording time, indirect

effect = .26, 95% CI [.0187, .5665]. Specifically, higher
parental education was significantly associated with
greater language input, which was in turn signifi-
cantly associated with greater left perisylvian cortical
surface area (see Figure 4). There was no indirect
effect of family income-to-needs on left perisylvian
cortical surface area via language input.

Language Input, Left Perisylvian Cortical Surface Area,
and Children’s Reading Skills

Language input was not significantly associated
with children’s reading skills after controlling for child
age, sex, ethnicity, parental education, and audio
recording time, b = �.11, p = .15 (see Table S4). None-
theless, language input was significantly indirectly
associated with children’s reading skills via left perisyl-
vian cortical surface area, indirect effect = .23, 95% CI
[.0468, .4730]. Specifically, greater language input was
significantly associated with greater left perisylvian
surface area, which in turn was significantly associated
with higher reading skills (see Figure 5).

Parental Education, Left Perisylvian Cortical Surface
Area, and Children’s Reading Skills

Higher parental education, b = .18, p = .005,
g2
p = .09, but not family income-to-needs ratio,

b = .12, p = .07, g2
p = .04, was significantly associ-

ated with higher reading skills, independent of
child age, sex, and ethnicity (see Table S5). Left
perisylvian cortical surface area significantly medi-
ated the association between parental education
and reading skills (indirect effect = .11, 95% CI
[.0012, .3333]), but home linguistic input did not
(see Figure 6). There were no significant indirect

Parental 
Education 

Language 
Input 

Left 
Perisylvian 
Cortical SA 

β = .32* 

β = .06 

Figure 4. Home language input significantly mediated the associ-
ation between parental education and left perisylvian cortical
surface area (SA; N = 42). The solid line from parental education
to left perisylvian cortical SA represents the total association (c
path). The dotted line represents the direct association (c0 path).
Covariates were child age, sex, ethnicity, and audio recording
time.
*p < .05. ***p < .001.

Language 
Input 

Le� 
Perisylvian 
Cor�cal SA 

Reading Skills 
β = -.06 

β = -.28+ 

Figure 5. Home language input was significantly indirectly asso-
ciated with children’s reading skills via left perisylvian cortical
surface area (SA; N = 42). The solid line from language input to
reading skills represents the total association (c path). The dotted
line represents the direct association (c0 path). Covariates were
child age, sex, ethnicity, audio recording time, and parental
education.
+p < .10. *p < .05. ***p < .001.
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effects of family income-to-needs ratio on reading
skills via language input or left perisylvian surface
area.

Supplemental Analyses

Due to the potential for nonindependence affect-
ing the language input and cortical surface area
associations in the mediation models in Figures 4
and 5 (Vul, Harris, Winkielman, & Pashler, 2009),
we re-ran these models using anatomically defined
left superior temporal gyrus surface area, based on
the Desikan-Killiany atlas. Results were the same
for the first mediation model, indirect effect = .20,
95% CI [.0199, .5205] (see Figure S1), but did not
hold for the second mediation model, indirect
effect = .11, 95% CI [�.0283, .3025] (see Figure S1).

To further account for variability in audio
recording time, we re-ran our main analyses
excluding participants (n = 8) with < 10 hr of audio
recording time (range of remaining participants:
11.97-16.00 hours). For hourly conversational turns,
surface area in one left hemisphere cluster survived
multiple comparison correction at the .05 threshold,
after controlling for child age, sex, ethnicity, paren-
tal education, and audio recording time (see
Table S6 and Figure S2). The peak coordinate fell
within the transverse temporal gyrus, with the clus-
ter also including parts of the superior temporal
gyrus, middle temporal gyrus, insula, and supra-
marginal gyrus. Similarly, for hourly adult words,
surface area in one left hemisphere cluster survived
multiple comparison correction at the .05 threshold

(see Table S6 and Figure S2). The peak coordinate
fell within the superior temporal gyrus, with the
cluster also including parts of the transverse tempo-
ral gyrus, middle temporal gyrus, and insula. There
were no significant surface area clusters for hourly
child vocalizations.

Discussion

The goal of this study was to examine associations
among family socioeconomic background, home
linguistic input, children’s brain structure, and chil-
dren’s reading skills. Results supported our primary
hypotheses. We replicated the frequently docu-
mented socioeconomic disparities in the home lan-
guage environment: Higher parental education and
higher family income-to-needs ratio were each asso-
ciated with higher hourly adult–child conversa-
tional turns and hourly adult words. In addition,
children who experienced more conversational
turns or more adult words had significantly greater
surface area in the left perisylvian cortex, with a
larger effect size for conversational turns. These
associations survived whole-brain correction for
multiple comparisons, remained significant after
controlling for SES indices, and were specific to lan-
guage input (conversational turns, adult words)
rather than child vocalizations. Furthermore, a lan-
guage input composite (composed of hourly con-
versational turns and adult words) significantly
mediated the association between parental educa-
tion and children’s left perisylvian cortical surface
area. Results also indicated a role for these associa-
tions in explaining socioeconomic disparities in chil-
dren’s reading skills. Home language input was
indirectly associated with children’s reading skills
via left perisylvian cortical surface area, and left
perisylvian cortical surface area significantly medi-
ated the association between parental education
and children’s reading skills.

To our knowledge, this is the first study showing
associations between naturalistic observations of
adult speech in the home and children’s gray mat-
ter morphometry. Hourly adult–child conversa-
tional turns and hourly adult words were both
significantly associated with surface area in a left
perisylvian cortical region that included the supe-
rior temporal gyrus. Left perisylvian cortical
regions, including the superior temporal gyrus, are
centrally involved in language production and
comprehension (Schlaggar & McCandliss, 2007;
Turkeltaub, Gareau, Flowers, Zeffiro, & Eden,
2003). Our findings at the structural level

Parental 
Educa�on 

Le� 
Perisylvian 
Cor�cal SA 

Reading Skills 
β = .22* 

β = .22* 

Language 
Input 

Figure 6. Left perisylvian cortical surface area (SA) significantly
mediated the association between parental education and chil-
dren’s reading skills (N = 42). The solid line between parental
education and reading skills represents the total association (c
path). The dotted line represents the direct association (c0 path).
Covariates were child age, sex, ethnicity, and audio recording
time.
+p < .10. *p < .05.
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complement previous fMRI research linking conver-
sational turns with activation of another language-
supporting region, the left inferior frontal gyrus,
during a language processing task (Romeo, Leo-
nard, et al., 2018). These results are also well-
aligned with research showing links between adult–
child conversational turns and white matter connec-
tivity in the left arcuate and superior longitudinal
fasciculi (Romeo, Segaran, et al., 2018).

Interestingly, the number of child vocalizations
was unrelated to differences in brain structure.
While bidirectional effects cannot be ruled out, this
suggests that our findings do not merely reflect an
artifact whereby more talkative children have
greater surface area and also engender more paren-
tal conversation. Our findings are thus consistent
with the notion that frequent adult–child conversa-
tional turns and adult speech may directly impact
language-related brain structure, over and above
the plasticity induced by the child’s own language
production.

Consistent with previous work (Noble et al.,
2015), higher parental education was significantly
associated with greater left perisylvian cortical sur-
face area. Home language input fully mediated this
association (see Figure 4). These results are the first
to show associations fulfilling the classic pattern of
mediation wherein significant socioeconomic differ-
ences in children’s language-supporting brain struc-
ture were attributable to more frequent language
input in the home. Together, these associations sub-
stantiate, at the neural level, hypotheses about the
critical role of children’s language experiences in
explaining how socioeconomic disadvantage may
alter language-supporting brain structure, poten-
tially leading to difficulties with reading.

Longitudinal studies in humans have indicated
that cortical surface area increases through middle
childhood and then decreases during adolescence
(Mills & Tamnes, 2014; Raznahan et al., 2011). This
study may suggest steeper childhood increases in
cortical surface area as a result of heightened lin-
guistic stimulation in more advantaged families,
but longitudinal studies would be needed to test
this possibility.

There was also a significant indirect association
between home language input and children’s read-
ing skills via surface area in the left perisylvian
cortex, partially paralleling previous fMRI results
(Romeo, Leonard, et al., 2018). This indirect associ-
ation emerged despite the lack of a significant “to-
tal” association between language input and
children’s reading skills. One possible explanation
for this result may be the relatively older age of

the children, and the potential for the home lan-
guage environment measured earlier in childhood
to be a better predictor of future reading success.
Indeed, most work with the LENA system has
involved children younger than those studied
here. Although we validated the use of LENA in
our 5- to 9-year-old participants, it would be valu-
able to examine the same associations earlier in
childhood.

We additionally found that left perisylvian corti-
cal surface area significantly mediated the associa-
tion between parental education and children’s
reading skills. This finding points to left perisylvian
cortical structure, which may in part be a product
of linguistic exposure, as a mechanism through
which socioeconomic circumstances may affect chil-
dren’s reading skills.

These mediation models were significant for par-
ental education but not family income-to-needs
ratio. This is consistent with previous work suggest-
ing that parental education may be the component
of SES most relevant to children’s language devel-
opment (Hoff, 2006, 2013; Huttenlocher et al., 2010).
Family income and parental education have been
identified as independent predictors of children’s
development, representing unique aspects of chil-
dren’s environments. Whereas family income has
been more related to the material resources of the
home environment, parental education may be
more reflective of the quality of parent–child inter-
actions (Duncan & Magnuson, 2012).

Hourly conversational turns and adult words
were highly correlated, such that neither was
uniquely associated with children’s language-sup-
porting brain structure after accounting for the
other. Thus, we cannot definitively attribute corre-
lations with children’s brain structure to either one
specifically. However, the adult word count cluster
was nearly completely encompassed within the
conversational turn count cluster. While both
showed large effect sizes, the effect size of the link
between conversational turns and brain structure
was 15% larger than the corresponding effect size
for adult word count. In past studies, the quality
of language input has been found to be more pre-
dictive of language development compared to the
quantity of speech the child hears from adults
(Pace et al., 2017; Ram�ırez-Esparza, Garc�ıa-Sierra,
& Kuhl, 2017; Ram�ırez-Esparza et al., 2014; Weisle-
der & Fernald, 2013). Indeed, adult–child conversa-
tional turns may reflect reciprocal, back-and-forth
social interactions, which are thought to be a
cornerstone of children’s language development
(Pace et al., 2017).
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The findings presented here may have implica-
tions for programs and policies seeking to improve
language and literacy in children from disadvan-
taged families. These results suggest that improving
children’s language exposure via prevention and
intervention programs may benefit their structural
brain development. This work also speaks to the
potential value of integrating measures of brain
structure and function into studies testing policy-
relevant research questions. Policymakers should
consider evidence from neuroscience and the impli-
cations of this work for investments in children and
families.

There are some limitations to take into account
when interpreting these findings. First, this study
had a cross-sectional, correlational design, which
precludes causal inferences. Future studies should
test these associations using longitudinal designs
and randomized trials that aim to change socioeco-
nomic circumstance or home language input
directly. Such approaches would yield important
insights into the causal contributions of these fac-
tors to the development of language and its under-
lying neural circuitry. Second, while the LENA
system provides naturalistic data on the quantity
and quality of adult–child speech, it does not pro-
vide fine-grained information about qualitative
aspects of linguistic stimulation, such as lexical
diversity and grammatical complexity. Future stud-
ies should carefully examine these more detailed
aspects of the home language environment in rela-
tion to children’s brain structure. Third, head
motion has a negative effect on estimates of cortical
structure, even after excluding low-quality scans,
and younger participants generally move more dur-
ing acquisition (Alexander-Bloch et al., 2016).
Motion corrupted images were excluded from anal-
yses and all statistical models controlled for age.
Finally, although language input data were based
on lengthy recordings of the family environment,
they only capture a brief snapshot of family life,
and thus these data are only valid to the extent that
they reflect a typical day for the family. It is possi-
ble that families could have been more or less talka-
tive than usual at the time of the recording.

With the increasing prevalence of children living
in poverty and the growth of the income-achieve-
ment gap (Reardon, 2011), understanding the proxi-
mal environmental and neural mechanisms through
which socioeconomic disadvantage affects chil-
dren’s cognitive development is crucial to designing
targeted interventions and shaping policy. Here, we
show for the first time that children who experience
more conversations with adults or adult speech

have patterns of cortical structure in language-sup-
porting regions that are linked with greater reading
proficiency. These findings reinforce the importance
of programs and policies supporting parents in pro-
viding high-quality language experiences to their
children.
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