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Abstract
Reading is a learned skill crucial for educational attainment. Children from families of lower

socioeconomic status (SES) tend to have poorer reading performance and this gap widens across

years of schooling. Reading relies on the orchestration of multiple neural systems integrated via

specific white-matter pathways, but there is limited understanding about whether these path-

ways relate differentially to reading performance depending on SES background. Kindergarten

white-matter FA and second-grade reading outcomes were investigated in an SES-diverse sam-

ple of 125 children. The three left-hemisphere white-matter tracts most associated with reading,

and their right-hemisphere homologs, were examined: arcuate fasciculus (AF), superior longitu-

dinal fasciculus (SLF), and inferior longitudinal fasciculus (ILF). There was a significant and posi-

tive association between SES and fractional anisotropy (FA) in the bilateral ILF in kindergarten.

SES moderated the association between kindergarten ILF and second grade reading perfor-

mance, such that it was positive in lower-SES children, but not significant in higher-SES children.

These results have implications for understanding the role of the environment in the develop-

ment of the neural pathways that support reading.
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1 | INTRODUCTION

Reading is a learned skill crucial for successful educational attainment.

There are well-documented socioeconomic status (SES) disparities in

reading achievement across development (Peterson & Pennington,

2015; Reardon, 2011). Neural specialization for reading is experien-

tially driven and occurs through utilizing and repurposing distributed

brain structures that support vision, audition, and language (Dehaene,

2009). The efficient integration across these spatially disparate brain

regions is made possible by long-range white matter connections that

form across development (Wandell, Rauschecker, & Yeatman, 2012).

Three white matter tracts in particular have a documented association

with reading and reading-related skills in adults and children as early

as preschool (1) arcuate fasciculus (AF), connecting the superior tem-

poral lobe with the inferior frontal gyrus (IFG); (2) superior longitudinal

fasciculus (SLF), connecting the inferior parietal with the inferior
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frontal/premotor regions; and (3) inferior longitudinal fasciculus (ILF),

connecting the posterior inferior temporal gyrus with the ventral ante-

rior and medial temporal lobe (Deutsch et al., 2005; Frye et al., 2011;

Klingberg et al., 2000; Lebel & Beaulieu, 2009; Myers et al., 2014;

Niogi & McCandliss, 2006; Travis, Adams, Kovachy, Ben-Shachar, &

Feldman, 2017; Yeatman, Dougherty, Ben-Shachar, & Wandell,

2012a; Yeatman et al., 2011; Saygin et al., 2013; Vandermosten,

Boets, Wouters, & Ghesquiere, 2012; Wang et al., 2016; Zhao, de

Schotten, Altarelli, Dubois, & Ramus, 2016; Supporting Information

Figure S1). The left ILF passes in close proximity to the visual word

form area (Yeatman, Rauschecker, & Wandell, 2013), a cortical region

that becomes left-lateralized and specialized for word recognition

through experience (Cohen et al., 2002; Dehaene & Cohen, 2011).

The current study investigated, for the first time, whether there is a

relationship between SES and these three white-matter pathways

bilaterally in pre-reading children and whether SES moderates the

links between these pathways and longitudinal reading outcomes.

A confluence of genetic and environmental influences interact

reciprocally to affect children's reading development (Ozernov-Pal-

chik, Yu, Wang, & Gaab, 2016). Hereditary risk is a strong predictor of

reading disability, as approximately 40–60% of children who have a

parent who is reading-disabled will have reading problems themselves

(Gilger, Hanebuth, Smith, & Pennington, 1996; Snowling, Gallagher, &

Frith, 2003). Environmental factors are also significant in determining

reading skill and explain up to 30% of individual differences in reading,

with parental SES exerting the most influence (Olson, Keenan,

Byrne, & Samuelsson, 2014; Petrill, Deater-Deckard, Thompson, De

Thorne, & Schatschneider, 2006; Taylor, Roehrig, Hensler, Connor, &

Schatschneider, 2010). SES is a multidimensional construct that

encompasses parental education levels, economic resources such as

income, and social status (Tomalski & Johnson, 2010). SES is also a

proxy for quantifying the quality of the prenatal and postnatal envi-

ronment to which a child is exposed. Parental education is considered

to be a particularly stable indicator of SES and is correlated with

parental involvement in children’s educational attainment (Bradley &

Corwyn, 2002; Friend, DeFries, & Olson, 2008).

Gaps in reading achievement between lower- and higher-SES chil-

dren are one of the most consistent findings in the educational litera-

ture (Reardon, 2011). Lower SES has been associated with lower

performance in vocabulary, phonological awareness, single word decod-

ing, reading comprehension, and grammar (Bowey, 1995; Noble &

McCandliss, 2005). Children from lower-SES families are 2.5 times

more likely to read below grade level and more likely to meet the cri-

teria for reading disability than children from higher-SES backgrounds

(Peterson & Pennington, 2015). Crucially, these gaps in reading achieve-

ment begin even before children enter school (Coley, 2002; Reardon &

Portilla, 2016), widen across the years of schooling (Feinstein, 2003),

and have been widening over the past decades (Brooks-Gunn & Dun-

can, 1997; Reardon, 2011; Reardon & Portilla, 2016). This underscores

the need to understand the early impact of SES on reading develop-

ment and its neurobiology in order to prevent and remediate the spiral-

ing effects of SES on educational achievement.

SES in childhood has profound and widespread implications for

brain development (Hackman, Farah, & Meaney, 2010), with language

and reading-related brain structures being particularly affected

(Noble & McCandliss, 2005; Noble, Tottenham, & Casey, 2005;

Romeo et al., 2017; Rowe & Goldin-Meadow, 2009). SES is thought

to affect brain development, and subsequent behavioral outcomes,

through a range of mediating factors such as maternal stress and cog-

nitive stimulation (Hackman et al., 2010). Animal studies have demon-

strated the effects of these factors on mechanisms underlying neural

development and plasticity such as dendritic branching, gliogenesis,

synapotogenesis, neurogenesis, and the integration of newly gener-

ated neurons into functional circuits (for a review see Hackman

et al., 2010).

Indeed, the association between SES and brain structure and func-

tion has been demonstrated in multiple ways (e.g., Betancourt et al.,

2015; D'Angiulli, Herdman, Stapells, & Hertzman, 2008; Finn et al.,

2017; Hackman & Farah, 2009; Hanson et al., 2013; Jednoróg et al.,

2012; Leonard, Mackey, Finn, & Gabrieli, 2015; Luby et al., 2013;

Mackey et al., 2015; Noble et al., 2015; Noble, Houston, Kan, & Sowell,

2012; but see Brain Development Cooperative Group, 2012; Eckert,

Lombardino, & Leonard, 2001; Lange, Froimowitz, Bigler, Lainhart, &

Brain Development Cooperative Group, 2010; Raizada, Richards,

Meltzoff, & Kuhl, 2008). Specifically, lower SES has been linked to

reduced gray matter volume (Hanson et al., 2011, 2013; Jednoróg

et al., 2012; Luby et al., 2013), reduced cortical thickness (Mackey

et al., 2015), reduced degree of cortical gyrification (Jednoróg et al.,

2012), and reduced surface area (Natalie & Noble, 2014) in bilateral

occipito-temporal, temporo-parietal, and inferior frontal regions that

support reading development (Booth et al., 2001; Martin, Schurz, Kron-

bichler, & Richlan, 2015; for a review see Ozernov-Palchik & Gaab,

2016). Functional MRI and electrophysiological studies have also

reported decreased specialization for reading and language in task-

relevant regions in children from lower-SES backgrounds (see a review

by Pavlakis, Noble, Pavlakis, Ali, & Frank, 2015).

Few studies to date have investigated the direct association

between structural or white-matter connectivity and SES (Chiang

et al., 2011; Noble, Korgaonkar, Grieve, & Brickman, 2013; Piras, Che-

rubini, Caltagirone, & Spalletta, 2011; Vandermosten et al., 2015),

with even fewer studies in children (Chiang et al., 2011; Gullick,

Demir-Lira, & Booth, 2016; Jednoróg et al., 2012; Vandermosten

et al., 2015). The results of these investigations in school-age children

are mixed, with some studies finding SES-related differences in white-

matter pathways including left SLF and ILF (Dufford & Kim, 2017;

Gullick et al., 2016; Ursache & Noble, 2016; Vandermosten et al.,

2015), but others finding no association between white matter and

SES (Chiang et al., 2011; Jednoróg et al., 2012).

Only two studies have examined the relations among SES, white

matter, and reading ability (Gullick et al., 2016; Vandermosten et al.,

2015). The earlier study, in Dutch children, investigated whether kin-

dergarten white matter properties of two bilateral pathways, the arcu-

ate fasciculus and inferior fronto-occipital fasciculus (IFOF), mediated

parental influences on children's reading abilities in second grade

(Vandermosten et al., 2015). The study found that fractional anisot-

ropy of the left IFOF mediated the influence of parental reading his-

tory and SES on cognitive and literacy precursors and subsequently,

second-grade reading. The direct association between the neuroana-

tomical measures and SES was not examined in the study. Instead, the

neuroanatomical measures included in the mediation model were
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selected based on their association with both parental and children’s

reading skills.

In the later study of older children ages 8–14, higher SES was

associated with higher FA in several white matter tracts involved in

reading, and SES moderated the association between tract measures

and reading ability, such that brain–reading ability links were stronger

in lower-SES children (Gullick et al., 2016). Interpretation of that study

is difficult, however, because the commonly observed relation

between SES and reading ability (e.g., Reardon, 2011) was not

observed in this study. Nevertheless, the findings of the modulatory

effects of SES on the brain-behavior relationship are consistent with

prior findings in the reading (Brito, Piccolo, & Noble, 2017; Noble,

Wolmetz, Ochs, Farah, & McCandliss, 2006; Romeo et al., 2017) and

non-reading (e.g., Muscatell et al., 2012; Swartz, Knodt, Radtke, &

Hariri, 2018) domains. These findings warrant further investigation

into the multiplicative effects of low SES on neural variation and the

importance of this interaction for reading development.

The present study differs from prior research relating SES, read-

ing, and the brain in two fundamental ways. First, prior studies exam-

ined children after multiple years of formal education, which

confounds factors related to early home environment and later school

quality. We examined children before kindergarten or early in kinder-

garten. Second, we examined variation in longitudinal reading out-

comes in relation to SES and white matter microstructure. We

accomplished this by: (i) examining the association between SES and

pre-literacy and literacy performance, (ii) examining whether there

were significant SES-related variations in fractional anisotropy (FA) in

the bilateral AF, ILF, and SLF tracts important for reading, and

(iii) investigating whether SES moderates the longitudinal association

between kindergarten white matter FA and second-grade reading out-

comes. To probe the direction of the modulatory effect, we investi-

gated how kindergarten white matter predicted second-grade reading

separately in lower-SES and higher-SES groups. Finally, we conducted

an exploratory analysis to test whether the SES effects were specific

to the reading circuitry or whether or not the associations between

parental SES and FA were widespread and present in other tracts.

Based on prior findings, we hypothesized that lower SES would

be associated with significantly poorer pre-reading and reading skills.

We hypothesized that lower SES would also be associated with

reduced FA in one or more of the six tracts implicated in reading

development. Based on previous findings, we expected modulatory

effects on the FA–reading relationship with a stronger association

between white-matter FA and reading outcomes in children from

lower-SES backgrounds. In light of the previous literature demonstrat-

ing widespread effects of SES on brain development (Hackman et al.,

2010), we expected that the association between FA and SES would

expand beyond the reading network.

2 | METHODS

2.1 | Overview

Children from 20 diverse schools in New England completed a short

battery of pre-reading assessments administered by trained

researchers in their schools (for details see Ozernov-Palchik, et al.,

2016). These assessments took place in the spring of pre-kindergarten

or fall of kindergarten. A subset of children were contacted and

screened for eligibility, and eligible children participated in a follow-up

visit that took place 1–3 months later. Inclusion criteria, based on

parental report, were normal hearing, no neurological or psychiatric

disorders, American English as a native language, and a full-term birth

(>36 weeks). All children had KBIT-2 Matrices (nonverbal IQ) subtest

standard scores above 80. The follow-up visit included a neuroimaging

session and additional behavioral assessments. Because the study

focused on risk for reading difficulty, children invited for neuroimaging

over-represented children at apparent higher risk due to a family his-

tory of reading difficulty or low scores on pre-reading assessments.

Children who participated in the neuroimaging session completed

additional behavioral follow-up sessions at the ends of first and sec-

ond grades. This study was approved by the institutional review

boards at the Massachusetts Institute of Technology and Boston Chil-

dren’s Hospital. Parents gave written consent and children gave verbal

assent to participate.

2.2 | Participants

Children with complete MRI diffusion and behavioral data (N = 129,

53% female, mean age = 66.98 months, SD = 4.16, range 58–80)

were included in the current analysis. Four participants were excluded

due to poor quality diffusion data. Parents indicated which ethnic and

racial category they identified their child with. The group reported the

following racial and ethnic identities: 14% African American, 72%

White, 3% Asian, 2% American Indian or Alaska Native, 4% mixed

race, 5% did not report race; 90% not Hispanic, and 10% Hispanic.

2.3 | Kindergarten behavioral measures

All participants completed a comprehensive psychometric battery

assessing cognitive and language skills in kindergarten/pre-

kindergarten (see Ozernov-Palchik, Yu, et al., 2016). Based on the

extensive literature on the importance of these pre-literacy skills for

reading development, we focused on letter knowledge, phonological

awareness, rapid naming, and vocabulary (e.g., Ozernov-Palchik, Nor-

ton, et al., 2016; Schatschneider, Fletcher, Francis, Carlson, & Foor-

man, 2004). Nonverbal IQ was further included to rule out differences

due to general cognitive abilities.

2.3.1 | Phonological awareness

Three subtests were administered from the Comprehensive Test of

Phonological Processing (CTOPP, Wagner, Torgesen, & Rashotte,

1999); (1) Elision: the child repeats a word after removing a given

sound; (2) Blending Words: the child blends sounds together to make

a real word; and (3) Nonword Repetition: the child repeats a nonsense

word. The mean of Elision, Blending Words, and Nonword Repetition

standard scores was used as the PA composite score.

2.3.2 | Rapid automatized naming

The Colors and Objects subtests of the Rapid Automatized Naming/

Rapid Alternating Stimulus (RAN/RAS) tests (Wolf & Denckla, 2005)
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were administered. The child is asked to name an array of items (color

patches, objects) on the page as quickly and accurately as possible.

The score was the time to name all items. The mean of Colors and

Objects standard scores was used as the RAN composite score.

2.3.3 | Letter sound knowledge

The Letter Sound Knowledge subtest from the York Assessment of

Reading for Comprehension (YARC, Stothard, Hulme, Clarke,

Barmby, & Snowling, 2010) assesses knowledge of letter sounds. The

child is asked to produce the sound a grapheme or digraph makes.

The raw scores were converted to standard scores based on the full

kindergarten sample distribution in the current study (n > 1,200;

Ozernov-Palchik, Yu, et al., 2016).

2.3.4 | Nonverbal IQ

The Matrices subtest from the Kaufman Brief Intelligence Test, Second

Edition (KBIT-2, Kaufman & Kaufman, 2004) was administered. It

assesses nonverbal matrix reasoning skills, specifically the understand-

ing of relations between either concrete stimuli (pictures of objects) or

abstract stimuli (e.g., designs or symbols). The child is asked to decide

which of a series of pictures presented to them completes the pattern.

2.3.5 | Vocabulary

The Peabody Picture Vocabulary Test, Fourth Edition (PPVT-4,

Dunn & Dunn, 2007) assesses vocabulary knowledge. The experi-

menter says a word aloud, and the child is asked to identify which of

four pictures best illustrates the meaning of the word.

2.4 | Second-grade behavioral measures

An extensive battery of cognitive and reading assessments was admin-

istered at the end of second grade. For the current study, the following

measures were used to characterize children’s second-grade outcomes:

2.4.1 | Untimed single real word and nonword reading

The Word Identification (WID) and Word Attack (WA) subtests of the

Woodcock Reading Mastery Tests (WRMT-III, Woodcock, 2011)

assess single-word reading skills. The child is asked to read aloud as

many single words or nonwords of increasing difficulty as possible.

2.4.2 | Timed single real word and nonword reading

The Sight Word Efficiency (SWE) and Phonemic Decoding Efficiency

(PDE) subtests of the Test of Word Reading Efficiency (TOWRE-2,

Torgesen, Wagner, & Rashotte, 1999) assess rapid word identification

and decoding ability. The child is asked to rapidly read aloud single

words or nonwords within 45 s.

2.5 | Measures of reading outcomes

To first investigate whether SES moderates the relationship between

white matter and reading ability, a linear regression analysis with

second-grade reading as the dependent variable was conducted. For

this continuous analysis, a mean word-reading score (WR) of the stan-

dard scores of the four second-grade measures was created.

2.6 | Socioeconomic status

The Barratt Simplified Measure of Social Status (BSMSS) Question-

naire (Barratt, 2006) was completed by one of the child's parents.

Maternal and paternal years of education were used as measures of

socioeconomic status (ranging from a score of 3 for less than seventh-

grade education to a score of 21 for graduate degree). This construct

is considered a more stable and objective measure than income or

occupation and has been shown to relate to quality of child’s home

environment (Duncan & Magnuson, 2012; Mayes & Lewis, 2012). In

the moderation analysis, based on a median score of 18 children were

divided into higher-SES (≥18) and lower-SES (<18) groups.

2.7 | Home literacy environment

Information about the home literacy environment was collected via a

parent report questionnaire. The questionnaire was adapted from

Sénéchal (1997) and included the following questions that have been

shown to directly contribute to the acquisition of early reading skills

(Powers, Wang, Beach, Sideridis, & Gaab, 2016; Sénéchal, 1997; Séné-

chal & leFevre, 2002; Sénéchal, LeFevre, Hudson, & Lawson, 1996):

number of children’s books at home, age of the child when first read

to, frequency of the child being read to, frequency of the child looking

at books, and direct instruction of writing and the alphabet. A mean

composite score (HLE) of the six questions was created for the

analysis.

2.8 | Parental history of reading difficulties

Parental history of reading difficulties was evaluated using the Adult

Reading History Questionnaire (ARHQ, Lefly & Pennington, 2000).

The questionnaire is scored by summing the responses to all questions

and dividing by the total number of questions for each parent. Greater

scores on the ARHQ indicate more reading impairment.

2.9 | Imaging procedures

As described by Raschle et al. (2012), children practiced in a mock scan-

ner area at the beginning of each MRI session, with child-friendly equip-

ment (e.g., pediatric headphones, head padding, etc.) and procedures

(e.g., strategies for motion reduction) that were also used during actual

data acquisition. MRI sequences were acquired on a Siemens 3T Trio

whole-body MRI scanner at the Athinoula A. Martinos Imaging Center

at the McGovern Institute for Brain Research at MIT, using a standard

32-channel head coil. The T1-weighted MPRAGE scan used the follow-

ing specifications: 176 slices, TR = 2,350 ms; TE = 1.64 ms; flip angle =

9�; FOV = 256 mm; voxel size 1.0 × 1.0 × 1.0 mm. As in Saygin

et al. (2013), an online prospective motion correction algorithm was

implemented to reduce the effect of motion artifacts during the struc-

tural scan, and 10 selective reacquisition time points were acquired and

included to replace time points that were affected by head motion

(Tisdall et al., 2012). The diffusion-weighted (DW) MRI scan included

10 non-diffusion-weighted volumes (b = 0) and 30 diffusion-weighted

volumes acquired with non-collinear gradient directions (b=700 s/

mm2), all at 128 × 128 base resolution and isotropic voxel resolution of

2.0 mm3. Scans were evaluated for motion and scanner-induced
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outliers using DTI prep software (Lui, Hansen, & Kriegstein, 2011).

Motion parameters were found by rigidly registering the interleaved

subvolumes. The translation threshold was set to 2.0 mm and the rota-

tion threshold to 0.5�. From the original sample of 129 participants,

four participants with 10 or more motion outliers were excluded from

the analysis. There was no significant association between the number

of motion outliers and SES (r [127] = −0.04, p = .7).

2.10 | Identification of key white matter tracts

The Automatic Fiber Quantification (AFQ; http://github.com/

jyeatman/AFQ) software package (Yeatman, Dougherty, Myall, Wan-

dell, & Feldman, 2012b) was used to identify 20 white matter tracts

(see Supporting Information Table S2 for a list), including the six tracts

of interest chosen for their documented role in reading development

(i.e., bilateral ILF, SLF, and AF), and quantify the diffusion parameters

along the tract. The AFQ pipeline includes the following steps (for

details see Yeatman, Dougherty, Myall, et al., 2012b): (1) fiber tracts

are estimated using a deterministic streamlines tracking algorithm

(STT) (Basser, Pajevic, Pierpaoli, Duda, & Aldroubi, 2000; Mori, Crain,

Chacko, & Van Zijl, 1999) with an FA threshold of 0.2 and angle

threshold of 40�; (2) fiber tracts are segmented using a region of inter-

est (ROI) approach and fiber tract probability maps; (3) fiber groups

are cleaned into a compact bundle using an iterative statistical outlier

rejection algorithm; and (4) diffusion characteristics are calculated at

each node, or spatial location, along the trajectory of the fiber. Each

fiber is sampled at 100 equidistant nodes that can be used to compute

the FA value at each node along the fiber. AFQ segments the whole-

brain fiber group into 20 white matter tracts that are defined in the

white matter atlas (Wakana et al., 2007). Diffusion parameters were

computed using a weighted sum of each fiber’s value at a given node

based on fiber’s Mahalanobis distance from the core or mean location

of the tract (Johnson et al., 2013). Consistent with previous studies

(e.g., Yeatman et al., 2011; Vandermosten et al., 2015) the right AF

was not reconstructed in a number of participants (23%), so the asso-

ciation analysis of SES with right AF was conducted in the subset of

participants with complete data (n = 96).

Our analyses focused on three bilateral tracts that have been

linked to reading ability in young children: AF, SLF, and ILF (Ben-Sha-

char, Dougherty, & Wandell, 2007; Saygin et al., 2013; Wang et al.,

2016; Yeatman et al., 2011; Yeatman, Dougherty, Ben-Shachar, et al.,

2012a). An exploratory analysis of the association of SES and (pre)

reading with FA for all available tracts was also performed and is given

in Supporting Information Table S2. Consistent with prior studies,

fractional anisotropy (FA) was used as the primary parameter of inter-

est to characterize white-matter microstructure, but axial diffusivity

(AD) and radial diffusivity (RD) were also computed and used in

follow-up analyses of SES differences. FA is a summative measure of

the three diffusion directions that characterizes microstructural prop-

erties of white matter (Beaulieu, 2002; Pierpaoli & Basser, 1996),

whereas AD and RD can inform understanding of the mechanisms of

FA differences. AD has been related to axonal properties of white

matter, whereas RD has been related to axonal myelination and den-

sity (Song et al., 2003, 2005; Tyszka, Readhead, Bearer, Pautler, &

Jacobs, 2006; Zhang et al., 2009).

2.11 | Statistical analyses

All analyses were executed in the statistical package R (Ihaka & Gen-

tleman, 1996).

2.11.1 | Missing data imputation

A subset of participants (n = 19) were missing longitudinal reading

data and another subset of participants were missing paternal ARHQ

data (n = 35). These occurrences do not occur at random and could be

related to home environment as well as academic and cognitive out-

comes. Therefore, a complete case analysis approach (i.e., removing

cases with missing data), may inadvertently bias model estimation

(Enders, 2010; Rubin, 1976). Consequently, missing data were

replaced using multiple imputation (mice package in R, Buuren &

Groothuis-Oudshoorn, 2010) as recommended by Snijders and Bosker

(2012). Mice uses regression models to produce multiple simulated

versions of the complete datasets, which are analyzed separately and

are then aggregated (Enders, 2010; Little & Rubin, 2014). This

approach was shown to produce low false negative and false positive

rates when less than 30% of the data is missing across a sample, as

was the case in the current study (Vaden et al., 2012). Missing ARHQ

scores were imputed for one of the parents for 39 participants and for

longitudinal reading data for 19 participants.

2.11.2 | Pre-literacy and literacy performance by SES

To determine whether our study was consistent with the behavioral

literature on the associations between SES and educational skills, we

first examined the correlation between SES and kindergarten pre-

literacy as well as second-grade literacy skills. False discovery rate

(FDR) correction was used to adjust for multiple comparisons among

these tests (Benjamini, Drai, Elmer, Kafkafi, & Golani, 2001).

2.11.3 | Association between SES and tract FA

To test the association between SES and FA in the six tracts, a correla-

tion analysis was conducted separately with maternal and paternal

education. The Shapiro–Wilk test of normality was performed on all

FA values to determine whether to use the Spearman or Pearson test

for each paired comparison. Due to the high degree of correlation

among the nodes on a specific tract, the traditional Bonferroni method

is overly conservative and could lead to type 2 errors. Instead,

permutation-based multiple correction (the AFQ_MultiCompCorrec-

tion function based on Nichols & Holmes, 2002) was applied in Matlab

(The Mathworks Inc., 2007) to determine the appropriate p-value. Sig-

nificance was set at p = .05 for all analyses and p = .05 for cluster-

based permutation corrections.

To establish the specificity of the FA-SES relationship and to

examine which other factors could explain this relationship, a hierar-

chical regression model was conducted with mean FA of the clusters

demonstrating significant association with SES as a dependent vari-

able and with age, gender, pre-literacy performance, and parental

reading history, home literacy, and parental education as independent

predictors.
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2.11.4 | Multicollinearity assessment

Multicollinearity among the variables in the regression models was eval-

uated using the variance inflation factor (VIF) and the Farrar–Glauber

test (using the mctest package in R, Imdadullah, Aslam & Altaf 2016).

Results indicated that although the predictors were moderately correlated

(see Supporting Information Table S1), the VIF values for all variables

ranged from 1.09 to 1.77, suggesting that multicollinearity is not an issue

of concern for the regression models reported (O’brien, 2007). The

Farrar–Glauber test also indicated insignificant collinearity. In order to

select the most parsimonious model in explaining second grade reading,

stepwise regression and variable relative importance analyses were

conducted.

2.11.5 | Association between SES and AD and RD

To reveal possible mechanisms underlying SES-related differences in

FA, the correlation analysis was repeated to test the association

between SES and RD and AD in tracts and nodes that demonstrated

significant correlation with FA.

2.11.6 | Exploratory analyses of associations with control
tracts

To reveal whether SES is associated with FA in other tracts outside

the reading circuitry, mean FA was computed for each of the 20 avail-

able tracts. A series of bivariate correlations, controlling for gender,

was then conducted between each of the tracts and maternal and

paternal education. Additional correlations with mean FA were con-

ducted for the pre-reading and reading measures to further test the

specificity of the associations, by examining whether the tracts that

demonstrate the association with SES are also related to (pre)reading

performance.

2.11.7 | Moderating effects of SES on the FA–reading
relationship (longitudinal)

To test whether SES moderated the association between kindergarten

FA and second-grade reading abilities, after partialling out the variance

associated with pre-literacy skills and parental reading background, a

multiple linear regression model was constructed for each of the signifi-

cant tracts as follows: WR scores = β0 + β1 × IQ + β3 × PA + β4 ×

LSK + β5×RAN + β6×PA + β7×momARHQ + β8× dadARHQ + β9×

FA + β10 × SES + β11 × (FA × SES) + ε. The Shapiro–Wilk test was per-

formed to determine whether each variable was normally distributed.

The relative importance of each variable was calculated using the

relaimpo package in R (Grömping, 2006). Ninety-five percent bootstrap

confidence intervals were computed with 1,000 iterations. A stepwise

regression analysis was implemented to identify the optimal set of pre-

dictors for later reading abilities. To probe the nature of the moderation

effects identified in the regression model, correlations between ILF FA

and second-grade reading were computed separately in each group after

controlling for age, IQ, pre-literacy, and parental ARHQ.

3 | RESULTS

See Supporting Information Table S1 for a summary of the behavioral

correlations. After FDR adjustment for multiple comparisons, there was

a significant positive correlation between maternal education and HLE

(r[123] = .24, p = .012). There was also a negative association with

maternal (r[123] = −.20, p = .031) ARHQ scores indicating stronger

maternal history of reading difficulties in children from lower maternal-

education backgrounds. Paternal education was not significantly associ-

ated with age (r[123] = −0.01, p = .96), HLE (r[123] = .14, p = .151),

gender (χ2[5] = 9.5, p = .09), maternal ARHQ (r[123] = −0.08, p = .46),

or IQ (r[123] = .16, p = .12). There was a significant positive association

between paternal education and paternal ARHQ (r[123] = −0.21,

p = .05). There were no significant correlations between maternal edu-

cation and age (r[123] = −0.01, p = .1), paternal ARHQ (r[123] = −0.21,

p = .26), gender (χ2(3) = 3.8, p = .3), or IQ (r[123] = .16, p = .124).

3.1 | Association between SES and (pre-)literacy
performance

See Supporting Information Figure S2 for a summary of correlations

between all behavioral measures. In kindergarten, higher maternal edu-

cation was associated with significantly better performance on phono-

logical awareness (r[123] = 0.35, p < .001), vocabulary (r[123] = 0.37,

p < .001), letter-sound knowledge (r[123] = 0.33, p < .001), and RAN (r

[123] = 0.19, p = .044). In second grade, maternal education was asso-

ciated with better performance on all of the individual reading mea-

sures: WID (r[123] = 0.33, p < .001), WA (r[123] = .24, p = .012), PDE

(r[123] = .33, p < .001), SWE (r[123] = .19, p = .037), and the second-

grade WR composite (r[123] = .3, p = .002).

Higher paternal education was associated with better kindergarten

performance on phonological awareness (r[123] = 0.43, p < .001),

vocabulary (r[123] = .42, p < .001), letter-sound knowledge (r

[123] = .33, p < .001), but not RAN (r[123] = −0.05, p = .96). It was

also associated with better performance on second-grade WID (r

[123] = 0.2, p = .25), WA (r[123] = .24, p = .02), and PDE (r[123] = .24,

p = .02). There was no significant association with the reading compos-

ite WR (r[123] = .19, p = .06) or SWE (r[123] = .02, p = .33).

3.2 | Association between SES and tract FA

We examined the association between maternal and paternal educa-

tion and FA in bilateral ILF, SLF, and AF. There was a significant posi-

tive association between maternal education and FA of the left ILF

(nodes 4–69) and of the right ILF (nodes 1–33) but not with any of

the other tracts. Paternal education was not significantly associated

with FA in any of the six tracts. A regression model that included IQ,

pre-literacy measures (LSK, PA, RAN, and Vocab), HLE, ARHQ, and

paternal education demonstrated a unique and significant association

between maternal education and mean left ILF and right ILF FA for

the significant nodes. The Shapiro–Wilk test revealed that the mean

FA variables were not normally distributed (W = 0.98, p = .04).

Accordingly, the lmPerm package (Wheeler, Torchiano, & Torchiano,

2016) in R was used to calculate permuted linear regression for all

analyses. Maternal education accounted for 7.2% of the variance in

left ILF FA and the adjusted R-squared (to account for the multiple

predictors in the model) for the overall model was 0.15. The only

other significant variable was PA, accounting for 3.7% of the variance

in mean left ILF. Similarly, maternal education accounted for 9.1% of
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unique variance in mean right ILF, after controlling for IQ, pre-literacy

measures, HLE, ARHQ, and paternal education. No other variables

accounted for unique variance in right ILF and the overall adjusted R-

squared was 0.13.

3.3 | Association between SES and AD and RD

There was a significant association between RD and maternal edu-

cation in nodes 4–69 of the left ILF (p < .001) and nodes 1–33 of

the right ILF (p = .009). There were no significant associations

with AD.

3.4 | Exploratory analyses of associations with
control tracts

As shown in Supporting Information Table S2, a series of correlations

revealed that the effects observed between SES and FA were not spe-

cific to the reading tracts, but rather extended to tracts that have not

been traditionally associated with reading (e.g., left corticospinal tract).

Although the left ILF was significantly associated with PA and the

right ILF was associated with PA and LSK, some of the control tracts

that were associated with SES were not significantly correlated with

(pre)reading measures. This confirms the non-specificity of the SES-

related findings (Figure 1).

3.5 | Moderating effects of SES on the FA–reading
relationship (longitudinal)

The mean FA for the significant nodes, ARHQ, HLE, IQ, pre-reading

measures, maternal and paternal education, and the FA × maternal edu-

cation interaction term were combined in a stepwise regression model

for the left and right ILF tracts to identify the optimal set of predictors

for second-grade reading (Figure 2). The R2 for the entire left ILF model

was 0.32 (p < .001) and the best set of predictors included the follow-

ing: (1) PA (contributing 49% of R2), (2) maternal education × left ILF FA

interaction (contributing 19.49% of R2), (3) maternal education (contrib-

uting 17.2% of R2), (4) RAN (contributing 12.31% of R2), and (5) left ILF

FA (contributing 2% of R2). The R-squared for the right ILF model was

0.34 (p < .001) and the best set of predictors included the following:

(1) PA (contributing 45.3% of R2), (2) maternal education × right ILF FA

interaction (contributing 24.31% of R2), (3) maternal education (contrib-

uting 15.77% of R2), (4) RAN (contributing 12.25% of R2), and (5) right

ILF FA (contributing 2.37% of R2).

To probe the significant interaction effect, the association

between mean ILF FA bilaterally and WR was examined separately in

higher (n = 90) and lower-SES (n = 35) groups (divided based on the

median maternal education score of 18). Bartlett’s K-squared test was

used to evaluate differences in variance between lower- and higher-

SES groups on reading skills (WR). This test revealed no significant dif-

ferences in variance [k2(1) = 0.06, p = .8] between the two samples.

Greater FA In the left (R2 = .15, p = .02) and right ILF (R2 = 0.13,

p = .034) was associated with better reading outcomes in the lower-

SES, but not the higher-SES group (Left ILF: R2 = 0.02, p = .3; right

ILF: R2 = 0.004, p = .561) (Figure 3).

4 | DISCUSSION

The present study found the expected relation between SES (opera-

tionalized as parental education) and both pre-literacy kindergarten

measures and second-grade reading, such that children from higher-

SES environments had higher pre-literacy and reading scores than

children from lower-SES environments. One novel finding was that

children from lower-SES environments—specifically, children whose

FIGURE 1 Association between maternal education and fractional anisotropy in left and right ILF. (a) Tract profile of the left ILF depicting left

and right ILF nodes that demonstrated significant association with maternal education (marked in red). (b) Scatter plots of FA and maternal
education (BSMSS score). The representative node 11 is plotted for left ILF and node 23 for right ILF [Color figure can be viewed at
wileyonlinelibrary.com]
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mothers had fewer years of formal education—appeared to have

weaker structural connectivity in the left and right inferior longitudinal

fasciculus (ILF) as measured by reduced fractional anisotropy (FA) and

higher radial diffusivity (RD) in kindergarten. A second novel finding

was the differential relation between white-matter microstructure in

kindergarten and reading outcomes in second grade, such that in chil-

dren from lower-SES, but not higher-SES environments, better read-

ing in second grade was associated with greater FA in the left and

right ILF in kindergarten. In combination, these findings reveal that

white-matter characteristics in young kindergartners have a differen-

tial relation to long-term reading outcomes that depend upon their

environments.

4.1 | Association between SES and (pre-)literacy
performance

Consistent with previous findings (Reardon, 2011), we observed sig-

nificant associations between SES and reading-related performance in

kindergarten and second grade. All pre-literacy skills examined, except

RAN, were associated with paternal and maternal education. RAN was

associated with maternal, but not paternal, education. The achieve-

ment gap between lower- and higher-SES children has been one of

the most robust patterns in educational research (Reardon, 2011), and

the confirmation of this gap in the current sample points to its

representativeness.

FIGURE 2 Association with second-grade reading using stepwise regression analysis to identify the best set of predictors, which includes the

combination of pre-literacy, parental, and FA measures, as well as the FA × maternal education interaction term. (a) and (b) show final prediction
models for lower and higher-SES groups. Actual values versus predicted are plotted, with predicted varying in size. (c) and (d) are the relative
importance bar plots with 95% bootstrap confidence intervals for left ILF and right ILF, respectively. Tract names and behavioral measures are
abbreviated as follows: PA, phonological awareness; EdMom × LILF or EdMom × RILF, interaction term between maternal education and left or
right ILF FA (mean FA of significant nodes); RAN, rapid automatized naming

FIGURE 3 Association between tract FA (mean FA of significant nodes) and reading by SES. Scatter plot depicts the significant positive

association between FA and second-grade word-reading composite in the lower- but not the higher-SES group. Word reading composite (mean
score of WRMTWord Attack and Word ID, and TOWRE Phonemic Decoding and Sight Word Efficiency) is a standard score based around 100
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4.2 | ILF tract FA and SES

Maternal, but not paternal, education in the current study was signifi-

cantly associated with brain measures. This is consistent with previous

literature documenting that maternal education, as compared with

other components of SES (occupation, income, paternal education),

has the strongest association with children’s cognitive skills (Harding,

Morris, & Hughes 2015; Reardon, 2011). Studies have also shown that

maternal education, in particular, predicts the presence of resources

within the family that influence children's well-being such as economic

security family structure, and maternal well-being (McLanahan 2004;

Kiernan & Huerta 2008; Meadows, McLanahan, & Brooks-Gunn

2008).

Overall, the findings of a positive association between SES with

left and right ILF FA and a negative association with RD are in line

with documented SES-related differences in neural structure and

function across development (Hanson et al., 2013; Jednoróg et al.,

2012; Lawson, Duda, Avants, Wu, & Farah, 2013; Mackey et al.,

2015; Noble et al., 2012; Noble et al., 2006; Raizada & Kishiyama,

2010). Consistent with the present findings, lower parental SES has

been associated with decreased FA in multiple white matter clusters

including in the bilateral ILF tract in older children (Gullick et al.,

2016). To our knowledge, no studies to date have directly investigated

differences in white matter based on SES in younger kindergarten

children. By revealing which reading-related pathways are affected in

lower-SES children very early in reading development, our results

speak to the contribution of the early familial environment, rather

than that of the quality of schooling, to observed SES-related

disparities.

The ILF pathway is generally considered a pathway through which

information is conveyed from the extrastriate occipital cortex to the

lateral temporal cortex, parahippocampal gyrus, and amygdala (Catani

et al. 2003; Schmahmann et al., 2007). The ILF tract bilaterally has

been linked to a range of visual functions such as object recognition,

visual learning, and face processing (Catani et al., 2003; Hodgetts

et al., 2015; Ortibus et al., 2012; Ross, 2008). The left ILF, specifically,

is a component of the ventral reading pathway that transmits informa-

tion between the visual word form area (VWFA), located within the

fusiform gyrus, and the anterior and medial temporal lobe (Epelbaum

et al., 2008; Wandell et al., 2012). The VWFA is involved in ortho-

graphic processing and mapping printed words to meaning, and

develops specialization for print through learning to read a particular

orthography (Dehaene & Cohen, 2011; Dehaene, Cohen, Morais, &

Kolinsky, 2015; Dehaene et al., 2010; Heim, Pape-Neumann, van

Ermingen-Marbach, Brinkhaus, & Grande, 2015). This experience

dependent specialization has been described as increased engagement

of the left fusiform gyrus for print, accompanied by decreased engage-

ment for other visual perceptual functions, such as face recognition

(Centanni et al., 2018; Dehaene et al., 2010; Saygin et al., 2016). Spe-

cialized patterns of white-matter connectivity to the VWFA have

been shown to predate, and possibly drive, the region’s specialization

for word recognition (Saygin et al., 2016). Taken together, this sug-

gests that factors associated with being raised in a lower-SES environ-

ment are related to the connectivity patterns of the VFWA in a

manner that could constrain reading development.

What could be the mechanisms that link SES and changes in these

tracts? Fractional anisotropy is influenced by two opposing and par-

tially environmentally-driven processes: myelination that increases FA,

and pruning of axons that decreases FA (Yeatman, Dougherty, Ben-

Shachar, et al., 2012a), as well as other factors. Studies in animal

models have indicated that RD is more sensitive to myelination,

whereas AD is more sensitive to axonal degradation (Song et al.,

2003; 2005). Findings of increased RD in the lower-SES group, but

absence of differences in AD, therefore suggest that differences in FA

are due to increased myelination of the ILF tract in the higher-SES

group. Myelination speeds conduction between distant cortical

regions. Across development, myelination of axons is guided both by

intrinsic genetic codes and extrinsically driven mechanisms, such as

neuronal activity along a particular axon (Emery, 2010; Mount &

Monje, 2017). For example, it has been demonstrated that neuronal

activity stimulates the proliferation of committed oligodendrocyte

progenitor cells, which generate those glial cells, the oligodendrocytes,

that form myelin (Mount & Monje, 2017). Developmentally, higher FA

in childhood indicates maturation, as FA tends to increase through

childhood, reaching a plateau in early-to-mid-adulthood (depending

on the tracts) and then starts to decrease (Lebel, Treit, & Beaulieu,

2017). ILF FA was shown to increase most rapidly between ages five

and seven, remaining largely stable after the age of seven (Lebel,

Walker, Leemans, Phillips, & Beaulieu, 2008). Thus, taken together,

evidence suggests that reduced ILF FA in the lower-SES group reflects

decreased myelination and delayed maturation of this pathway.

Our current understanding of how SES affects brain development

is modest. It is hypothesized that the quality of parental care varies

depending on SES factors and can influence neural development

through epigenetic processes, and subsequently, the neural activity

that regulates cognition (Hackman et al., 2010). In the present study,

there was evidence that children from higher-SES environments had

enhanced home literacy environments (HLE scores) and vocabulary

relative to children from lower-SES environments. Additionally, chil-

dren from lower-SES backgrounds had increased familial history of

reading impairment. A plethora of factors not measured in the current

study but commonly associated with higher SES (e.g., greater cogni-

tive stimulation, better nutrition, less stress), together with enhanced

language and pre-literacy experiences, may spur increased myelination

of the ILF, as well as some of the other non-reading tracts, as mea-

sured by higher FA and lower RD values. The contribution of media-

tors not measured in the current study to SES-ILF association is

supported by the persistence of the association between maternal

education and FA, even after controlling for parental background and

children's psychometric performance measures. This is consistent with

previous findings that SES explained variance in white-matter micro-

structure and reading skills independently of parental reading history

and home literacy (Vandermosten et al., 2015). There are numerous

candidate mechanisms that could explain the association between SES

and neurodevelopment. It has been demonstrated, for example, that

conversational turn-taking between a parent and their child, in addition

to vocabulary, is associated with functional brain specialization for lan-

guage and partially accounts for the links between parental education

and children's language skills (Romeo et al., 2018). Future studies,

OZERNOV-PALCHIK ET AL. 9



therefore, need to include more comprehensive measures of children's

linguistic environments.

There is considerable evidence that experience or training can

alter white-matter FA. For example, increased FA in target tracts has

been demonstrated in response to juggling training (Scholz, Klein,

Behrens, & Johansen-Berg, 2009), meditation training (Tang et al.,

2010), cognitive training (Mackey, Whitaker, & Bunge, 2012), learning

to read (Carreiras et al., 2009; Hofstetter, Friedmann, & Assaf, 2017;

Thiebaut de Schotten, Cohen, Amemiya, Braga, & Dehaene, 2014),

and following reading intervention (Keller & Just, 2009; Huber, Don-

nelly, Rokem, & Yeatman, 2018; Hofstetter et al., 2017). For example,

in a study of adults, learning Morse code was associated with a signifi-

cant increase in left ILF FA (Schlaffke, Leemans, Schweizer, Ocklen-

burg, & Schmidt-Wilcke, 2017). In another study, rapid changes in

white matter properties of the left ILF, among other tracts, were dem-

onstrated in children with dyslexia in response to an intensive reading

intervention (Huber et al., 2018). Importantly, the effects of parental

practices (e.g., quality of nutrition, conflict in the household, and ver-

bal abuse) on white matter structure in early childhood have been

shown (Choi, Jeong, Rohan, Polcari, & Teicher, 2009; Dufford & Kim,

2017; Lebel et al., 2016; Ou et al., 2014). Therefore, the present find-

ing of the region's sensitivity to influences related to familial SES is in

accordance with its general malleability in response to environmental

input and experience.

4.3 | Moderating effects of SES on the ILF–reading
relationship

Consistent with previous studies that demonstrated modulatory influ-

ences of SES on the brain–reading relationship (Brito, Piccolo, &

Noble, 2017; Gullick et al., 2016; Noble et al., 2006; Romeo et al.,

2017), ILF FA in kindergarten was associated with better second-

grade reading outcomes in lower-SES but not higher-SES children.

The longitudinal nature of the current findings is a notable difference

from other studies that only examined the SES × brain association

with reading concurrently. One possible interpretation of these find-

ings is that SES can exaggerate or mitigate the links between early

brain connectivity and reading outcomes. For example, higher quality

childcare and schools, better housing, and higher quality and quantity

of cognitive and linguistic stimulation could lead to successful reading

outcomes even in the face of neuroanatomical variations—namely

reduced white matter FA of bilateral ILF (Brito et al., 2017). Another

possible interpretation is related to differences in heritability of read-

ing across SES groups. It has been shown that environmental differ-

ences accounted for more variance in reading performance in lower-

SES children than in higher-SES children (Friend et al., 2008; but see

Kirkpatrick, Legrand, Iacono, & Mcgue, 2011). This raises the possibil-

ity that the neurobiological basis of reading varies based on SES, with

stronger experiential effects on brain–reading relationships in children

from lower-SES families. Due to the correlational nature of the cur-

rent study, the causal pathway from SES to brain development and to

reading outcomes could not be established. Therefore, a third possibil-

ity is that a greater variation in environmental influences in children

from lower-SES backgrounds negatively and independently affected

both reading and brain development, with poorer consequences in

both domains for the outcomes of these children. Future studies are

needed to evaluate these possibilities and determine the precise

mechanisms of the modulatory influences of SES on brain–reading

links.

4.4 | Limitations and future directions

First, although the sample of lower-SES children in the current study

was racially and ethnically diverse, it was not truly representative of

the lower segment of the United States population in terms of SES.

All mothers and 95% of fathers in the current lower-SES sample had

completed high school, whereas the national high school completion

rate stands at 83% (Aud et al., 2012). Nevertheless, the mean SES of

the sample is comparable to previous neuroimaging studies of SES in

children (e.g., Gullick et al., 2016; Noble et al., 2006; Skoe, Krizman, &

Kraus, 2013) and even greater disparities between the two SES

groups would be expected were the lower-SES group less advantaged.

Second, because white matter development begins in utero and con-

tinues through adolescence, in order to gain a deep, mechanistic

understanding of the role of parental SES in a child's brain develop-

ment and to disentangle hereditary from environmental influences,

future work needs to examine these effects in infancy and longitudi-

nally. Third, this study used a correlational approach, which limits our

ability to draw strong conclusions regarding the causal nature of the

reported SES effects.
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