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Abstract

Functional connectivity (FC) techniques can delineate brain organization as early as infancy, enabling the characterization
of early brain characteristics associated with subsequent behavioral outcomes. Previous studies have identified specific
functional networks in infant brains that underlie cognitive abilities and pathophysiology subsequently observed in
toddlers and preschoolers. However, it is unknown whether and how functional networks emerging within the first
18 months of life contribute to the development of higher order, complex functions of language/literacy at school-age. This
5-year longitudinal imaging project starting in infancy, utilized resting-state functional magnetic resonance imaging and
demonstrated prospective associations between FC in infants/toddlers and subsequent language and foundational literacy
skills at 6.5 years old. These longitudinal associations were shown independently of key environmental influences and
further present in a subsample of infant imaging data (≤12 months), suggesting early emerged functional networks
specifically linked to high-order language and preliteracy skills. Moreover, emergent language skills in infancy and
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toddlerhood contributed to the prospective associations, implicating a role of early linguistic experiences in shaping the FC
correlates of long-term oral language skills. The current results highlight the importance of functional organization
established in infancy and toddlerhood as a neural scaffold underlying the learning process of complex cognitive functions.
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Introduction

Human brains undergo extensive changes within the first years
of life, establishing critical foundations of neuroarchitecture
that underlie the protracted maturational process of percep-
tual and higher order cognitive functions. Recent advances in
pediatric neuroimaging techniques refine functional mapping
of the infant brain, primarily through resting-state functional
connectivity (FC) analyses (Gilmore et al. 2018). FC characterizes
functional brain organization by examining synchronized fluc-
tuations in the blood oxygen dependent (BOLD) signals among
different brain regions (Biswal et al. 1995). For instance, FC
analyses conducted in late preterm and full-term neonates have
reported adult-like FC patterns in regions underlying motor and
primary sensory processing (e.g., primary auditory and visual
networks) at birth (Fransson et al. 2007; Doria et al. 2010; Gao
et al. 2015a). As maturation progresses, long-distance FC pat-
terns among association cortices develop, coupled with the
emergence of higher order cognitive functions such as executive
function and language (Fair et al. 2009; Gu et al. 2015; Gao
et al. 2015a, 2015b). To date, an increasing number of studies
have revealed relationships between FC patterns in infancy and
toddlerhood and subsequent cognitive abilities and pathophys-
iology in toddlers and preschoolers, suggesting the cognitive
developmental significance of FC emerged during early devel-
opmental stage (Alcauter et al. 2014; Rogers et al. 2017; Graham
et al. 2019; Chen et al. 2020).However, it is still unknownwhether
and how FC within the first 18 months of life can account for
individual differences in the long-term trajectory of language
and foundational literacy abilities into school-age.

Early language acquisition starts in utero and is significantly
shaped by the linguistic environment (Skeide and Friederici
2016). For example, newborns demonstrate selective preferences
for human speech compared to other sounds and are able to
recognize different aspects of speech, such as phonetic and
stress patterns (Sansavini et al. 1997; Kuhl 2004; Vouloumanos
andWerker 2007). Infants typically develop an understanding of
familiar words as early as the second half of the first year, build-
ing a critical foundation for long-term language development
into school-age (Fernald et al. 2006; Marchman and Fernald 2008;
Swingley 2009). Early linguistic experiences further serve as
critical building blocks for the development of emergent literacy
skills. These skills include phonological processing, the ability
to recognize and manipulate the sound structure of words,
one of the key predictors of subsequent reading development
(Scarborough et al. 2009; Duff et al. 2015; Pierce et al. 2017).
Moreover, this developmental time course is sensitive to envi-
ronmental characteristics, including language and early literacy
exposure in the infant’s environment. For example, it has been
shown that the quality and quantity of child-directed speech are
highly correlated with vocabulary gain in toddlers (Huttenlocher
et al. 1991; Rowe 2012). In addition to language exposure, home
literacy practices are also associated with subsequent verbal
and literacy skills during preschool and school-age (Hood et al.
2008; Ece Demir-Lira et al. 2019), highlighting the important
role of the environment. Moreover, emergent literacy skills are

then further deepened through formal instruction once the child
starts school and reciprocally influence language development,
such as vocabulary (Cunningham and Stanovich 1997; Hatcher
et al. 2004; Piasta and Wagner 2010; Nation and Hulme 2011).
Overall, the development of language and preliteracy skills starts
in infancy and continues through childhood and beyond, con-
stantly shaped by the quantity and quality of input provided in
the child’s home, school, and other environmental contexts.

A foundational neurobiological scaffold is already present in
infant brains for language and literacy acquisition. It has been
repeatedly demonstrated that neonates, within the first week
after birth, and preverbal babies show greater neural responses
specific for human speech as compared to control sounds or
speech played backward in language-related areas (Dehaene-
Lambertz and Pena 2001; Mahmoudzadeh et al. 2013), largely
located in the temporal lobe (Dehaene-Lambertz et al. 2002;
Pena et al. 2003; Dehaene-Lambertz et al. 2006; Perani et al.
2011). Electrophysiological responses to speech perception in
infancy have been shown to be prospectively associated with
language and literacy outcomes at the preschool and school-
age, suggesting early brain function has a long-lasting influence
on subsequent language and literacy acquisition (Guttorm et al.
2005; Leppänen et al. 2012; van Zuijen et al. 2012). However, it
is still unknown how the functional networks emerged early in
life relate to the long-term development of language and literacy
skills after the start of formal education. While intrinsic FC
among regions important for language and reading processing
in adults is observable in infants during natural sleep (Li et al.
2020; King et al. 2021), the neural network mechanisms sup-
porting the protracted development of verbal skills is actively
developing and evolving postnatally. For example, the develop-
mental characteristics of white matter as early as in infancy
have been shown to correlate with concurrent and subsequent
oral language skills (Deoni et al. 2016; Zuk et al. 2021), and
the developmental changes of large-scale functional topologies
within the first 2 years of life are associated with overall devel-
opmental progress on languagemilestones at age 4 in a group of
23 children (Emerson et al. 2016). These results demonstrate the
functional relevance of maturational changes in brain networks
associated with early language development. Importantly, these
neural trajectories of language/reading development are subject
to input provided from the environment. For example, it has
been demonstrated that the word-specific activation in the left
fusiform gyrus of the literate adults, that is, the putative visual
word form area (Cohen et al. 2000), emerged in children only
after the onset of print exposures (e.g., Brem et al. 2010; Cen-
tanni et al. 2017, 2018). Its functional and structural connectivity
to the language areas that constitutes the reading network is
strengthened over the course of learning to read (Yeatman et al.
2012; Yu et al. 2018).Moreover, the associative effects of the early
linguistic environment at home, such as rich language exposure
and shared book reading, is evident in the language neural
network among preschoolers (Hutton et al. 2015; Powers et al.
2016; Romeo et al. 2018), and have recently been revealed in the
FC patterns of infants (King et al. 2021), further highlighting the
dynamics and plasticity of the network characteristics relevant
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for language learning. Therefore, it is still an open question as
to what extent functional network characteristics established
in infancy and toddlerhood are prospectively associated with
individual differences in the long-term development of the com-
plex verbal skills with different cognitive processes, such as oral
language and phonological processing, especially in school-age
children who have already been exposed to formal instruction.
Moreover, it is unknownwhether such long-term associations, if
observed, are driven by emergent (pre-)language skills and early
linguistic environmental variables.

Employing a 5-year longitudinal imaging dataset from
infancy to school-age, the current study utilizes resting-state FC
MRI methods to investigate prospective associations between
functional brain networks observed in a group of infants and
toddlers aged 4–18 months old and their subsequent measures
of language and emergent literacy skills a mean age of 6.5.
The FC approach was applied to characterize region-specific
FC patterns given the previously established relationship
between the resting-state FC pattern of one region and the
functional relevance (i.e., task-based fMRI activation) of this
region (Cohen et al. 2008; Gordon et al. 2016; Mars et al.
2018). We first conducted multivariate pattern analysis (MVPA)
to identify regional-specific FCs in infancy and toddlerhood
that are associated with subsequent school-age performance
while controlling for critical environmental factors. Further
analyses were performed to assess whether the inclusion of
receptive and expressive language performance measured at
the time of scanning in infancy/toddlerhood leads to changes
in these observed associations. The results of the current
study offer the potential to inform our understanding of how
early emerging functional network mechanisms can contribute
to individual differences in language and reading abilities
later in life.

Methods

Participants

All participants were recruited at Boston Children’s Hospital
(BCH) as part of an ongoing longitudinal project which aims to
characterize brain changes underlying language and reading
development from infancy to school-age. A group of 42 partici-
pants (21 females) who completed resting-state functional and
structural MR imaging in infancy (mean age=10.2± 3.5 months)
and were successfully followed over 5 years (5.6± 1.0 years)
until school-age (mean age=6.5± 0.96 years) were included in
the current analyses (Table 1). All children were from English-
speaking households and were exposed to the English language
since birth. They further demonstrated typical general cognitive
ability based on their performance (standard scores (SS)> 85,
mean SS=107± 13) on the matrices subtest of the Kaufman
Brief Intelligence Test-II at school-age (KBIT-II, Kaufman and
Kaufman 2004). Moreover, all participants were born at the
gestational age of 37 weeks or above, except one (male) who
was born at 36 weeks (Table 1) but with no brain or behavioral
atypicalities observed at either time point. None of the subjects
had birth complications, neurological trauma, or reported
developmental delays, and their MRIs were clinically interpreted
as normal by a pediatric neuroradiologist at BCH. The current
protocol was reviewed and approved by the Institutional
Review Board at BCH. Before participation, informed written
consent was obtained from a parent or legal guardian of
each infant.

Table 1 Behavioral characteristics at the time of scanning

Mean±Standard
deviation

Range

Gestational age (weeks) 38.9± 1.1 36–41.5
Scanning age (months) 10.2± 3.5 4.6–17.7

Head movement during scanning

# of outlier scans 8.3±11.9
(5.1%±0.07)

0–44
(0–27.5%)

Framewise
displacement of the
remaining scans (mm)

0.067±0.016 0.037–0.093

Emergent language abilities at the time of scanning (T scores)

MSEL receptive language 44.2± 8.3 27–58
MSEL expressive
language

46.9± 7.5 38–62

MSEL=Mullen scales of early learning assessment.

Psychometric and Environmental Measures

At the infant/toddler stage, emergent receptive and expres-
sive languages were evaluated using the Mullen Scales of Early
Learning assessment (MSEL, Mullen 1995) in 29 infants. Further-
more, environmental factors critical for language and literacy
development were also collected through parental question-
naires, which included socioeconomic status (SES, i.e., parental
education, n=41) and home literacy environment (HLE, adapted
from Denney et al. 2001), n=38, see SI Methods and Table S1).

At the school-age stage, a comprehensive assessment
battery was administered to evaluate each child’s general
cognitive ability, language, literacy, reading, and spelling skills.
Since most of the child participants had not yet become
skilled readers during the second longitudinal timepoint
(mean age=6.5± 0.96 years), the present study focused on
oral language (OL, the OL subtest of the Woodcock-Johnson-IV
assessment (WJ-IV, Schrank and Wendling 2015) and founda-
tional literacy skills commonly recognized as crucial cognitive
precursors of reading (Melby-Lervåg et al. 2012; Norton andWolf
2012; Hulme and Snowling 2013). This included assessments
of rapid automatized naming (RAN, Comprehensive Test of
Phonological Processing-II (CTOPP-2), Wagner et al. 1999) and
phonological processing skills (the phonological processing
subtest of WJ-IV, n=36, see distributions of task performance
in Figure 2A and detailed descriptions of assessments in the SI
Methods).

Image Acquisition

All images were acquired during natural sleep without sedation
on a Siemens 3 T Trio MRI scanner with a 32-channel adult
head coil (see Raschle et al. 2012 for a detailed infant imag-
ing procedure). A motion-compensated T1 weighted multiecho
MPRAGE sequence was applied to collect high-quality structural
images for each infant with the following imaging parameters:
number of slices = 176, TR = 2270 ms, TE1,2,3,4 = [1.66, 3.48, 5,3,
7.12] ms, flip angle = 7◦, TI = 1450 ms, field of view=220 mm2,
voxel size =1.1×1.1×1.0 mm3. Prospective motion correction
was achieved by acquiring low resolution EPI-based volumetric
navigators each TR (Alhamud et al. 2012). The signals from
the individual echoes were combined using root mean square
averaging, yielding improved contrast. Moreover, an 8-min EPI-
BOLD sequence was applied to collect resting-state fMRI data for
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Figure 1.General pipeline of the association analyses between regional-specific FC in infancy and toddlerhood and school-age performance of language and preliteracy

skills. (A) Seed regions were defined as 78 cortical parcellations derived from the 1-year-old infant AAL atlas (Shi et al. 2011). (B) Time series were extracted for every

participant by averaging the BOLD signal across all the voxels within each seed region. The FC pattern was then obtained by correlating the BOLD time series of the

ROI with that of all other ROIs. The current analyses focused on 16 seed regions residing in the bilateral temporal lobes given the previously reported engagement of

these regions in speech and language processing during early developmental stage. (C) Each FC pattern was entered into a SVR model as features for the prediction

analyses on every school-age performance. To objectively evaluate the prediction performance, the entire sample was randomly divided into training (80%) and testing

(20%) datasets. The SVR model obtained based on the training dataset was then applied to the FC patterns of the testing datasets, which generated the predicted task

performance. The predicted values were then correlated with the true performance, and the correlation coefficient was considered as performance of the SVR model.

This procedure was repeated 1000 times to produce a distribution of prediction performance for each pair of seed region and task performance. (D) The mean of the

distribution of prediction performance based on the true language and literacy outcomes was compared against that of a null distribution generated by the same

procedure, but with the assignment of random scores of school-age performance (permutation tests) using a t-test. An effect size and a 95% bootstrap confidence

interval were further calculated for the prediction performance of each seed region-behavioral assessment pair.

Abbreviations: PHG=ParaHippocampal gyrus; FFG=Fusiform gyrus; HG=Heschl’s gyrus; STG=Superior temporal gyrus; supTPO=Temporal pole (the superior portion);

MTG=Middle temporal gyrus; midTPO=Temporal pole (the middle portion); ITG= Inferior temporal gyrus.

every infant (TR=3000 ms, TE=30 ms, flip angle = 60◦, voxel size
=3× 3×3 mm3).

Image Analysis

Resting-State fMRI Preprocessing

Functional MRI images were first corrected for slice timing
using FSL/SLICETIMER. Rigid body alignment for motion correc-
tion and estimation of motion regressors was performed using
FSL/MCFLIRT.Anatomical and functionalMRI volumeswere spa-
tially normalized to theUNC1-year-old infant template (Shi et al.
2011) using affine transformations (FSL/FLIRT). After spatial nor-
malization, linear regression was performed using the following
nuisance regressors: (1) six motion regressors from realignment
estimates (accounting for translations and rotations in three
directions), (2) mean cerebral spinal fluid (CSF) andwhitematter
(WM) signals extracted from subject-specific anatomical masks
(computed with FSL/FAST), and (3) spikes regressors based on
motion outliers (see section Artifact Detection). Temporal band-
pass filtering (0.01–0.1 Hz) and spatial smoothing (Gaussian
filter, FWHM=6 mm) were applied after nuisance regression.

Artifact Detection

An in-house scriptwas used to identify artifacts in the fMRI data,
including motion, and spiking (https://github.com/xiyu-bnu/i
nfant_restingstate_prediction). Framewise displacement (FD)
was estimated from translations and rotations obtained from
rigid-body alignment after motion correction (Power et al. 2012).
Volumes with FD> 0.3 mm were considered outliers. In order to
minimize potential artifacts in neighboring volumes due to tem-
poral filtering or spin history, one preceding and two subsequent
frames were also marked as outliers. A binary vector indexing
all the outliers was built for each subject and used as motion
regressors to remove contaminated frames from the time series
prior to filtering. On average, 5.1% of outlier scans were removed
from each participant, and all subjects included in the current
analyses had more than 5-min usable volumes (Table 1).

Seed-Based Connectivity Analysis

Seed regions were defined as 78 cortical regions of interest
(ROIs) based on the 1-year-old Infant Brain Atlases (Shi
et al. 2011) derived from the Automated Anatomical Labeling
(AAL) atlas (Tzourio-Mazoyer et al. 2002). Seed-based time
series were extracted by averaging the BOLD signal across
all the voxels in each ROI. The FC pattern associated with
each seed ROI was then generated by correlating the BOLD
time series of the ROI with that of all other ROIs using the
Pearson product–moment correlation formula (Fig. 1A and B).
Correlation coefficients were normalized to z-scores using
Fisher’s transformation. In the current analyses, we focused on
the FCs of 16 seed ROIs located in the bilateral temporal lobes,
given the important role of temporal lobe regions in speech
and language perception tasks in infants (Dehaene-Lambertz
et al. 2002, 2006; Telkemeyer et al. 2009; Sato et al. 2012;
Shultz et al. 2014).

Prediction

To identify functional networks in infancy and toddlerhood that
were prospectively associated with the school-age performance
of language and preliteracy skills, support vector regression
(SVR) analyses were performed for each pair of the regional-
specific FCs and every measure of language and preliteracy
skill using the LIBSVM package (Chang and Lin 2011). To do
this, the FC pattern associated with a particular seed region
was entered into the SVR models as the input feature with
performance on each of the three assessments (OL, phonological
processing, RAN) as the outcome measures in order to identify
the early emerged functional networks important for the subse-
quent development in each specific cognitive domain.Moreover,
to probe the functional networks specifically associated with
long-term language and literacy development, special consider-
ation was taken to minimize the impact of other factors known
to influence children’s verbal skills, including key environmen-
tal factors of SES and HLE, as well as the infant age at the
scan. General cognitive abilities measured at school-age were
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further included to partial out the individual variance in general
cognitive maturation.

The performance of the SVR analyses was evaluated using
a hold-out random resampling procedure (similar to Rudolph
et al. 2018), in which 20% of the datasets were held out (testing
dataset) while the remaining datasets were used to train an SVR
model.Correction for covariateswas first performed in the train-
ing dataset only, where each of the input features (i.e., regional-
specific FCs) and the outcome measures (i.e., task performance
in terms of standard scores) was submitted to a linear regression
model with SES, HLE, age of scan, as well as general cognitive
skill at school-age as independent regressors. The residuals of
these models thus represented the individual differences in the
FC pattern and verbal skills after controlling for environmental
and general cognitive influences. These residuals were then
entered into the SVR analyses. The obtained regression mod-
els were further applied to the testing dataset to obtain the
residual values corresponding to the regional-specific FC and
task performance for the testing participants. The trained SVR
model was then applied to the testing sample to produce the
predicted values,whichwere further correlated (Spearman)with
true performance (residual values) as the SVR performance. This
process was repeated 1000 times, generating a (real) distribution
of the SVR performance. Permutation tests were subsequently
performed following the same procedure except that each of the
task performance was randomly assigned to every participant
in order to generate a random/null distribution (Fig. 1C and
D). The t-tests were applied to examine the potential differ-
ences in the mean of the two distributions obtained by the true
and shuffled performance. The effect size was calculated using
Cohen’s d (Cohen 2013). Moreover, a 95% bootstrap confidence
interval (BCI) was further estimated for the mean association
strength for each FCF-behavioral measure pair based on the
real distribution of the SVR performance. Here, we focused only
on strong associations with: (a) an effect size values of 0.80 or
higher, signaling a large effect based on Cohen (2013), (b) a 95%
BCI excluding zero mean, indicating that a null correlation was
not plausible, and (c) significantly outperformed the respective
randomized distribution, that is, p< 0.05 after correcting for
multiple comparisons (n=48).

Lastly, correlation analyses were further performed between
motion parameters (number of outliers and mean FD) and lan-
guage/literacy assessments at school-age, in order to evaluate
whether any observed associations between early developed
FCs and subsequent language skills could be explained by head
movement during image acquisition.

Follow-Up Analysis 1: Re-Evaluation of the Obtained
Prospective Associations Based on Infant FCs
Established within the First Year of Life

The main analyses were performed to identify prospective
associations of school-age performance in the FC patterns of
participants between the ages of 4 and 18 months old. However,
since functional neural networks develop rapidly during the
first 2 years of life (Gilmore et al. 2018), the age range of the
imaging collection time point might lead to the possibility
that the observed relationship could be mainly driven by the
more established functional networks among the older infants
(>12 months old). Therefore, to further evaluate the importance
of the early emerged FC patterns in the observed associations, a
subset of 29 infants who completed the imaging session before
1 year of age (mean age=8.6± 1.8 months) was selected. The
prospective associations identified in the main analyses were

thus re-evaluated based on data of these 29 infants following
the same procedure as described above. The same thresholding
criteria were also applied here.

Follow-Up Analysis 2: Examining the Influences of
Early Language Milestones on the Observed
Associations between Early Emerged FCs and
School-Age Language Performance

Foundational language skills have been demonstrated to emerge
early in infancy, which lay a critical foundation for (and are
often associated with) the development of more complex
language functions (see Cristia et al. 2014 for a review). It
is, therefore, critical to address the question as to whether
the emergent language skills at the time of scanning might
contribute to the observed longitudinal links between the FCs
in infancy and toddlerhood and school-age performance. To
answer this question, a subset of 24 infants were selected from
the original sample, whose receptive and expressive language
skills were assessed at the time of scanning (Table 1). We then
examined whether the inclusion of these emergent language
skills changed the observed associations between infant/toddler
functional networks and school-age performance identified in
previous analyses. Specifically, two SVR models were run for
each identified association.While both models included regular
covariates similar to the ones included in the main analyses,
only the second model further considered the receptive and
expressive language skills measured at the time of scanning.
The means of the association distributions derived from the
two models were compared using t-tests. If the identified
prospective associations are at least partially mediated by
these emergent language skills, we should expect significant
decreases in association performances of the model controlling
for the language skills compared to the model that does not.

Results

Functional Connectivity in Infancy and Toddlerhood
Can Predict School-Age Language and Foundational
Literacy Skills

The association analyses between FC in infancy and toddler-
hood and the school-age performance of language and foun-
dational literacy skills revealed strong prospective associations
of oral language skills in the early emerged FC patterns of the
middle portion of the left temporal pole (midLTP, r=0.40± 0.34,
95% BCI = [0.38, 0.42], pcorrected < 0.001, Cohen’s d=1.0, Fig. 2B)
and the left middle temporal gyrus (LMTG, r=0.34± 0.32, 95%
BCI = [0.31, 0.36], pcorrected <0.001, Cohen’s d=0.95, Fig. 2B).
Moreover, a strong association between the FC pattern of the
left fusiform gyrus (LFFG, r=0.36± 0.36, 95% BCI = [0.33, 0.38],
pcorrected < 0.001, Cohen’s d=0.90) and phonological processing
skills at the school-age was further identified (Fig. 2B, see the
full results in Supplementary Table S3). Similar result patterns
were also obtained based on 30% and 40% test datasets (see
Supplementary Table S4), as well as adopting the leave-one-
out and 4-fold crossvalidation approaches (SI Methods and
Table S5). No region in the temporal lobe showed strong
associations between the early emerged FCs and subsequent
RAN abilities. Lastly, correlation analyses between motion
parameters and language/literacy assessments at school-age
revealed no significant results for either number of outliers or
mean FD (all puncorrected > 0.1, see Supplementary Table S6).
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Figure 2. Prospective associations between FC in infancy/toddlerhood and language and foundational literacy development at school-age. (A) Distributions of the oral

language (standard scores), phonological processing (standard scores), and rapid automatized naming (scale scores) skills measured at school-age. (B) The association

results between school-age performance and each of the infant/toddler FCs of the three identified seed regions, including the left temporal pole (the middle portion,

midLTPO), left middle temporal gyrus (LTMG), and left fusiform gyrus (LFFG). The distributionmaps for each pair show the performances of the true prediction analyses

(red) against the null distribution (blue) based on permutation results. The identified longitudinal associations were further confirmed using leave-one-out (LOOCV)

and 4-fold crossvalidation approaches (see details in the SI methods and Table S5). The SVR results obtained based on the LOOCV approach are presented as a scatter

plot in the upper right corner of each cell to illustrate the fitness of true performance and predicted outcomes across the entire sample. Significant associations

(Bonferroni corrected) with a large effect (Cohen’s d≥ 0.8) and a 95% bootstrap confidence interval above zeros were highlighted in red.

Early Functional Network Correlates of Long-Term
Verbal Development are Established within the First
Year of Life

The SVR analyses based on imaging data acquired before 1
year of age further demonstrated that strong associations
were still present between the infant FC of midLTP and oral
language skills at school-age (r=0.51± 0.35, Cohen’s d=1.3, 95%
BCI = [0.49, 0.53], pcorrected < 0.001) as well as between the FC of
the left fusiform gyri and the phonological skills (r=0.47± 0.39,
Cohen’s d=1.0, 95% BCI = [0.45, 0.50], pcorrected < 0.001) measured
at age 6.5. However, the association between the infant FC of
LMTG and the subsequent oral language abilities (r=0.22± 0.39,
Cohen’s d=0.47, 95% BCI = [0.20, 0.25], pcorrected < 0.001) failed
to outperform permutation results by large effect (Cohen’s
d> 0.8) and therefore was not considered in the subsequent
analyses.

Early Language Milestones Contribute to the
Prospective Associations between Infant/Toddler FCs
and School-Age Language and Phonological
Performance

Compared to the association results based on models with
regular covariates similar to those included in the main anal-
yses, the SVR analyses additionally considering the emergent
language skills as covariates showed significant reductions
in the association strength between the identified FCs and
school-age oral language (midLTP: t1998 =2.3, pcorrected =0.048)
and phonological skills (LFFG: t1998 =7.7, pcorrected < 0.001). Lastly,
correlation analyses were also computed between each of the
school-age language and preliteracy scores and their infancy
MSEL scores for the receptive and expressive language skills,
which did not reveal any significant associations, even before
correction for multiple comparisons (all puncorrected > 0.1, see
Supplementary Table S6).

Discussion

In this study, we provide the first evidence for prospective asso-
ciations between functional network characteristics in 4–18-
month-old infants and toddlers and their development of lan-
guage and foundational literacy skills at school-age. Utilizing a
5-year longitudinal imaging dataset, we identify two temporal
regions whose FC patterns in infancy and toddlerhood could
reliably account for individual differences in oral language (left
temporal pole) or phonological skills (left fusiform gyrus) mea-
sured at school-age in the same group of children. These associ-
ations are present when the same analyses are confined to the
imaging data acquired before 1 year of age, suggesting the early
emergence of the neural networks, possibly in infancy, for long-
term language and phonological development. Moreover, these
strong associations are observed when the critical environmen-
tal factors of socio-economic status (SES) and the home liter-
acy environment (HLE) in infancy, as well as general cognitive
abilities at school-age, were controlled for, minimizing potential
environmental influences on the observed relationship. Finally,
significant reductions in the association strength were observed
in the SVR models with the emergent language skills measured
at the time of scanning as covariates compared to thosewithout,
indicating that the early FC correlates of school-age language
and preliteracy skills might, at least partially, reflect the founda-
tional role of early emergent language skills for this protracted
learning process. Altogether, these findings may uncover a criti-
cal role of FC patterns established in infancy and toddlerhood on
the protracted development of high-order cognitive functions of
language and literacy.

The current study utilizes FC analyses to identify brain
regions associated with subsequent cognitive development,
highlighting the importance of inter-regional interactions in
regional functional specialization through development. It
has been long hypothesized that the functional development
of individual regions is facilitated and shaped by earlier

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab230#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab230#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab230#supplementary-data


Infancy/Toddlerhood Functional Connectivity Correlates of Long-Term Language Skills Yu et al. 731

developing connectivity patterns (Johnson 2001; Mars et al.
2018). In line with this account, it has been shown that the
FC pattern of one region at rest is associated with task-
based fMRI activation of this region (Cole et al. 2016), and
changes in the FC patterns parallel the anatomical boundaries
between functionally distinct neighbors (Johansen-Berg et al.
2004). Moreover, it has been recently demonstrated that the
(structural) connectivity at age 5 before children learn to read is
predictive of word-specific functional activation after 3 years
of reading instruction (Saygin et al. 2016), providing direct
evidence for the developmental significance of early network
mechanisms for neural functional specialization. Following the
same line of research, our current study demonstrates that
the FC pattern established in infancy and toddlerhood for a
given region is associated with the cognitive skill this region
subsequently supports. This suggests that functional topologies
that emerge within the first years of life lay a critical neural
foundation for the functional specialization of neural regions
supporting the long-term cognitive development. However,
future studies are needed to further examine the role of early
developed FC in shaping the neural correlates of cognitive
functions.

The FC pattern of the left temporal pole in infancy and
toddlerhood is associated with oral language performance at
school-age, shedding light on an early functional networkmech-
anism that could underlie the acquisition of complex oral lan-
guage skills. Previous fMRI studies have revealed neural acti-
vation in the left temporal pole during speech perception in
infants (Dehaene-Lambertz et al. 2002, 2006; Shultz et al. 2014),
suggesting the early enrollment of this region for language-
related processing. Meanwhile, the role of the temporal pole in
lexico-semantic processing is well established in adult literature
(Patterson et al. 2007; Schwartz et al. 2009; Ralph et al. 2017; Hung
et al. 2020). This region is typically activated in semantic tasks
with various types of stimuli, such as spoken/written words
and pictures, revealing an amodal neural representation of the
semantic system (Visser et al. 2010). Moreover, the associations
between (virtual) lesions in the temporal pole and impaired
semantic recognition are further demonstrated through tran-
scranial magnetic stimulation studies in a typical population
(Pobric et al. 2010) and neuropsychological investigations of
semantic dementia with atrophies in the temporal pole (Lam-
bon Ralph et al. 2010), indicating a causal link. Interestingly, it
has been recently shown that this region is involved in color
knowledge representation of both typical and congenitally blind
participants, who presumably acquire such knowledge through
different approaches (i.e., vision and language vs. language only),
suggesting a preregistered function of semantic representation
in the temporal pole independently of sensory-dependent expe-
riences (Wang et al. 2020).

Aligningwith the functional implications in adult studies,we
hypothesize that the temporal pole in infant brains might serve
as a core component of a wide-spread neural substrate that
enables the learning of lexico-semantic representation via early
language and speech learning/processing. Consistent with this
conjecture, we further observe significant contribution of the
emergent language skills to the identified associations between
infant FC and later oral language skills, highlighting a close link
between early language experiences and the development of
the semantic neural network. Moreover, these prospective asso-
ciations are obtained when key environmental factors of socioe-
conomic and home literacy characteristics were controlled
for, and they are still present when only the FC patterns of a

subsample of infants (≤12 months old) were investigated. This
further suggests the inherent nature of the neural network of
the left temporal pole linking to the lexico-semantic function.
Our hypothesis is also consistent with Dehaene-Lambertz et al.
(2020)’s recent proposal of an early symbolic system associated
with speech/language learning observed in infants from the
first months of life onward. In summary, the current finding
provides empirical evidence of the far-reaching developmental
significance of this early developing functional network on the
trajectory of language acquisition. Future work is warranted to
further investigate the network characteristics and specific roles
of their constituent brain regions in supporting this complex
learning process.

We further identify prospective associations between the
preliteracy skill, that is, phonological processing at school-
age, and the FC patterns of the left fusiform gyrus observed in
infants and toddlers. The fusiform gyrus is a critical competent
of the ventral visual pathway along the occipital–temporal
cortex of adult brains and contains functionally specialized
regions for different visual categories, such as faces and animals
(e.g., Kanwisher et al. 1997; Grill-Spector and Weiner 2014).
Among them, one region located in the left middle fusiform
gyrus invariantly responds to orthographic processing of words
in literate adults regardless of the written scripts, languages
of instruction, or experimental tasks. This region has been
termed the visual word form area (VWFA, Dehaene and Cohen
2011). Importantly, the functional tuning to prints in the VWFA,
that is, greater activation for words/letters compared to false
fonts, emerges in children only after the start of reading
acquisition (Centanni et al. 2018; Dehaene-Lambertz et al. 2018;
Fraga-González et al. 2021) and is strongly correlated with their
reading abilities (Centanni et al. 2018; Chyl et al. 2018), sug-
gesting an experience/environment-dependent specialization.
It is therefore hypothesized that the formation of the VWFA
reflects a functional reorganization process occurring over
the course of learning to read, during which the print-specific
processing emerges in a subregion of the ventral visual cortex in
proximity to neural regions encoding oral language information
(e.g., semantics and phonology) for the efficient integration
of orthographic information with speech abilities developed
earlier in life (Price and Devlin 2003; Behrmann and Plaut 2015;
Dehaene-Lambertz et al. 2018).

Here, we demonstrate that FC patterns of the left fusiform
gyrus established with the first 18 months of life are longitudi-
nally associated with the development of phonological skills in
school-age children, providing novel evidence for an early place-
ment of the network characteristics of the fusiform gyrus as the
initial neural scaffolding for the experience-driven functional
development of this region in linking oral language and print
processing. This interpretation is in linewith the recent findings
of the intrinsic FC between the putative VWFA and language
areas in neonates (Li et al. 2020). Moreover, we demonstrated
that early language skills contributed significantly to this longi-
tudinal associations, further indicating a neural network mech-
anism underlying the facilitative role of early language/speech
processing in subsequent literacy development (Puolakanaho
et al. 2004; Flax et al. 2009; Torppa et al. 2010). Together, these
findings might suggest an early role of the fusiform area in
language and literacy development through its rich connec-
tions with perisylvian language areas. This may then drive the
emergence of the functional tuning to the print stimuli in the
VWFA once children start to learn to read. Indeed, the VWFA
has been found to activate during the phonological processing



732 Cerebral Cortex, 2022, Vol. 32, No. 4

tasks (Dietz et al. 2005), and its neural activation pattern encodes
both phonological and orthographic information of words (Zhao
et al. 2017). Moreover, this conjecture is in accordance with
our earlier findings that white matter connectivity patterns of
the ventral visual word pathway (including the fusiform) in
prereaders precede and predict its functional tuning to words
after reading onset (Saygin et al. 2016).

Lastly, it is also interesting to note that rapid automatized
naming (RAN) abilities measured at school-age failed to be
reliably associated with FCF of any temporal region. The RAN
assessment measures the efficiency of integrating multiple
language-related (e.g., access and retrieval of phonological
and semantic information) and general cognitive (e.g., atten-
tion, vision, and motor planning) processes (Norton and
Wolf 2012). Therefore, the null results might indicate that
the RAN skills reflecting the integration abilities might be
minimally associated with early emerged functional networks
in infancy.

Broadly speaking, our study illustrates the importance of
combining developmental psychology with infant imaging
techniques to characterize the initial “blueprints” of the
brain’s functional organization that support the protracted
development of complex cognitive function. High-order cog-
nitive functions, such as language and reading, are complex
systems that involve orchestration of multiple distinct yet
interactive cognitive processes (Rayner and Reichle 2010). These
components are supported by specific neural mechanisms in
adults (e.g., Taylor et al. 2013; Fedorenko and Thompson-Schill
2014), and often exhibit characteristic trajectories of neural func-
tional specialization. For example, while neural responses of
speech perception are evident in newborns (Dehaene-Lambertz
et al. 2002), functional tuning of visual letter recognition is
demonstrated only after the onset of reading instruction (Brem
et al. 2010; Dehaene-Lambertz et al. 2018). Therefore, surveying
the relationship between infant brain characteristics and the
subsequent development of high-order cognitive abilities within
a cognitive framework enables the depiction of structured
cortical scaffolding, upon which cognitive abilities emerge. In
line with this, our current study extends the previous obser-
vation of the associations between infant functional network
and overall language development at age 4 (Emerson et al.
2016) by demonstrating cognitive process-specific relationships
between FC in infancy and school-age performance of oral
language and literacy skills. Overall, such an interdisciplinary
approach integrating developmental psychology, cognitive
sciences, and pediatric (infant) imaging methodologies can
provide a valuable opportunity to identify early brain functional
characteristics linked to individual variation in core processes
of high-order cognitive functions. This highlights the potential
of developing imaging markers to identify specific weak-
nesses in at-risk populations for targeted early intervention
(Gilmore et al. 2018).

Our study represents the first evidence of prospective asso-
ciations between infant functional topologies and long-term
development of language and foundational literacy skills mea-
sured at school-age. However, the results should be interpreted
with caution. First, the infants investigated in the current study
had a wide age range at our initial scan (4–18 months old),
due to challenges associated with the recruitment and reten-
tion of a longitudinal infant MRI cohort (Turesky et al. 2021).
This imposes challenges for both data processing and result
interpretation (Turesky et al. 2021). Based on the mean age of
the infant sample (10.2± 3.5 months), the 1-year-old AAL atlas

was utilized in the current study (Shi et al. 2011). Due to the
significant growth and myelination of the human brain within
the first 2 years of life (Deoni et al. 2012; Sanchez et al. 2012),
applying one atlas to an infant sample of 4–18 months old could
potentially introduce registration errors. To minimize this risk,
visual inspection was conducted to ensure the correct mapping
of every cortical region to the structural image of each infant.
Moreover, despite the risk of overlooking functional subdivisions
within each cortical region, the current approach of adopting
the mean time series of cortical regions defined by anatomical
parcellation is more resistant to registration errors than a more
fine-grained parcellation derived from a different age group.
Furthermore, several approaches were adopted to minimize the
potential confounding effects of age at scan, including mod-
eling age at scan and the infant’s language environments as
covariates in themain analyses, and performing conformational
analyses in a subgroup of younger infants. Nevertheless, the
current project design limits a clear distinction between neural
mechanisms established at birth and contributions of postnatal
growth/experiences.

Second, the participants of our study had a relatively
high SES background, with more than 90% of their parents
achieving a Bachelor’s degree or higher. The narrow range of
the SES characteristics therefore limits the generalizability
of the current findings. Future studies with a more diverse
SES background are essential for unraveling the interaction
between socioeconomic status and early brain development and
its associations with long-term cognitive development, such
as oral language and reading skills. Answers to this question
carry critical implications for the protracted development of the
language and reading neural network as a dynamic and plastic
trajectory shaped by various linguistic inputs associated with
the environment of a child. Third, the current analyses focused
on seed regions in the temporal lobe since it is typically involved
in speech and language perception processing in infants, sug-
gesting an early functional engagement. Nevertheless, other key
component regions of the language/reading network observed
in adults, such as the inferior frontal gyrus (Cattinelli et al. 2013;
Fedorenko and Thompson-Schill 2014), should also be consid-
ered in future studies in order to fully characterize the neural
trajectories supporting the protracted development of language
and reading skills that reaches proficiencies beyond childhood.
Finally, it is important to emphasize that to objectively evaluate
the generalizability of the observed FC correlates of long-
term language and preliteracy skills, an independent out-of-
sample dataset is essential. Nevertheless, due to challenges in
performing longitudinal infant MRI studies over 5–6 years that
also limited the sample size of the current study, the prospective
associations identified in the current studywere evaluated using
the hold-out random resampling procedure and further con-
firmed by a crossvalidation approach (see details in the Supple-
mentary Information). Since both approaches train and test the
SVR models using different subsamples randomly drawn from
the entire sample, we expect the obtained results to have a low
risk of the overfitting issue compared to in-sample association
analyses, as suggested by Poldrack et al. (2020). Future longitu-
dinal investigation starting in neonates, along with behavioral
and neural characterization at multiple developmental stages in
a longitudinal design, are needed to independently evaluate the
robustness of the observed prospective associations, and more
importantly, unravel neural trajectories underlying language
and literacy development and key components that shape
this process.

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab230#supplementary-data
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Conclusion

Utilizing a 5-year longitudinal neuroimaging project starting in
infancy, the current study provides the first empirical evidence
of prospective associations between FC patterns in infancy
and toddlerhood and the development of oral language and
phonological skills in school-age children. Moreover, we further
show that emergent language skills assessed at the time of MR
scanning contribute to these identified longitudinal associa-
tions, suggesting a critical role of early linguistic experiences
in shaping the functional network characteristics associated
with development of high-order language and foundational
literacy abilities.Overall, this body ofwork reveals early emerged
functional network mechanisms in infancy and toddlerhood
that underlie the long-term development of complex cognitive
abilities with a protracted neuro-trajectory that starts early in
life or even in utero.
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Supplementary material can be found at Cerebral Cortex online.
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