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Abstract

The cingulo-opercular (CO) and frontoparietal (FP) networks are part of the cognitive-control system of
the brain. Evidence suggests that over the course of development, brain regions supporting cognitive-control
functions become more integrated within their networks (i.e., have increased within-network connectivity),
more separated from other networks, and, due to increased maturation along development, are more functionally
connected between the networks. The focus of this study was to characterize the developmental trajectory of the
CO and FP networks from early infancy (17 months) to 9 years of age in typically developing children while
listening to stories, using functional connectivity analyses. Seventy-four children underwent a functional magnetic
resonance imaging session while listening to stories inside the scanner. Within- and between-network functional
connectivity and graph theory measures were compared during development. Developmental increase in functional
connectivity within the CO network and between the CO and FP networks, as well as global efficiency of the CO
network from 17 months to 9 years of age, was observed. These findings highlight the involvement of the CO and
FP networks in story listening from early infancy, which increases along development. Future studies examining
failures in language acquisition to further explore the role of these networks in story listening are warranted.
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Introduction

How important is cognitive control?

While sitting in day care during a group activity, a 3-
year old is asked to clap her hands three times. How

challenging is this request for a 3-year-old child? She has
to stop all of her other activities, focus her visual and au-
ditory attention on the teacher, and ignore any distractors.
She also needs to process the teacher’s verbal request fast
and efficiently, plan and execute a response in a timely man-
ner, and use her working memory to count the number of
claps so as to correctly complete the task. This set of abilities
is referred to as executive functions (EF), an umbrella term
for cognitive abilities, needed for learning and adapting our
behavior (Horowitz-Kraus et al., 2016), that are used to op-
timize performance through planning, organizing, and learn-
ing (Horowitz-Kraus et al., 2016).

One of the most basic and innate linguistic abilities is the
ability to listen to linguistic stimulation (Vannest et al.,
2009). Although this ability is intuitive and basic, previous
studies demonstrated the utilization of neural circuits related

to cognitive control while listening to linguistic stimulation
(Horowitz-Kraus et al., 2013).

Understanding the role of cognitive control in language
perception during a story listening task is critical due to
the inherent relationship between the two abilities. Story lis-
tening in children relies on brain regions supporting speech,
language, and auditory abilities, along with the ability to
attend to and process information included in EF (Horowitz-
Kraus et al., 2017a). Verbal language perception relies on dy-
namic processes of inhibiting incorrect interpretations of
spoken language (Gernsbacher and Faust, 1991), avoiding at-
tending to irrelevant information (Lorsbach et al., 1996), and
conflict monitoring when presented with confusing ambigu-
ity (Ferreira and Patson, 2007), all of which are basic ele-
ments of cognitive control. Recent studies suggest a strong
link between language-processing and EF abilities during
story listening in preschool-age typically developing children
(Horowitz-Kraus et al., 2017a) and in school-age children
with reading comprehension difficulties (Roe et al., 2018).

The leading model for the development of EF was sug-
gested by Anderson and Reidy (2012) and Anderson (2002)
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who demonstrated four main separable components: (1) cog-
nitive flexibility, (2) goal setting, (3) attention abilities, and
(4) information processing, all interacting with each other.
Although assessment of these abilities is challenging in early
childhood, it is possible and crucial to do so due to their central
role in a child’s cognitive development (Anderson and Reidy,
2012). Interestingly, although academic abilities seem to be de-
pendent on intact EF, EF abilities actually are not fully devel-
oped until late adolescence (Casey et al., 2000; Lenroot and
Giedd, 2006; Welsh et al., 1991). However, recent neuroimag-
ing evidence suggests the presence and functionality of some
EF networks as early as infancy (Gao et al., 2015b).

To understand the effects of the brain on behavior, it is
crucial to characterize and trace the changes in neural cir-
cuits [i.e., networks of interconnected brain regions respon-
sible for integrating and processing massive amounts of
information and functions (Friston, 2011)] that are utilized
in narrative comprehension, one of the first linguistic abili-
ties to develop, from infancy through childhood.

Neurobiology and networks related to cognitive control

Cognitive-control research reveals that the main ‘‘support-
er’’ for EF is the frontal lobe, more specifically the prefrontal
cortex (Welsh et al., 1991). However, in the last decade, the
neuroscientific community has identified a wider involve-
ment of several brain regions active in synchrony and sup-
porting EF. The leading networks echoing Anderson’s
developmental model are the cingulo-opercular (CO) and
frontoparietal (FP) networks (Dosenbach et al., 2008; Fair
et al., 2007). It has been suggested that the CO network is
related to error monitoring and response evaluation, corre-
sponding to attentional control in the Anderson developmen-
tal model (Anderson, 2002), and the FP network is related
to rapid responding and working memory, corresponding
to cognitive flexibility and information processing (Welsh
et al., 1991), as represented by the dual-network cognitive-
control model (Dosenbach et al., 2008). During story listen-
ing, fast processing of the external linguistic stimulus may be
examined by looking at the functional connections within the
FP network, while in parallel exploring the monitoring pro-
cesses and the evaluation of the stimuli through changes in
the CO network functional connectivity along development.

In a recent review, Grayson and Fair (2017) demonstrated
changes in functional brain networks in several networks’
properties, including community structure, hub organization,
cross-module integration, and global efficiency. Network
structure changes gradually from primitive and unorganized,
into a denser, more spatially structured organization. Through
childhood and adolescence, network refinement continues
through stronger connections among functional hubs (Gray-
son and Fair, 2017). Despite an increasing number of stud-
ies examining the functional connections of these networks
in adolescence, there remains a gap in knowledge as to
the changes in functional connections within and between
these networks in early childhood during story listening,
which was the focus of this study.

Early childhood and the critical role
of language development

The ability to understand language, which involves listen-
ing to and comprehending oral language, begins before birth

(Dehaene, 2009). Children as young as 3 years of age and as
old as 18 years of age demonstrate bilateral activation in the
superior temporal gyri while listening to stories (Holland
et al., 2007; Horowitz-Kraus, et al., 2017a; Szaflarski et al.,
2012). In addition to this bilateral activation, involvement
of key regions in the FP network was also evident as early
as 3 years of age (Horowitz-Kraus et al., 2017a). Greater
speed of processing scores is positively correlated with in-
creased functional connections in key regions in the FP net-
work (e.g., superior frontal gyrus) and increased white matter
integrity in white matter tracts, as measured by fractional an-
isotropy connecting the frontal, temporal, and occipital lobes
(inferior fronto-occipital fasciculus) (Horowitz-Kraus et al.,
2017a). These results strengthen the involvement of cognitive-
control-related regions in language processing, even at a
young age (3 years). Due to the enhanced development
of both language and EF abilities in infancy (Diamond
and Lee, 2011), a question arises as to the change in func-
tional connectivity of the CO and FP networks during story
listening from early infancy to later childhood. Revealing
the involvement of those networks in such basic abili-
ties is further strengthened by the fact that EF are involved
in academic achievements, such as reading and standardized
tests like the American College Test (Horowitz-Kraus et al.,
2015a).

The aim of the current study was to examine the changes
within and between functional connectivity of the CO and FP
networks during story listening in 17-month-old to 9-year-
old children. Based on previous results on resting-state
data (Gao et al., 2015a, b; Grayson and Fair, 2017), we hy-
pothesized that increased within- and between-network
functional connectivity and global efficiency would be
observed along development, from early infancy to mid-
childhood.

Materials and Methods

Participants

Seventy-four typically developing children between the
ages of 17 months and 9 years (mean age: 69 months, stan-
dard deviation [SD] = 26, 46 females) participated in the cur-
rent study (Fig. 1). All participants were native monolingual
English speakers and passed the compatibility check for mag-
netic resonance imaging (MRI) participation. Participants
had no history of neurological impairments or developmental

FIG. 1. Participant age distribution. The distribution of age
in months for study participants.

286 FARAH AND HOROWITZ-KRAUS



disorders. Informed consent was provided by the parents of all
participants. The study was reviewed and approved by Cincin-
nati Children’s Hospital Medical Center Institutional Review
Board.

Behavioral measures

To verify that the nonverbal and verbal intelligence quo-
tient was within the normal range, participants were admin-
istered standardized age-appropriate tests, including the
Bayley Scales of Infant and Toddler Development (Bayley-
III; Bayley, 2006), Wechsler Preschool and Primary Scale
of Intelligence (WPPSI-III; Dunn and Dunn, 2007), and
Wechsler Intelligence Scale for Children-Fourth Edition
(WISC-IV; Wechsler, 2003). To verify that language ability
was within the normal range, standardized age-appropriate
tests were administered, including the Bayley-III and the
Peabody Picture Vocabulary Test, Fourth Edition (PPVT�-4;
Dunn and Dunn, 2007).

Neuroimaging data

Story listening task. The story listening task involved
passive listening to natural speech stories presented in a fe-
male voice. A total of five stories, one for each 30-sec task
period, were presented [transcripts of the stories used can
be found in Schmithorst and colleagues (2006) and the
audio of the stories can be downloaded from https://irc.cchmc
.org/software/pedaudio.php]. The stories presented were
designed by a speech language pathologist, between 9 and
11 sentences in length containing vocabulary, content, and
syntactic structure appropriate for children, and utilized in
numerous published studies (Francesco et al., 2013; Holland
et al., 2007; Hutton et al., 2015; Vannest et al., 2009). During
the ‘‘story’’ condition, five natural speech stories were pre-
sented in a female voice, while the control condition con-
sisted of nonspeech tones presented at random frequencies
(200–4000 Hz) and intervals (1–3 sec), simulating human
speech to control for baseline acoustic processing. Five cycles
of active and control stimuli were presented for a total scan
time of 5 min. The contrast consisted of stories versus noise
and has been shown to activate typical language and cogni-
tive brain regions (Karunanayaka et al., 2007; Schmithorst
et al., 2006, 2007; Vannest et al., 2009).

MRI acquisition and data preparation. Participants were
acclimated and desensitized to prepare them for comfortable
testing inside the MRI scanner [see Byars and colleagues
(2002); Vannest and associates (2014) for details]. In short,
older participants explored the scanner environment, moved
the scanner bed up and down, sat on the bed, and finally prac-
ticed being ‘‘as still as a statue.’’ The experimenter asked
participants to pay attention to the stories so that participants
could answer story-related questions postscan. Younger par-
ticipants (17–48 months) were acclimated to the scanner
using methods specific to nonsedated infants and toddlers.
Younger participants and their families participated in a de-
sensitization protocol for several days, which included a
brief practice session (Vannest et al., 2014). Head motion
was controlled using elastic straps attached to either side
of the head-coil apparatus and a headband strap on the
child’s forehead. Once the child was comfortable, he or
she was positioned within the scanner bore and began watch-

ing a movie via an MRI-compatible audiovisual system,
while image acquisition began. For older children, commu-
nication with the study coordinator was established through
headphones equipped with a built-in microphone. Verbal
communication and positive reinforcement were main-
tained with the child throughout the scan. Scanning was ter-
minated immediately if the child did not wish to continue.
All participants were awake during the entire duration of
the scan [see Vannest and colleagues (2014) for details].
Video monitoring and eye tracking were used to ensure
that the child was awake and attentive and to assess the
child’s state and movement inside the scanner’s bore. The
children were reinforced to keep as still as a statue during
the scan session.

All participants were scanned using a 3T Philips Achieva
MRI scanner. An MRI-compatible audiovisual system (Avotec,
SS3150/SS7100) was used for presentation of the stimuli, as well
as for a movie during the preparation (e.g., shimming), and ac-
quisition of the whole-brain anatomical scans. A gradient echo
planar sequence was used for T2*-weighted blood oxygen
level-dependent (BOLD) functional MRI scans with the follow-
ing parameters: repitition time/echo time = 2000/38 ms; band-
width = 125 kHz; field of view = 25.6 · 25.6 cm; matrix =
64 · 64; slice thickness = 5 mm. Thirty-five acquired slices cov-
ered the entire cerebrum. Seventy-eight image volumes were
acquired during the functional MRI experiment, consisting of
30 sec per condition for a total acquisition time of 5 min and
30 sec. A three-dimensional (3D) T1-weighted inversion recov-
ery gradient echo anatomical whole-brain scan was acquired
from each participant for anatomical coregistration and use in
spatial normalization of the functional MRI data.

Image quality ratings

Once the imaging session was completed, each set of im-
ages was rated on a 0–3 scale by a trained reviewer. Image
quality was rated according to predefined criteria previously
validated and published (Yuan et al., 2009) and guidelines
established by the C-MIND consortium committee (https://
research.cchmc.org/c-mind) (HHSN275200900018C). More-
over, three reviewers from the research team, blinded to the
participants’ ages and data, reviewed the image quality on the
same 0–3 scale. Rating criteria (Vannest et al., 2014) are
presented in Table 1.

MRI data analysis

Functional MRI data preprocessing. Data preprocessing
and first-level analysis were performed using SPM12 (Well-
come Department of Cognitive Neurology, London; www.fil/
ucl.ac.uk.spm). Preprocessing included slice time correction,
realignment, and normalization using the 3D anatomical
whole-brain scan (seventh degree-spline interpolation) to
match the Montreal Neurological Institute (MNI) standard
template, resampling (3 mm3 voxels), and smoothing with 8-
mm full-width at half-maximum. To account for develop-
mental differences between the infant input data and the
adult reference data, an infant template was used for seg-
mentation and normalization with infants <5 years old [see
Altaye and associates (2008) for details]. We performed 3D
affine transformation to align the volumes yielding six mo-
tion parameters; three translational and three rotational. To

FUNCTIONAL CONNECTIVITY IN COGNITIVE-CONTROL NETWORKS 287

https://irc.cchmc.org/software/pedaudio.php]
https://irc.cchmc.org/software/pedaudio.php]
https://research.cchmc.org/c-mind
https://research.cchmc.org/c-mind
http://www.fil/ucl.ac.uk.spm
http://www.fil/ucl.ac.uk.spm


investigate whether any differences in head movements were
related to age, the mean of each of the motion parameters
was calculated per participant and correlation coefficient
values between age and each of the motion parameters were
computed. No significant correlations were found between
age and translation parameters (x: r = 0.120, p = 0.32; y:
r = 0.086, p = 0.47; z: r = 0.129, p = 0.28) or between age and
rotation movements (pitch: r =�0.075, p = 0.53; roll:
r = 0.179, p = 0.13; yaw: r = 0.041, p = 0.73). To quantify the
level of head motion, we calculated the mean framewise
displacement (FD) for each subject (Power et al., 2012;
Siegel et al., 2014; Yan et al., 2013) using the motion pa-
rameter files. Volumes with FD >0.9 (Siegel et al., 2014)
were identified and excluded from the analysis (overall 407
volumes for all participants = 0.034%). The mean FD value,
after removal of the invalid volumes, across participants was
0.246 mm (minimum = 0.081 mm, maximum = 0.514 mm).
Participants with >10% of outlier volumes were excluded
from further group analysis (n = 4), leaving 74 usable par-
ticipant data sets. Nonsignificant correlation was observed
between age and mean FD across participants (r =�0.017;
n = 74, p = 0.883).

Task-based functional connectivity analyses. Following
spatial preprocessing, the task-based data were fed into CONN
(Whitfield-Gabrieli and Nieto-Castanon, 2012), a functional

connectivity toolbox for MATLAB (The MathWorks,
Natick, MA; www.mathworks.com/products/matlab.html).

Motion-related artifacts were controlled by (1) using im-
ages with motion quality rating of 0–1 (see Table 1 for
details), (2) applying linear regression and band-pass filter-
ing, and (3) removing different sources of possible confound-
ers (BOLD signal from the white matter and cerebral spinal
fluid [CSF] masks, within-subject covariate [realignment and
scrubbing parameters], and the story condition effects) (Ciric
et al., 2017).

Voxelwise temporal denoising of the BOLD signal was
applied by regression of zero- and first-order derivatives of
the six motion parameters, regression of the top five principal
components of each of the average white matter and CSF
BOLD signal, and applying 0.008 Hz high-pass filtering. As
connectivity analyses are highly inclined to bias from head
motion, especially in the pediatric population, following pre-
processing, frames with composite motion >0.9 mm (Siegel
et al., 2014) or global mean intensity z-score >–6 were
marked as outliers and removed from the data.

Functional connectivity between and within the CO and
FP networks was calculated as the mean of the sum of pairwise,
Fisher-transformed, bivariate correlation coefficients for all
regions of interest (ROIs) within or between the networks.

Defining the CO and FP networks. To determine the
functional connectivity within and between the CO and FP
networks, we first identified ROIs by defining the nodes of
those networks based on coordinates reported by Dosenbach
and associates (2008). MNI coordinates were transformed to
the Talairach space using a best-fit transform (icbm_spm2tal;
http://brainmap.org/icbm2tal) where bias associated with
reference frame and scaling was minimized. The Talairach
client (Lancaster et al., 1997, 2000) was used to label brain
regions as Brodmann areas (BAs) (following Hutton et al.,
2017; Tomasi and Volkow, 2010; Zhang et al., 2018). BAs of
each network were then chosen from the Brodmann atlas file
in CONN to generate network masks for the CO network
(Fig. 2, right) and the FP network (Fig. 2, left) using codes
written in MATLAB. See Table 2 for the coordinates of the
ROIs related to the networks.

Functional connectivity analysis

Within- and between-network functional connectivity an-
alyses were performed using in-house routines written in
MATLAB for the CONN toolbox. Within-network func-
tional connectivity constitutes average overall ROI connec-
tions (correlations between ROI time series) within each
network, while the between-network functional connectivity
averages the ROI-to-ROI connectivity values between all
ROI pairs in both networks. Normalized bias-corrected T1
images were generated in SPM (www.fil.ion.ucl.ac.uk/spm)
and segmented into gray matter, white matter, and CSF. The
principal eigenvariate of the BOLD time-courses from white
matter and CSF, as well as the six motion-correction pa-
rameters, were included as regressors of no interest and re-
moved from the analysis. Results were corrected for multiple
comparisons using false discovery rate (FDR) correction
with a significance threshold of p < 0.05.

The global efficiency was calculated in CONN using the
following formula (from Latora and Marchiori, 2001):

Table 1. Quality Rating Criteria

for Structural and Functional Images

For functional (4D) data sets, ratings were assigned
according to the following criteria:
0 Excellent data, no discernible motion. Intensity

modulation may be present in some slices.
1 Some minimal motion where all slices contain a

change in intensity and/or position. Degree of
motion does not pose a threat to the integrity
of the data.

2 Continuous, moderate motion where all slices contain
a change in intensity and position. Degree of
motion may pose a threat to the integrity of the
data.

3 Continuous, excessive motion where all slices contain
a change in intensity and position. Degree of
motion affects the integrity of the data.

For anatomical data sets, ratings were assigned according
to the following criteria:
0 Perfect data, no discernible artifacts, homogeneous

signal intensity across FOV and clear contrast
between tissue types.

1 Good image quality and contrast. Some artifacts
where all slices contain a variation in intensity,
including variation in homogeneity or discrete
artifacts such as zippers, ringing, and wrap-around.

2 Serious artifacts caused by motion, B0, or B1
nonuniformity. All slices contain a severe intensity
variation across FOV. Poor contrast between tissue
types but discernible tissue boundaries.

3 Excessive image artifacts due to motion or other
factors affecting all slices. No visible tissue contrast
or discernible tissue boundaries.

A description of the rating scale for motion detection in the func-
tional data (upper part) and the anatomical data (bottom part).

4D, four-dimensional; FOV, field of view.
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where Ei is the efficiency of node i, n is the number of net-
work nodes, N is the set of all network nodes, and dij

�1 is the
inverse shortest path length between nodes i and j.

Calculation of global efficiency was performed for the CO
and FP networks separately for all participants. Correlation
analyses of global efficiency with age were conducted in
SPSS (IBM Corp., Armonk, NY). Pairwise correlations
were corrected for multiple comparisons using an FDR cor-
rection [also reported by Benjamini and Hochberg (1995)],
with the alpha set to 0.05. The data were normally distributed

FIG. 2. The CO network (right pane—red) and the FP network (left pane—green). Network nodes defined following Dos-
enbach and associates (2008). The brain networks were visualized with the BrainNet Viewer (www.nitrc.org/projects/bnv)
(Xia et al., 2013). CO, cingulo-opercular; FP, frontoparietal. Color images are available online.

Table 2. Regions-of-Interest Nodes with Corresponding Coordinates and Brodmann

Areas for the Cingulo-Opercular and Frontoparietal Networks

X Y Z BA

Cingulo-opercular network
Left lateral anterior insula/frontal operculum (Lateral aIfO) �51 18 13 45
Right lateral anterior insula/frontal operculum (Lateral aIfO) 45 23 �4 47
Left anterior prefrontal cortex (aPFC) �28 51 15 10
Right anterior prefrontal cortex (aPFC) 27 50 23 10
Left medial anterior insula/frontal operculum (Medial aIfO) �33 24 1 47
Right medial anterior insula/frontal operculum (Medial aIfO) 33 25 �1 47
Left anterior insula/frontal operculum (aIfO) �35 14 5 13
Right anterior insula/frontal operculum (aIfO) 36 16 4 13
Left dorsal anterior cingulate/medial superior frontal cortex (dACC msFC) �1 10 46 32

Frontoparietal network
Left inferior parietal lobule (IPL) �51 �51 36 40
Right inferior parietal lobule (IPL) 51 �47 42 40
Left dorsolateral prefrontal cortex (dlPFC) �43 22 34 9
Right dorsolateral prefrontal cortex (dlPFC) 43 22 34 9
Left intraparietal sulcus (IPS) �31 �59 42 7
Right intraparietal sulcus (IPS) 30 �61 39 19
Left precuneus �9 �72 37 7
Right precuneus 10 �69 39 7
Left middle cingulate cortex (mCC) 0 �29 30 23

X, Y, Z, coordinates; BA, Brodmann area.
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as indicated by the Kolmogorov–Smirnoff test (Corder and
Foreman, 2009) with p > 0.05.

To demonstrate the relationship between global efficiency
of the cognitive-control networks and attentiveness, global
efficiency of the CO and FP networks was correlated with
the full scale intelligence quotient (FSIQ) score from the
WPPSI test (Wechsler, 2002). FSIQ score is derived from
six subtests summarizing ability across a set of cognitive
functions, including verbal comprehension, fluid reasoning,
visual-spatial ability (used for imagery processes), process-
ing speed, and working memory. Global efficiency of the
brain’s functional networks has been linked to attentional
capacity and complex cognitive processing in young adults
(Grayson and Fair, 2017).

Results

Behavioral results

Composite score from the Bayley Scales was used for
younger participants (17–48 months). The cognitive compos-
ite score is derived from various sums of subtest scaled
scores and is scaled to a metric with a mean of 100, SD of
15, and range from 40 to 160. For older participants, FSIQ
composite score was assessed and used. The FSIQ composite
score is derived from six subtests and summarizes ability
across a diverse set of cognitive functions. All participants
performed above average in these tests (Fig. 3).

Neuroimaging data

Within-network functional connectivity
CO network. A Pearson product–moment correlation co-

efficient was computed to assess the relationship between
age and functional connectivity within the CO network. A
significant positive correlation was determined, r = 0.222,
n = 74, p = 0.029 (Figs. 4 and 5).

FP network. A Pearson product–moment correlation co-
efficient was computed to assess the relationship between
age and functional connectivity within the FP network.
No significant correlation was determined, r = 0.123, n = 74,
p = 0.148 (Fig. 6).

Between-network functional connectivity. A Pearson
product–moment correlation coefficient was computed to as-
sess the relationship between age and functional connectivity
between the CO and the FP networks. A significant posi-
tive correlation was determined, r = 0.240, n = 74, p = 0.020
(Fig. 7).

Global efficiency analyses

Global efficiency was calculated in the CO and the FP net-
works separately for all participants. Mean global efficiency
in the CO network was 0.811 (SD = 0.08) and in the FP net-
work was 0.809 (SD = 0.08). A Pearson product–moment
correlation coefficient was computed to assess the relation-
ship between age and global efficiency in the CO and the
FP networks separately. Significant positive correlation
with age was revealed in the CO network, r = 0.262, n = 74,
p = 0.024, but not in the FP network, r =�0.142, n = 74,
p = 0.227. Global efficiency of the CO and FP networks
was calculated for all participants and correlated with the
FSIQ score from the WPPSI test. Significant positive corre-
lation between global efficiency of the CO network and FSIQ
score was observed, r = 0.272, n = 74, p = 0.019. No signifi-
cant correlation between global efficiency of the FP network
and FSIQ score was observed, r =�0.084, n = 74, p = 0.478.

Discussion

The aim of the current study was to characterize the devel-
opmental trajectory within and between the CO and the FP
networks from early infancy to 9 years of age in typically de-
veloping children while listening to stories. In support of our
hypothesis, greater within- and between-network functional
connectivity and global efficiency measures were observed
across development.

Providing neurobiological evidence
for the Anderson EF model

For over a decade, the developmental neurocognitive
community has sought to pinpoint neurobiological evidence
for the involvement of neural circuits related to cognitive
control in very young children (Gao et al., 2009; Smyser

FIG. 3. Participant perfor-
mance on tests of cognitive
ability. Distribution of par-
ticipant cognitive ability by
age. Composite score from
the Bayley Scales was used
for younger participants, 17–
42 months of age. For older
participants, FSIQ composite
score was assessed. FSIQ,
full scale intelligence
quotient.
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et al., 2010). Several studies accentuated the crucial roles of
attention (Posner et al., 2016), working memory (Fitch et al.,
2016), and speed of processing (Horowitz-Kraus et al.,
2017a) as early as in infancy. These studies provided founda-
tional evidence for EF training in early childhood (Diamond
and Lee, 2011; Rueda et al., 2005, 2012; Wardhana, 2016),
which corresponds to the Anderson model for the develop-
ment of EF (Anderson, 2002). As claimed, EF are challeng-
ing to assess in early childhood (Anderson and Reidy, 2012),
especially since these abilities are supported by neural cir-
cuits that do not fully mature until later in life (Lenroot

and Giedd, 2006). The results of the current study demon-
strate the involvement of cognitive control related to work-
ing memory and speed of processing via the FP network
and monitoring and attention via the CO network during
story listening as early as in infancy. This evidence provides
a possible explanation for the positive relationship between
cognitive-control networks and language and reading devel-
opment found in previous studies [see Horowitz-Kraus and
colleagues (2017a, b) for a review]. The results of the current
study may be used as an example for the typical involvement
of the CO and FP networks during language processing to

FIG. 5. Functional connectivity
within the CO network along devel-
opment. A scatterplot demonstrating
functional connectivity within CO
network across age.

FIG. 4. Functional connectivity within the CO network along development. Left and right full views of the CO net-
work along development. Edge thickness represents the strength of functional connectivity between the nodes as a
function of age.
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potentially identify alterations in functional connectivity
of the cognitive-control networks as possible causes for
some linguistic impairments and developmental disorders
occurring in early childhood, as was previously suggested
in older children (Horowitz-Kraus et al., 2015b, c). This
could lead to the discovery of markers for early identifica-
tion of such disorders (i.e., attention deficit, specific lan-
guage impairment, dyslexia, others). However, due to the
small effects found, these interpretations should be cau-
tiously considered.

Never too young to start: stretching the development
of cognitive-control networks to a younger age group

In partial support of the findings by Fair and colleagues
(2007), who demonstrated a trend of both decreased short-
range connections and increased long-range connections
from childhood (mean age 8 years) to adulthood during rest-
ing state, our results demonstrate an increased functional
connection within and between the two networks from
17 months to 9 years during story listening. An additional

FIG. 6. Functional connectivity
within the FP network along develop-
ment. A scatterplot demonstrating
functional connectivity within FP
network across age.

FIG. 7. Functional connectivity between the CO and the FP networks along development. Left and right full views of func-
tional connectivity between CO (red) and FP (green) networks along development. Color images are available online.
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study by the same group showed that some of the short-range
functional connections (in the same network) increased in
strength over aging (Fair et al., 2009). Similarly, Marek
and associates (2016) demonstrated both increased organiza-
tion (within network connectivity) and integration (commu-
nication between networks) in older children. A recent study
by Gao and colleagues (2015b) demonstrated consistent syn-
chronization of cognitive-control networks in infants by the
age of 2 years. Unlike the studies by Fair and colleagues
and Gao and colleagues, which used a resting-state condi-
tion to demonstrate the functional connectivity between
and within the networks, the current study used a linguistic
stimulation that required attendance to the stories. It is pos-
sible that to attend to stories, greater engagement of each net-
work (within-network functional connectivity) is required in
addition to the synchronized engagement of both networks
(between-network functional connectivity).

In other words, brain activity differences related to age
might reflect both modified use of neural processing units
and enhanced specialization in individual processing units
along development. This interactive specialization involves
both regional developmental changes in neural processing
and inter-regional interactions leading to developmental
changes ( Johnson, 2000; Schlaggar and McCandliss, 2007).
An additional study examining the relationship between func-
tional connectivity and narrative comprehension scores should
be conducted.

Study limitations

The results of the current study should be considered with
the following limitations. First, due to the young age of the
participants, no behavioral scores were obtained to assure
narrative comprehension. Although this is challenging to
compensate for, behavioral standardized testing for language
comprehension ability should be obtained and conducted,
exploring correlations within and between functional con-
nectivity along development in future studies. Second, the
study design was cross-sectional, potentially posing a limita-
tion on inferring developmental changes across age, although
previous research has indicated overlaps and discrepancies
between cross-sectional and longitudinal designs in the
adult brain (Pfefferbaum and Sullivan, 2015).

Conclusions

The aim of the current study was to determine the changes
in functional connectivity within and between two cognitive-
control networks from infancy to 9 years of age during one of
the most basic linguistic abilities—story listening. Although
previous studies examined the involvement of language re-
gions and networks during narrative comprehension along
development (Schmithorst et al., 2006; Szaflarski et al.,
2006, 2012), the focus of the current study was to specifically
determine the role of EF while processing language, and
therefore, only the EF networks were examined. Based on
our results, this approach has the potential to allow an
early and objective identification of children who may suffer
specifically from EF difficulties, such as children with atten-
tion difficulty disorders that may affect their ability to pro-
cess language. This could enable establishing landmarks
for an objective diagnosis of cognitive or language disruption
before an actual gap in development occurs.
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