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Abstract

Objectives

Dialogic reading (DR) is a shared storybook reading intervention previously shown to have a
positive effect on both literacy and general language skills. The aim of this study was to
examine the effect of DR compared to screen-based intervention on electrophysiological
markers supporting narrative comprehension using EEG.

Methods

Thirty-two typically developing preschoolers, ages 4 to 6 years, were assigned to one of two
intervention groups: Dialogic Reading Group (DRG, n = 16) or Screen Story Group (SSG, n
= 16). We examined the effect of intervention type using behavioral assessment and a nar-
rative comprehension task with EEG.

Results

The DRG showed improved vocabulary and decreased functional connectivity during the
stories-listening task, whereas the SSG group showed no changes in vocabulary or connec-
tivity. Significantly decreased network strength and transitivity and increased network effi-
ciency were observed in the DRG following intervention. Greater network strength and
transitivity at follow-up were correlated with increased vocabulary.

Conclusions

The results suggest the beneficial effect of DR in preschool-age children on vocabulary and
EEG-bands related to attention in the ventral stream during narrative comprehension.
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Decreased functional connectivity may serve as a marker for language gains following read-
ing intervention.

Significance

DR intervention for preschool-age children may reduce interfering connections related to
attention, which is related to better narrative comprehension.

Introduction
How does a child learn to read?

Reading is a fundamental skill for knowledge acquisition that is vital for academic and voca-
tional success, social function, and health [1-3]. As reading is evolutionarily new (approxi-
mately 5,400 years), there are no innately-specified networks specific to reading [4, 5].
Beginning in infancy, brain areas and networks adapted for other functions such as vision
(visual word form area, ventral stream) [6] and language (phonetic processing: bilateral supe-
rior temporal gyrus; meaning of sounds: left posterior middle temporal gyrus; production: pos-
terior inferior temporal gyrus, aka the ventral stream [7]; mapping visual characters into
sounds or decoding: angular gyrus and supramarginal gyrus (dorsal stream) [8]) and higher-
order abilities such as working memory (superior temporal gyrus) [7] and executive functions
[9] are gradually synchronized along development even prior to reading age when the dorsal
and ventral streams become functionally connected [10]. These neural circuits then become
integrated in response to reading exposure and practice [5]. This neurobiological process
underlies emergent literacy, which is based on the skills, knowledge, and attitudes required to
learn to read and write [11], and its foundation is laid during the span of rapid brain growth
between birth and age 5 years [12] (for review see [13]). The older children become and the
more they are exposed to written language, they shift their reliance toward the left hemisphere
[6, 14], and more specifically from the left dorsal stream to the ventral stream, while reading
[8]. The increased utilization of the ventral stream along development has been related to sev-
eral changes that occur with increased age: reading exposure related to increased activation in
the left middle temporal and inferior frontal gyri and increased phonological abilities related
to activation in the left posterior superior temporal sulcus in children [15].

Exposure to literacy material at a young age (preschool) is one way to trigger the involve-
ment of the ventral stream, and more specifically the occipital cortex [16]. Hutton and col-
leagues showed that greater home literacy exposure, including number of books in the house
and joint reading time, is positively related to the activation of the occipito-temporo-parietal
junction while listening to stories [16]. This activation was related to imagination and visuali-
zation during listening to stories, which are facilitated by exposure to literacy at a young age.
One approach to facilitate exposure to written material is shared reading [16]. As early as at
the age of 6 months, shared reading has been related to improved cognitive, language, and
social emotional abilities at 12 months of age [17]. Frequent shared storybook reading is
known to lead to vocabulary growth and in turn, later success in reading and other academic
areas [18-22]. It is therefore not surprising that maternal shared reading quality was associated
with greater activation in neural circuits related to executive functions (frontal pole), language
processing (inferior frontal gyrus), and socio-emotional abilities (anterior insula) during sto-
ries listening in 4-year-old girls [23]. Others have shown that maternal reading fluency is
related to greater functional connections while listening to stories between neural circuits that
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will form the reading network during reading age [24]. These neural circuits included the ven-
tral stream related to word recognition and phonological processing [24], which emphasizes
the importance of the quality of reading a child is exposed to during preschool ages. A well-val-
idated shared storybook reading intervention is called Dialogic Reading (DR). One question
addressed in the current study was whether a DR intervention would be associated with
greater involvement of occipital regions in preschool-age children.

Dialogic reading intervention

DR uses a set of standardized prompts to explicitly target a young child’s oral vocabulary and
listening comprehension skills [25, 26]. The process involves asking open-ended questions
about the story, expanding on the child’s answer by repeating it, clarifying the question or ask-
ing further questions, and offering praise and encouragement to the child for giving input into
the story [11].

Reading dialogically to children at risk for academic failure increases both their expressive
and receptive language [11]. However, the specific mechanism for this change remains
unknown. Since one of the key components in DR is the direct involvement of the child during
storytelling, a recent study examined the effect of DR on executive functions in preschool chil-
dren [27]. The researchers demonstrated that children in the group exposed to DR (DRG, in
the current study) showed higher executive functions abilities compared to those in the control
group who was exposed to the same story presented on the screen (SSG, in the current study).
The researchers suggested that direct attention and stimulating questions during the DR pro-
cess triggered joint attention, which was previously reported to be crucial for learning [28-31].
However, the involvement of occipital regions critical for future reading acquisition during
stories listening following DR was yet to be determined.

Narrative comprehension, what and how

The ability to listen and comprehend orally presented language is termed narrative compre-
hension, an ability that emerges early in life [32, 33]. The importance of this ability is demon-
strated by the critical role of stories listening in language development [34, 35] and, later in
life, in reading acquisition and comprehension [36]. The ability to comprehend a narrative
relies not only on speech perception, auditory word recognition, syntactic processing, and dis-
course coherence [37], but also on neural circuits related to higher-order cognitive abilities -
working memory and executive functions [36]. This is supported by previous neuroimaging
studies examining stories listening in children. A functional magnetic resonance imaging
(fMRI) stories-listening task (i.e., listening to a series of multiple stories) in 5-18 year-old par-
ticipants engaged neural circuits known to support language skills — inferior frontal gyrus
[Brodmann Area (BA) [44,45], superior temporal gyrus (BA 22), and angular gyrus (BA 40,39)
- and also frontal regions (BA 10,6,46,9,8) that likely were related to the involvement of execu-
tive functions in this task [36]. The involvement of neural circuits supporting narrative com-
prehension in a fine temporal resolution can be examined using event-related designs (see [38,
39]), as well as in the phase level. The latter enables an examination of the involvement of neu-
ral circuits during narrative comprehension for a longer period of time (i.e., not only for spe-
cific “events”) that depends on the time window determined. Using magnetoencephalography
(MEG) recording during sentences listening in six English-speaking adults, an increased theta
power (4-8 Hz) was demonstrated in the auditory cortex [40]. Participation of high frequency
power (> 30 Hz) in both language and attention tasks has been shown in adults [41].
Interestingly, the electrophysiological markers for language and attention processes change
along development with several studies suggesting either an increase or decrease in power
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along development during rest or task conditions. Some report of a better language and atten-
tional performance related to high theta and lower alpha in younger children and low theta
and increased alpha in adults during task [42]. During rest, however, a typical increase in
alpha is observed during 3 to 9 years of age (see [43-45]), as also seen in adults [46, 47]. This
aligns with the findings that higher interhemispheric alpha during rest is related to increased
academic abilities in adults [46]. The increased alpha along age was related to the cognitive
resources allocated to inhibit responses for irrelevant stimuli (better focus on the task) [44, 48],
suggesting an alternate ‘neural strategy’ as the task becomes effortless through mastery. Alpha
power was also related to processing of sensory stimulation; i.e., increased alpha for an audi-
tory stimulation (not a verbal one) that was not observed in visual processing regions, and vice
versa [45]. Altogether, these results indicate the feasibility of detection of spectral power in
young individuals during rest as well as during a task and how it is specific to the ability to allo-
cate attention to a specific stimulus (and modality) and inhibit responses to others. Therefore,
we suggest that relative to a SSG, the DRG who will be exposed to stories delivered by an exper-
imenter will show a reduced level of need to inhibit task-irrelevant stimuli and therefore, will
show decreased alpha oscillations that are inversely correlated with cognitive performance

[48] in posterior regions. This may represent a decreased effort focusing on the story and
inhibit irrelevant stimuli.

The current study aimed to reveal the effect of DR intervention on neural circuits support-
ing the ventral stream using EEG; i.e., visual processing during narrative comprehension
related to visualization of the presented auditorily linguistic stimuli. We predicted that DRG
would show greater narrative comprehension scores in the EEG task and general language
skills, compared to the SSG. We also predicted that the DRG would demonstrate less func-
tional connectivity in alpha frequency range, related to the ability to inhibit task-irrelevant cor-
tical structures [48], in occipital regions (i.e., ventral stream) related to visual attention in EEG
data acquisition during stories processing.

Materials and methods
Participants

The study participants were thirty-two native-Hebrew speaking 4-6 year-old children (13
females) from a middle-class background; all were right-handed, had normal or corrected-to-
normal vision in both eyes, were found to have normal hearing, and had a normal neurological
and developmental history. This information was initially verified over the phone while com-
municating with the parents upon enrollment into the study.

Participants were randomly assigned to two intervention groups: DRG (n = 16) or SSG
(n = 16). The two groups did not significantly differ in age (DRG: mean age = 64.35 months,
standard deviation = 3.99 and SSG: mean age = 58 months, standard deviation = 6, t(31) =
2.246, n.s.) or their attention/hyperactivity scores [£(31) = 1.749, n.s.] as measured by the Con-
ners Rating scale [49]. See Table 1.

Parents of the participants provided written informed consent prior to the study. All partic-
ipants attended a preschool in the north of Israel. The study was reviewed and approved by the
Technion’s Institutional Review Board (approval: 082016).

Procedures

Participants were assessed within their day care facility. Tests were randomized for order of
delivery and administered individually in one of the schoolrooms during school hours by the
research team prior to and after intervention. EEG data was acquired after the intervention in
a sound-attenuated room in the Educational Neuroimaging Center at the Technion, Israel. As

PLOS ONE | https://doi.org/10.1371/journal.pone.0225445 November 22, 2019 4/16


https://doi.org/10.1371/journal.pone.0225445

@ PLOS | O N E Hyperconnectivity during screen-based stories listening in children

Table 1. Differences between the dialogic reading and screen stories intervention groups before intervention using independent-samples f tests.

Measures DRG SSG T Significance
Mean (SD) Mean (SD)

Age 63.35 (3.99) 58 (6) 2.246 P=0.23

Attention abilities (Conners, T score), 87.49(5.72) 83.05(9.78) 1.749 P=0.1

Nonverbal ability (Matrix, WPPSI, scaled score), average range: 7-13 10.44 (2.61) 10.31 (3.12) 0.135 P=0.893

Verbal ability (Naming, WPPSI, scaled score), average range: 7-13 9.11 (2.51) 9.11 (2.74) 0.000 P=1

Vocabulary (WPPSI, scaled score), average range: 7-13 10.33 (2.44) 9.78 (2.87) 0.617 P=0.514

DRG, dialogic reading group; SSG, screen story group; SD, standard deviation; WPPSI, Wechsler Preschool and Primary Scale of Intelligence

https://doi.org/10.1371/journal.pone.0225445.t001

the reception room is decorated with child-friendly toys, the study team made sure children
were comfortable entering the EEG testing room. Parents accompanied the children to the
testing session. Each child had the opportunity to explore the surroundings and play while the
EEG cap was connected and a gel was placed in the electrodes. The experimenter explained to
the child that a story would be played and he/she would be asked to listen to the story and then
some questions would be asked (to verify comprehension). Then, the child heard a story as an
example. Only after following these steps was the EEG data acquisition started. The study team
was trained and practiced the DR sessions following [26], read further for details. Questions
for each story were prepared and practiced before the sessions in the daycare. For the screen-
story condition, the books were orally read by the same experimenter administering the DR
intervention. While the book was being read, only the pages of the book were videotaped (the
experimenter was not videotaped).

Interventions

Both groups participated in eighteen, 30-min long sessions of dialogic storytelling sessions over
the course of 6 weeks, 3 times per week. The research team was trained on DR using several
steps for structured DR intervention [26].Each DR session included the following: 1) Prompt
the child to say something about the story, 2) Evaluate what the child says, 3) Expand on what
the child says, and 4) Repeat and reinforce associations; PEER. Similarly, the acronym CROWD
reflects evocative parental or caregiver prompts: 1) Completion of a sentence, 2) Recall earlier
aspects of the story, 3) Open-ended questions, 4) Wh- questions, and 5) Distancing by relating
the story to the child’s experience. Books were age-appropriate, different in each session, and
provided by the PJ-library organization. To better allow the children’s participation, each inter-
vention group (i.e., DRG, SSG) was divided into two smaller groups of eight children each.

The SSG was presented with the exact same stories to which the DRG was exposed. The sto-
ries from the books were recorded while being read by the same experimenter who read the
stories to the DRG. Then, the SSG watched these videos, without any interaction with the
experimenter or any questions asked during or after the stories were read.

Behavioral and experimental measures

To assess linguistic ability in the DRG and SSG following intervention, vocabulary (i.e., picture
naming [50]) and objects/colors rapid naming abilities [51] were assessed before and after
intervention in the two groups. Tests for general verbal and nonverbal abilities [50] were
administered. Each behavioral testing session lasted approximately 1.5 hours.
Electrophysiology recordings.
Stories-listening task. To test the effect of intervention on neural circuits supporting narra-
tive comprehension abilities, a stories-listening task (i.e., listening to a series of multiple
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stories) was administered following [52]. Stories were recorded in a sound-attenuated room
using a professional recording microphone. Through speakers, the participants listened to
Hebrew stories taken from age-appropriate books. Five 30-second stories were alternated with
five backwards-presented speech conditions, 30 seconds each. While listening to each story, a
cross was presented on the screen. Participants were instructed to listen to the stories and
answer five multiple-choice comprehension questions at the end of the task. The questions
were presented auditorily by the experimenter, and the participant responded orally.

EEG recording. The participant was seated approximately 80 cm in front of an IBM-PC
screen in a sound-attenuated room and presented with the stories through speakers. The over-
all task lasted 5 minutes and was played using an eprime system (Psychology Software tools
(Sharpsburg, PA, USA). EEG data was recorded continuously using the PyCorder software
from 64 actiCHmpt electrodes mounted on a custom-made cap (Brain Products, Gmbh; Easy-
Cap, Germany) according to the international 10/20 system, sampled at a rate of 500 Hz with
an analogue band pass filter of 0.1 Hz to 70 Hz and 12-bit A/D converter using a Dell PC
(Round Rock, Texas, USA), and stored for off-line analysis. A ground electrode was placed at
the front of the cap (below the AFz electrode) and an average reference method was applied.
All electrode impedances were maintained at or below 5 KQ.

Data analyses.

EEG data preprocessing. EEG analyses were carried out using primarily FieldTrip [53] rou-
tines running in MATLAB (version R2016a; WathWorks Inc., Natick, MA). We adopted a
minimal-scrubbing approach since the impact of artifact suppression (filtering) on source-
space connectivity analyses is unknown, and since beamformer inversions for induced effects
are generally robust to brief artifactual signals. Raw data were average referenced across sen-
sors. Continuous recordings were initially bandpass filtered from 0.5 Hz to 70 Hz, and power
line noise was attenuated at 50 Hz using a very sharp, discrete Fourier transform filter. The ini-

tial 26 seconds of each story trial were extracted from the continuous recording, appended,
then segmented into 68 discrete 2-second epochs for subsequent analyses.

Source analysis, virtual sensors. A generic boundary element head model (BEM) [54] was
used for all subjects. The BEM was constructed from the MNI-152 template, representing a non-
linear average of 152 T1-weighted scans of healthy adults [55].To promote comparison in our
developmental cohorts, a single, robust adult-derived template was preferred to head models
built from multiple age-specific MRI surrogates. Electrode positions were automatically aligned
and projected to the outer surface of the scalp compartment of the BEM. We constructed a regu-
lar 3D grid with 20 mm dipole spacing inside the cerebral compartment and estimated the time
series of activity at each grey-matter location using a linearly constrained minimum variance
(LCMV) beamformer with 5% regularization [56]. The LCMV beamformer is a spatial filtering
technique, whereby signal at a specified location is passed with unit gain while signals originating

from other locations are suppressed (null gain). Sources were estimated in canonical directions
at each position in our grid and projected along the strongest orientation. The resulting ‘virtual
sensor’ time-courses were then analyzed for pairwise functional connectivity.

Connectivity analyses. We computed spectrally-resolved (2 Hz to 70 Hz, in 0.5 Hz bins)
phase-based functional connectivity between all virtual sensor pairs (network nodes) using a
debiased weighted phase-lag index (wPLI) (see [57]). The debiased wPLI metric is computed
from the cross-spectrum for a pair of signals, obtained from conjugate multiplication of their
Fourier representation. The absolute value of debiased wPLI was summed for all nodes pairs,
per subject, at each frequency bin. We then inspected the connectivity spectra for each group

and ran independent-samples ¢-tests at each frequency to identify possible contiguous bands
of functional connectivity differences.
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Network-based analyses. For frequencies showing reliable group differences in connectiv-
ity, we computed mean absolute debiased wPLI at each node, per participant, and compared
group network topologies using Network Based Statistical (NBS) analyses [58]. The NBS
approach is entirely data-driven and circumvents multiple comparison problems by compar-
ing observed differences in network extent (number of connected nodes, at an arbitrary initial

threshold) to those obtained from permuted distributions. We tested the observed network
cluster extent against 5,000 permutated distributions, using an alpha of 0.05 at a range of (arbi-
trary) initial thresholds greater than 1. Significant group differences were visualized at a
median, representative initial threshold.

We also describe whole-brain connectivity differences using two graph-theoretical sum-
mary metrics. Network transitivity (i.e., clustering [59]) and global efficiency [60], which are
common measures of segregation and integration, respectively (see [61] [62]), were calculated
for each group across all sensors in source space and compared using independent-samples ¢-
tests. Where group differences were observed, we assessed the correlation between network
measures and behavioural performance.

Statistical analyses. To rule out between-group differences at baseline, behavioral data prior
to intervention were analyzed using independent-samples ¢-tests analyses. To test the effect of
intervention between and within each group, 2x2 [Group (DRG, SSG) x Test (before, after
intervention)] Repeated measures ANOV As were conducted for each behavioral measure and
corrected for multiple comparisons, followed by post hoc paired ¢-test analyses. Differences in
EEG connectivity as well as ability to comprehend the stories between the two groups were
determined using independent-samples ¢-tests analyses.

Correlations between the behavioral gains (i.e., the difference between Test 2 and Test 1 for
vocabulary and naming abilities) and between the behavioral accuracy percentage following
the narrative comprehension task (ability to understand the stories), as well as the connectivity
for each group were computed. The data were corrected using Family-wise Type-I error rates
by the Bonferroni method for multiple comparisons (4<0.05).

Results
Behavioral measures

Behavioral baseline measures. In general, all participants showed average and above
average general nonverbal and verbal abilities. At baseline (Test 1), participants in the two
groups did not differ in linguistic and literacy abilities. See Table 1.

Behavioral measures, the effect of intervention. Repeated measures ANOVAs demon-
strated a main effect of Test for the verbal vocabulary measure (F(1,31) = 7.547, P = 0.009, {* =
0.177); increased vocabulary abilities were observed following intervention. No significant
main effect was found for Group for the interaction [Group, F(1,31) = 0.193, P = 0.663, " =
0.005, Test x Group F(1,31) = 0.827, P = 0.369, % = 0.023]. No significant Group effect or
interaction was observed for the linguistic tests [Test: F(1,35) = 2.159, P = 0.151, W = 0.058;
Group: F(1,31) = 0.088, P = 0.769, {* = 0.003; Test x Group: F(1,31) = 0.358, P = 0.553, i’ =
0.010]. Follow-up tests of simple effects (paired ¢-test analyses) demonstrated a significant
improvement in vocabulary score but not in naming following intervention in the DRG com-
pared to the SSG. See Table 2 for these results as well as S1 File.

Electrophysiological data.

Stories listening; behavioral measures. No differences were found between the groups for
narrative comprehension following intervention (see Table 3).

Connectivity spectra and NBS findings. We observed significant group differences in the
connectivity spectra. Specifically, the SSG showed significantly increased whole-brain

PLOS ONE | https://doi.org/10.1371/journal.pone.0225445 November 22, 2019 7/16


https://doi.org/10.1371/journal.pone.0225445

@ PLOS|ONE

Hyperconnectivity during screen-based stories listening in children

Table 2. Effect of intervention in dialogic reading and screen story intervention groups on linguistic measures.

Behavioral/Cognitive testing

Verbal ability (Vocabulary, WPPSI, scaled score)
average range: 7-13

Objects/colors rapid naming (Shatil, scaled score)
average range (-1)-(+1)

DRG SSG T (P)
Test 1 Test 2 Test 1 Test 2 Condition
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
9.11 (2.51) 10.315(2.08) | 9.11 (2.74) 9.42 (3.59) DRG, Test 2>Test 1 -2.483
P=0.023
SSG, Test 2>Test 1 -1.368
P=0.189
DRG, Test 1 = SSG, Test 1 0.000
pP=1
DRG, Test 2>SSG Test 2 0.939
P=0.354
-0.166 (2.065) 0.333 (1.748) -0.21 (2.299) 0.0 (2.108) DRG, Test 2>Test 1 -1.767
P=0.095
SSG, Test 2>Test 1 -0.544
P=0.593
DRG, Test 1>SSG Test 1 -0.147
P=0.884
DRG, Tes2 1>SSG Test 2 0.522
P =0.605

DRG, dialogic reading group; SSG, screen stories group; SD, standard deviation; WPPSI, Wechsler Preschool and Primary Scale of Intelligence

https://doi.org/10.1371/journal.pone.0225445.t1002

functional connectivity at 10-13 Hz (approximately alpha band). NBS for 10-13 Hz connectiv-
ity revealed a single cluster of increased functional connectivity in the SSG (5,000 permuta-
tions, alpha = 0.05, t = 2 to four initial thresholds) compared to the DRG. The cluster of
connections was plotted in brain space and revealed posterior interhemispheric hyperconnec-
tivity in the SSG compared to the DRG. See Table 3 and Figs 1 and 2 for these results.

Whole-brain graph analyses. Significant lesser network strength was observed in the
DRG compared to the SSG [t(30) = -4.41, P = 0.001].

Significant greater network efficiency [t(30) = -2.227, P = 0.03] and lesser network transitiv-
ity [t(30) = -2.234, P = 0.03] were observed in the DRG compared to the SSG. Results are
reported in Table 3.

Pearson correlations between the EEG network measures and the stories-listening accuracy
measures across the two intervention groups revealed significant correlations between accu-
racy and network strength (r = -0.4, P<0.05) and between accuracy and network transitivity
(r =-0.34, P<0.05). Greater network strength and transitivity were related to a lesser ability to
understand the stories. No significant correlations between accuracy rate for stories listening

Table 3. Differences in behavioral and network (EEG) measures for the stories-listening task between the dialogic
reading and screen stories intervention groups.

Measures DRG SSG T P value
Mean (SD) Mean (SD)

Behavioral measures

Accuracy rate - stories listening (percent) 68.75 (30.95) 65.88 (27.17) -0.283 0.78

EEG measures

Network strength 15.01 (3.95) 80.83 (57.06) -4.41 0.001

Network efficiency 0.86 (0.38) 0.13 (0.07) -2.227 0.03

Network transitivity 0.03 (0.01) 0.05 (0.03) -2.234 0.03

DRG, dialogic reading group; SSG, screen story group; SD, standard deviation

https://doi.org/10.1371/journal.pone.0225445.t1003
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Fig 1. Differences in alpha functional connectivity between the dialogic reading and screen stories intervention groups. The screen stories group
(red) showed significantly increased alpha functional connectivity (debiased wPLI) compared to the dialogic reading group (blue). A contiguous band of
increased connectivity was observed between 10 and 13 Hz, in 0.5 Hz increments.

https://doi.org/10.1371/journal.pone.0225445.9001

and efficiency measures were found in the two intervention groups (r = -0.29, P = 0.122). See
Fig 3.

Discussion

The aim of the current study was to examine the effect of DR intervention compared to
screen-based stories listening on neural networks related to comprehending stories during a
narrative-comprehension EEG-based task. In support of our hypotheses, the DRG showed
improved vocabulary abilities that was absent in the SSG. Also, lower network strength and
transitivity during stories listening were related to higher comprehension of the stories pre-
sented during the EEG session, both of which were observed in the DRG.

The ventral stream is triggered in preschool children during dialogic reading

The results of the current study reveal the involvement of the ventral stream during DR. As
children learn how to read, the ventral stream is involved in the reading process [6]. Several
studies have indicated the importance of narrative comprehension and stories listening at pre-
reading age, with evidence of the involvement of parts of the ventral stream (i.e., occipital acti-
vation) while listening to stories [16, 36]. The assumption was that children imagining the sto-
ries activates these occipital regions. In the current study, we found that the combination of
both telling stories and actively engaging the child in the storytelling process in a dialogic way
was associated with lower network strength in the DRG, which was overall related to better
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Fig 2. A comparison in functional connectivity between the dialogic reading and screen stories groups
(screen>dialogic reading). The screen stories group showed a single cluster of increased posterior functional
connectivity during stories listening. Findings from NBS analyses; 5,000 permutations, P<0.05, at initial thresholds of
t = 2 through 4 at increments of 0.2. Shown here, the cluster of increased connectivity at t = 3.2. (Neurological
orientation, L = left, R = right).

https://doi.org/10.1371/journal.pone.0225445.9002

narrative comprehension. We postulate that the joint attention while telling stories in the
DRG demonstrates a reduced need to avoid distraction during storytelling (following [3, 44])
delivered by the experimenter. The better comprehension associated with this lower network

A Efficiency B. Transitivity

* e

v X
¥ .
— .
Screen Dialogic reading Screen Dialogic reading

Fig 3. Network’s transitivity and efficiency in the dialogic reading and screen stories intervention groups. (A) Increased network’s transitivity (left
panel) and (B) efficiency (right panel) for the screen stories group (Screen; right bar in each panel) compared to the dialogic reading group (Dialogic
reading; left bar in each panel). *P<0.05.

https:/doi.org/10.1371/journal.pone.0225445.9003
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strength and transitivity during stories listening may contribute to the preparation for the
involvement of the ventral stream during this pre-reading period.

Dialogic reading method supports the “outside-in” component in the
inside-out, outside-in model

The results of the current study suggest that it is not only the exposure to a verbal stimulation
that is critical for a child’s language development, but also the interaction around the book as
suggested in the outside-in and inside-out mode [11]. As proposed in this traditional model,
the interaction around the book involving questions, brain storming, and pulling out informa-
tion from long-term memory and general knowledge (prompted by the adult’s questions) is
important for the facilitation of future reading ability. We found that the DRG showed less
alpha connectivity involved during stories listening compared to the SSG. This difference in
alpha connectivity was related to better attention abilities in the DRG while listening to stories
compared to the SSG. As suggested by the outside-in model, the exposure to narratives in a
dialogic interactive way leads to a more automatic verbal processing, allowing the child to
devote attention to other aspects of the story (e.g., conclusions, inference). However, it will be
interesting to further investigate whether this change in alpha in the DRG extends to non-ver-
bal conditions as well or is specific to when listening to stories. A further study looking at a
resting-state condition after DRG vs SSG should examine this point in depth.

Human interaction around the book results in more efficient language processing

A possible explanation for the positive effect of DR on vocabulary may be related to Kuhl’s
studies [12, 30, 31, 63] that suggest directed speech and language. Although these studies focus
on speech and language acquisition, and not on early literacy skills, the researcher also empha-
sized the critical role human interaction has on acquiring these abilities. Kuhl postulates that
direct interaction with an adult increases the child’s attention and improves the ability to cap-
ture the new linguistic stimuli provided. This effect was not seen when children were exposed
to the same stimuli provided on a television screen [30, 31]. Not only does the child need expo-
sure, but a crucial step in increasing the child’s linguistic abilities is eye contact, and change in
tone is needed, all of which is summarized as “social gate” as termed by Kuhl [12, 29-31, 63,
64]. In her Native Language Magnet theory-expanded model (NLM-E), Kuhl explains how
language exposure and social interaction merge into what we see as language acquisition,
through joint attention both to the auditory aspect (‘motherese’) and the visual aspect (object-
sound relationships) [65]. These findings support EEG results showing greater power (focus-
ing on theta band) during an infant-directed speech compared to adult-directed speech in 7
month-old children [66]. These findings suggest that a directed communication with infants
using speech-tones and words that young infants are sensitive to, similar to motherese, has
neural correlates for this sensitivity.

A previous study looking at the effect of DR on visual attention and language ability con-
firmed this as well, by demonstrating elicited P300 component during the Attentional Net-
work Task (ANT) in a DRG [27]. As a task utilizing the attentional network, the ANT is
capable of demonstrating an improvement in both orienting attention (measured by the P300)
in the DRG. Our study is the first to show a direct effect of DR intervention on neural net-
works related to language processing and specifically to learning new works (i.e., vocabulary)
during stories listening. Similar to previous other studies [42, 67] the DRG of the current study
showed improved vocabulary and changes in brain patterns related to the ability to focus on a
relevant stimulus or avoid destruction during stories listening relative to the SSG, as demon-
strated by the decreased alpha connectivity in this group that previously has been related to
better attention abilities to a given task [68, 69].
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Study limitations

As a pioneering study designed to explore the neurobiological mechanisms for the involve-
ment of the ventral stream in pre-reading age after DR, the EEG data were collected only after
the intervention, which poses a limitation on the results of the current study. Although we
have demonstrated a connection between comprehension of stories following the EEG task
and network strength, a future study including EEG data collection prior to the intervention
should be conducted. To specifically pinpoint neural circuits related to language processing
and relate the presumably changes in attention to those in narrative comprehension, a func-
tional MRI study looking specifically at the functional connectivity between the language and
cognitive-control network should be conducted. Additionally, the current study’s results sug-
gest significant changes following intervention (found in the t-test analysis), but no significant
interaction in the ANOVA. This discrepancy might be the consequence of our relatively
smaller sample. An additional study including a larger sample should be conducted to deter-
mine the significant effect in one intervention vs the other. Moreover, to rule out the effects of
typical development on our results, a control group of children who do not participate in the
intervention, but who are tested at both Test 1 and Test 2 should be included. Another impor-
tant point to specify the effect of DR on neural circuits supporting language development, is
the need for an additional control group of an adult telling stories to children without a dia-
logue. This control group is extremely challenging to employ, as children naturally ask ques-
tions while interacting with an adult around stories, however is important to consider. Lastly,
to account for the effects of social interaction and the in-depth questions involved in the DRG,
an additional group of children exposed to the DR questions on the screen should be added.

Conclusions

The current study was the first to provide neurobiological support for the effect of DR inter-
vention on neural circuits supporting language processing, pointing at the involvement of the
ventral path in language processing following DR. Due to the specific frequencies tested in this
study (alpha band) during stories listening, the results provide an initial step towards a mecha-
nistic understanding of the effect of a dialogue that also involves brain synchronization related
to attention. Future studies are needed to determine the generalization of these results to
domains other than language (i.e., during rest) in older individuals and also younger children
when language and attention abilities.
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