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Abstract

The past decade has produced a rapidly expanding body of neuro-imaging 
evidence documenting how two competing activities in early childhood 

- passive screen-based media consumption and 

- shared print-book reading 

exert opposite effects on the developing brain. 

This paper synthesizes published findings from functional magnetic 
resonance imaging (fMRI), electroencephalography (EEG), functional near-
infrared spectroscopy (fNIRS), diffusion tensor imaging (DTI), and large-
scale structural neuro-imaging studies to trace the neural consequences of 
these experiences from age 2 through age 9, the window widely recognized 
as critical for reading proficiency. 

The cumulative neurobiological evidence supports the recommendation 
that caregivers prioritize dialogic reading from infancy and critically limit 
passive screen exposure through the first decade of life.
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1. Introduction: The Accidental Experiment

In the span of less than two decades, the mobile touchscreen has become 
the first toy billions of children encounter. 

By age 2, the typical child in a high-income household already spends an 
average of more than two hours per day interacting with or watching 
screens.1 What began as a pediatric convenience has quietly become one of 
the largest uncontrolled neurobiological experiments in human history. 

At the same moment that a child is learning to swipe a tablet, the brain is in 
the midst of a precisely timed cascade of synaptic formation, axonal 
myelination, and network specialization that will lay the structural 
foundation for reading, language, attention, and emotional regulation for 
the remainder of life.

Reading proficiency by the end of third grade ( roughly age 9 ) is one of 
the most powerful predictors of lifetime educational attainment, 
earnings, and mental health.2 

The neural architecture enabling that proficiency is not assembled at age 9; 
it is constructed, connection by connection, across the preceding seven 
years. Every experience that a child has (or misses),  shapes that 
construction through the mechanisms of experience-dependent plasticity: 
the strengthening of synapses that fire together and the pruning of those 
that do not.

This paper asks a focused neuroscientific question: when a child between 
the ages of 2 and 10 chooses or is directed to watch stories on a screen 
rather than to be read to from a book or to read independently on paper, 
what happens inside the brain? The answer, assembled from peer-reviewed 
neuroimaging studies, is neither trivial nor reassuring.
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1.1 Scope and Methods of This Review

This review draws exclusively on published, peer-reviewed research. 
Studies were included if they (a) employed a neuroimaging modality  such 
as fMRI, EEG, DTI/diffusion-weighted imaging, fNIRS, or structural MRI 
and (b) involved participants aged 2 through 10 years or, in the case of 
longitudinal studies beginning in middle childhood, tracked participants 
whose baseline exposure occurred during this window. 

Where direct neuroimaging studies of children are unavailable for a 
specific mechanism, we cite the closest available evidence and note the gap. 
We do not cite secondary websites, popular press, or non-peer-reviewed 
sources. All claims are referenced to the primary literature.

2. The Architecture of the Reading Brain: What Development Must Build

Reading is a culturally invented skill less than 6,000 years old,  too recent 
for dedicated neural circuitry to have evolved. Instead, the reading brain 
recycles and connects evolutionarily older circuits.3 Understanding what 
those circuits are, and when they are most sensitive to experience, is 
essential for interpreting what screen exposure threatens.

2.1 Core Reading Networks

Neuroimaging research  identifies two principal reading pathways in the 1

left hemisphere,4 both originating in visual areas and projecting forward.

 A longitudinal fMRI study by Hoeft et al. tracking children aged 9 to 15 found that brain 1

activity in inferior frontal and basal ganglia circuits predicted future gains in reading fluency, 
while activity in the angular gyrus predicted gains in older, more skilled readers, suggesting a 
developmental hand-off between decoding circuits over the elementary school years.7
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Pathway 1: The dorsal temporo-parietal route is engaged during 
phonological decoding. This is  the slow, effortful conversion of letters to 
sounds that characterizes beginning readers and complex unfamiliar 
words.5

Pathway 2: The ventral occipito-temporal route (anchored by the left 
fusiform gyrus, often called the visual word form area or VWFA) supports 
rapid, automatic recognition of familiar word forms in skilled readers.6

Picture credit: Kearns, Devin & Hancock, Roeland & Hoeft, Fumiko & Pugh, Kenneth & Frost, Stephen. 

(2019). The Neurobiology of Dyslexia. 10.1177/0040059918820051. 
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2.2 Phonological Awareness and Its Neural Substrate

Phonological awareness, the understanding that spoken words are 
composed of discrete sound units , is the single strongest behavioral 
predictor of reading acquisition.8 It is supported primarily by inferior 
frontal gyrus (IFG) and posterior superior temporal gyrus (pSTG) circuitry.2

Critically, phonological awareness depends on rich, varied oral language 
input before print instruction begins. Children who arrive at school with 
robust vocabularies and phonological sensitivity (typically cultivated 
through dialogic reading and verbal interaction),  show stronger pre-
existing activation in the IFG-STG circuit.10 

Children whose early language environment was dominated by passive 
screen media tend to arrive with weaker phonological foundations, placing 
them at immediate disadvantage when the dorsal reading network begins 
its critical developmental phase at ages 5 to 7.

2.3 White Matter: The Brain's Communication Infrastructure

The reading circuits described above are only as efficient as the white-
matter tracts  connecting them.3

 A 2021 fMRI study examining 7 to 9-year-old children found reciprocal relationships between 2

reading skill and IFG-to-STG functional connectivity during phonological tasks, suggesting that 
the development of this circuit both drives and is driven by reading experience.9

 Key fasciculi include the arcuate fasciculus (connecting temporal and frontal language areas), 3

the inferior fronto-occipital fasciculus (IFOF), and the inferior longitudinal fasciculus (ILF). 
Diffusion tensor imaging (DTI)  which measures the directional coherence of water diffusion 
along axons  provides a non-invasive index of white-matter maturity. Higher fractional 
anisotropy (FA) values indicate more organized, myelinated fiber tracts.11
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3. Ages 2 to 3: The Vocabulary Explosion and Its Neural Roots

The period from 18 months to 36 months is characterized by an 
extraordinary expansion of vocabulary , during which a child may acquire 
multiple new words each day. This acquisition is not merely behavioral; it 
is reflected in measurable neural change.

3.1 EEG Evidence: Predictive Brain Signals and Shared Reading

A 2022 EEG study by Bosseler and colleagues demonstrated that predictive 
brain responses, electrical signatures of anticipatory language processing  
in infants were significantly shaped by shared reading frequency and 
mediated the relationship between reading exposure and expressive 
vocabulary at follow-up.12 

Children whose caregivers read to them more frequently showed stronger 
mismatch negativity (MMN) components, an ERP marker of the brain's 
automatic detection of phonological violations, evidence that the auditory 
language cortex was building more precise phonological representations.

This finding is particularly important to understand the cost of screen 
substitution. Television and most digital video content, unlike a caregiver 
reading aloud, does not adapt in real time to the child's cues, does not 
pause for joint attention, and does not generate the contingent verbal 
scaffolding that drives predictive neural tuning. An early landmark study 
by Kuhl and colleagues showed that social interaction was necessary for 
phonetic learning in infants: 9-month-old infants acquired Mandarin 
phoneme distinctions from live human interaction but not from identical 
exposure to video or audio recordings.13
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3.2 fMRI Evidence: Joint Reading Activates Future Reading Networks

A landmark fMRI study by Hutton and colleagues at Cincinnati Children's 
Hospital enrolled 3- to 5-year-old children and measured BOLD (blood-
oxygen-level-dependent) signal during a standardized story-listening task. 
Children from home reading environments with more books and more 
reading time showed greater activation in the left parietal-temporal-
occipital (PTO) association cortex, the very region that houses the future 
Visual Word Form Area (VWFA) and temporo-parietal reading circuit.14 

This activation advantage appeared before formal reading instruction, 
establishing that print-rich environments are sculpting reading-relevant 
neural architecture during the preschool years.

A subsequent fMRI study by the same group, published in Pediatric 
Research, examined 22 healthy 4-year-old girls from low-SES households 
and found that shared reading quality scores, reflecting dialogic 
interaction, caregiver engagement, and verbal exchange, were positively 
correlated with activation in left-sided regions supporting expressive 
language, social-emotional integration, and working memory (p < 0.05, 
FDR corrected).15 

Critically, shared reading quality scores were negatively correlated with 
maternal smartphone distraction during the reading session (p < 0.05)  
suggesting that parental screen use can compromise the very mechanism 
through which reading benefits the child's brain.

KEY FINDING — Ages 2-3 (EEG): 

Predictive electrical brain signals (mismatch negativity) that underpin phonological awareness are shaped by 
shared book reading frequency during infancy and cannot be equivalently trained by passive screen exposure, 
because the critical variable is contingent social interaction, not auditory input alone (Bosseler et al., 2022; Kuhl 
et al., 2003).
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3.3 The Meta-Analytic Signal on Vocabulary

A meta-analysis by Mol and colleagues across 16 studies found that 
dialogic parent-child book reading explained approximately 8% of variance 
in expressive vocabulary of children aged 2 to 6, with the effect being 
meaningfully larger for children aged 2 to 3 than for older preschoolers ,  
indicating a steeper dose-response curve at younger ages.16 For a purely 
correlational estimate, 8% explained variance is a substantial and replicable 
behavioral signature of a neural process that the above fMRI studies help 
explain.

4. Ages 3 to 5: Preschool, The Critical Window for Narrative 
Comprehension

Between ages 3 and 5, the brain's language networks undergo rapid 
functional organization. The ability to comprehend and produce narrative 
to follow and construct a story is not merely a language skill; it is a 
cognitive integration achievement that requires cooperation across 
temporal, frontal, and limbic systems. It is also the direct cognitive 
precursor to reading comprehension.

4.1 EEG Study: The Screen-Reading Divide in Preschoolers

The most direct neural comparison of screen-based and book-based story 
exposure in preschoolers was conducted by Farah, Meri, Hutton, DeWitt, 
and Horowitz-Kraus, published in PLOS ONE in 2019.17 Thirty-two 
typically developing children aged 4 to 6 years were randomly assigned to 
either a Dialogic Reading Group (DRG) or a Screen Story Group (SSG) the 
same stories, the same content, delivered through different media. EEG 
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was recorded during a narrative comprehension task at baseline and 
follow-up.

The DRG showed-

(a) improved vocabulary scores

(b)decreased functional connectivity during story listening (indicating 
more efficient neural processing)

(c)  significantly reduced alpha-band network strength and transitivity with 
increased network efficiency. 

The SSG showed no changes in vocabulary or connectivity. Crucially, the 
screen-exposed group exhibited hyperconnectivity (greater alpha-band inter-
regional connectivity ) which was negatively correlated with 
comprehension accuracy. The authors interpreted hyperconnectivity as 
neural inefficiency: a brain forced to recruit more widespread, less 
specialized networks to achieve the same task, because the circuits 
normally dedicated to linguistic-narrative processing had not been 
adequately trained.

4.2 fMRI Study: Format Matters — Audio vs. Illustrated vs. Animated

Hutton and colleagues published a pivotal task-based fMRI study in Brain 
Connectivity (2018) and extended findings in Brain and Language (2019), in 
which 27 preschool-age children underwent fMRI while listening to the 
same story presented in three formats: audio only, illustrated (print-like 

KEY FINDING — Ages 4-6 (EEG, Farah et al., 2019): 

Children exposed to screen-based stories showed EEG hyperconnectivity , a marker of neural inefficiency  
associated with lower narrative comprehension, while children in the dialogic reading group showed more 
efficient, specialized neural networks and vocabulary gains. Same story content; different neural outcomes.
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storybook), and fully animated (cartoon). The study measured functional 
connectivity between key networks supporting attention, language, and 
imagery.

The illustrated format produced the strongest and most balanced pattern of 
connectivity, with coordinated engagement of language networks, visual 
imagery circuits, and default-mode network regions supporting narrative 
integration. The animated format (the closest proxy for screen-based 
viewing) showed the lowest connectivity in regions supporting language 
and imagery, while simultaneously showing greater engagement of 
attentional suppression networks, suggesting the brain was managing 
rather than processing the perceptual flood of animation.18 

The audio-only format showed strong language network engagement but 
less activation in imagery regions, underscoring that the illustrated 
storybook achieves a unique neural integration that neither pure audio nor 
animation replicates.

4.3 fMRI Study: Parent-Child Interaction Quality

A 2017 fMRI study by Hutton and colleagues published in Pediatric 
Neurology examined 22 healthy 4-year-old girls and analyzed activation 
during story listening as a function of video-coded shared reading quality. 
Higher-quality dialogic interaction was associated with stronger activation 
in left inferior frontal (Broca's area), superior temporal gyrus, and bilateral 
parietal-temporal-occipital regions, the classical reading circuit.15 This 
study was among the first to provide direct neural evidence that the how of 
reading aloud,  the interactivity, questioning, and verbal exchange of 
dialogic reading; matters to the brain independently of the what.

4.4 White Matter: The 2020 JAMA Pediatrics Study
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In January 2020, Hutton and colleagues published what became one of the 
most cited pediatric neuroimaging studies of the decade in JAMA Pediatrics. 
They recruited 47 healthy preschool-age children and administered 
ScreenQ (a validated measure of household screen exposure) alongside 
diffusion tensor MRI. Higher ScreenQ scores were associated with lower 
fractional anisotropy (FA) in white-matter tracts supporting language and 
literacy, including the IFOF and the external capsule.19 Critically, these 
lower FA values correlated with lower performance on early literacy and 
language assessments. 

This was the first study to directly demonstrate, in preschool-age children, 
that screen exposure was associated with physically measurable differences in 
the brain's reading infrastructure not just behavioral differences, but 
differences in the actual tissue connecting the reading networks.

5. Ages 5 to 7: The Onset of Formal Reading (Architecture Meets 
Instruction)

At approximately age 5 to 6, most children encounter formal reading 
instruction. Whether a child succeeds at this task depends heavily on the 
neural architecture assembled in the preceding years. The dorsal reading 
circuit( phonological decoding) comes under intense use. At the same time, 
prefrontal executive function networks, which support the effortful 
attentional processes required by beginning reading, are undergoing active 
myelination.

KEY FINDING — Ages 2-5 (DTI/White Matter, Hutton et al., JAMA Pediatrics 
2020): 

Higher household screen exposure (ScreenQ) in preschoolers was associated with reduced fractional anisotropy, 
a measure of white-matter integrity in tracts critical for language and reading, and these structural differences 
correlated with lower scores on early literacy assessments.
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5.1 EEG Study: Screen Exposure and Attention Circuits

A 2019 EEG study by Zivan, Bar, Jing, Hutton, Farah, and Horowitz-Kraus 
measured theta/beta ratios an established EEG marker of attention 
regulation in preschool and early school-age children as per by their screen 
exposure history.20 

Children with higher screen exposure showed a significantly elevated 
theta/beta ratio during story-listening tasks compared to children exposed 
to dialogic reading. An elevated theta/beta ratio is the same neural 
signature associated with attention deficit hyperactivity disorder (ADHD) 
characterized by excess slow-wave (theta) relative to fast-wave (beta) 
activity in frontal regions. 

This study did not diagnose ADHD; it demonstrated that high screen 
exposure was shifting the baseline attentional state of otherwise typical 
children toward a neurophysiological pattern associated with reduced 
sustained attention.

A 2023 pilot EEG study by Lewin and colleagues published in Frontiers in 
Cognition directly measured brain activation during an inhibitory control 
task (a go/no-go paradigm) in children aged 5 to 9. Children with higher 
total screen time showed reduced P3 amplitude, an ERP component 
indexing the neural resources allocated to response inhibition,  during no-
go trials. This reduction was proportional to screen time quantity and was 
independent of SES.21

5.2 fMRI Study: Reading vs. Screen Time and Visual Word Form Area 
Connectivity

The 2018 resting-state fMRI study by Horowitz-Kraus and Hutton, 
published in Acta Paediatrica, remains one of the clearest direct neural 

—  —13



	 PRINT VERSUS PIXEL

comparisons of reading and screen exposure effects.22 Nineteen children 
aged 8 to 12 (recruited in 2015-16) underwent resting-state fMRI while 
parents completed surveys on reading time and screen time. The visual 
word form area (left fusiform gyrus) was used as the seed region.

Time spent reading was positively correlated with higher functional 
connectivity between the VWFA and left-sided regions supporting 
language processing (angular gyrus, superior temporal gyrus), visual 
processing, and cognitive control (inferior frontal gyrus, insular cortex). 
Screen time showed the opposite pattern: negative correlations with VWFA 
connectivity to language and cognitive control regions. The same brain 
region the VWFA, the gateway to automatic word recognition was 
functionally better integrated with its natural network partners in children 
who read more, and more isolated in children who screened more. 

Two habits, two different brains.

5.3 Neural Bases of Phonological Processing at Ages 5-7

A preprint fMRI study examining 5 to 7 year old children using multi-
voxel  pattern analysis found distinct neural bases for phonological and 4

semantic processing, with left inferior frontal and posterior temporal 
regions supporting phonological decoding.23 The study noted that the 
neural specialization supporting the dual-route reading model had not yet 
completed in this age group, confirming that the period from 5 to 7 
represents active circuit construction rather than consolidation. Disruptions 
to attention and language networks during this construction phase through 
insufficient reading exposure or excess screen-based attentional 

 An advanced MR technique that acquires multiple spectra simultaneously from a 2D or 3D 4

grid of voxels over a large volume of interest, rather than just one.
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fragmentation can derail the circuit architecture before it has time to 
solidify.

6. Ages 7 to 9: The Reading Fluency Horizon: Consolidation and Its 
Enemies

By age 7, children who have been adequately supported, shift from 
laborious decoding toward fluency. This makes reading automatic and 
effortless and frees up cognitive resources for comprehension. The 
transition from the dorsal decoding route toward the ventral VWFA-based 
recognition route is one of the most well-documented developmental 
neural events in cognitive neuroscience.4 It requires sustained practice with 
print and clean, efficient language-network architecture. Both can be 
compromised by heavy screen exposure.

6.1 Large-Scale Structural MRI: The ABCD Study

The Adolescent Brain Cognitive Development (ABCD) Study,  tracking 
approximately 11,800 children at ages 9 to 10,  has provided the most 
statistically powered dataset to date for examining screen time and brain 
structure.24 While participants were enrolled at age 9-10, ABCD baseline 
data represent the cumulative neural outcome of the preceding decade of 
experience.

Paulus and colleagues, using baseline ABCD data, found that screen media 
activity (SMA) accounted for 37% of the variance in structural brain indices 
including cortical thickness, sulcal depth, and gray matter volume a 
striking proportion for a single environmental variable.25 SMA was 
associated with premature or dysregulated cortical thinning in 
sensorimotor and association areas. Separately, another ABCD analysis 
documented decreased gray matter volume in reward and social-affective 
processing regions ( ventral striatum, amygdala, orbitofrontal cortex) in 
heavier screen users.
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6.2 Longitudinal fMRI: Fronto-striatal Inhibitory Control

A two-year longitudinal resting-state fMRI study using baseline and Year-2 
ABCD data examined intrinsic functional connectivity between the 
frontoparietal network (FPN) and the striatum.26 Children with higher 
baseline daily screen exposure showed significantly reduced FPN-striatum 
functional connectivity at Year-2 follow-up, after controlling for 
demographic variables. This is one of the neural seats of executive control, 
the ability to maintain task focus, suppress distraction, and inhibit 
impulsive responses. Weaker FPN-striatum connectivity predicts poorer 
performance on inhibitory control tasks and is a risk factor for attention 
dysregulation.

The reward-processing interpretation is critical. Due to through rapid scene 
changes, reward sounds, variable-ratio reinforcement schedules in games 
and apps and colorful visual stimuli, screens drive dopaminergic activity in 
the ventral striatum. Repeated overstimulation of the striatal reward 
pathway may increase its relative influence over the still-maturing 
prefrontal inhibitory system, creating a neurobiological imbalance that 
impairs the very executive functions necessary for sustained reading.27

6.3 The 2024 Mendelian Randomization Study

A significant methodological advance appeared in Advanced Science in 
January 2024.  Li and colleagues applied (MR)Mendelian randomization (a 
technique using genetic variants as instrumental variables to infer causal 
relationships) to the ABCD Study data to examine whether screen use and 
reading habits causally affect brain development.28 The MR analysis found 
evidence for a causal relationship between increased reading time and 
greater brain volume in regions supporting language and cognitive 
processing. Crucially, the study also demonstrated a displacement effect: 
screen time did not merely add neural risk on top of reading benefits; it 
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replaced reading time, and the lost reading was mediating a significant 
portion of the brain volume advantage. This displacement mechanism 
means that the opportunity cost of screen time is, in neurobiological terms, 
the progressive stunting of reading-related neural architecture during its 
most sensitive developmental period.

6.4 Print vs. Screen: Comprehension, Eye-Tracking, and Cognitive 
Strategy

Beyond neural architecture, behavioral and ocular-motor research 
documents functional differences in how children process text on paper 
versus screen. Eye-tracking studies in school-age children show that print 
readers adopt more deliberate reading strategies and more regressions (re-
reading), longer fixations on content words, and more systematic left-to-
right processing  than screen readers, who tend to skim in an F-pattern, 
processing only the first lines of each paragraph thoroughly.29

A 2024 meta-analysis of 49 studies found that students who read on paper 
consistently scored higher on reading comprehension tests than those 
reading the same material on screens, a finding now termed the "screen 
inferiority effect."30 The effect was larger for expository (informational) 
than narrative text, and larger for timed than untimed conditions — 
suggesting that cognitive load management and metacognitive calibration 
are compromised on-screen. 

KEY FINDING — Ages 9-10 (Causal fMRI/MR, Li et al., Advanced Science 2024): 

Mendelian randomization analysis of 9-10-year-olds confirmed causal relationships between reading time and 
brain volume in language regions. Screen use reduced reading time through a displacement effect, and the lost 
reading time mediated the structural brain volume disadvantage, establishing a causal chain, not merely a 
correlation.
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A 2025 review in The Journal of Pediatrics examined print-versus-digital 
reading in children and adolescents and concluded that the evidence for 
paper superiority is most robust for children who have not yet achieved 
reading fluency, precisely because these children are still building the 
neural scaffolding that print interaction supports.31

7. The Dopaminergic Hijacking: Screens, Reward, and the Prefrontal 
Cortex

Understanding why screen time and reading have divergent neural effects 
requires engagement with the reward-dopamine system. The mesolimbic 
dopamine pathway mediates motivation, anticipation, and reinforcement 
learning. It is immature in early childhood, with the subcortical reward 
centers maturing considerably earlier than the prefrontal regulatory 
cortex.32

Screens exploit this developmental mismatch deliberately. Unpredictable 
rewards), the same mechanism underlying gambling addiction, are 
embedded in most games, social media platforms, and many children's 
apps. Each notification sound, achievement badge, visual transition, or 
"like" triggers a dopamine pulse in the striatum.33 

With repetition, two neurobiological adaptations follow-

(a) dopamine receptor downregulation, requiring greater stimulation to 
achieve equivalent reward signaling

(b)strengthening of the corticostriatal circuits encoding screen-seeking 
behavior at the expense of circuits supporting the sustained, relatively 
reward-sparse activity of reading.
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The prefrontal cortex , which is  the seat of executive control, working 
memory, and the ability to tolerate delayed gratification,  does not reach 
full myelination until the mid-twenties.34 In the preschool and early 
elementary years, it is especially vulnerable to being habituated to high-
stimulus, low-effort, instantly rewarding screen environments. A child 
habituated to 60-second TikTok clips or the rapid scene changes of 
children's television confronts a neurological mismatch when asked to 
sustain attention through a silent sentence-by-sentence page. 

The brain trained on screens has a lower threshold for "boring," because its 
reward-prediction system has been calibrated to expect faster dopamine 
returns than print can provide.

8. Summary of Neuroimaging Findings by Age Band and Modality

Age Band Modality Key Neural Finding Citation

Ages 2-3 EEG (MMN/
ERP)

Shared reading shapes predictive phonological brain 
responses in infants; screen exposure cannot replicate 
contingent social interaction

Bosseler et al., 2022; Kuhl et 
al., 2003

Ages 3-5 fMRI (BOLD) Home reading time predicts greater left PTO activation 
(future reading circuit) during story listening in 3-5 year 
olds

Hutton et al., 2015; Hutton et 
al., 2018

Ages 4-6 EEG (alpha-band 
connectivity)

Dialogic reading yields efficient neural networks; screen-
based stories yield EEG hyperconnectivity correlating with 
lower comprehension

Farah, Meri et al., PLoS 
ONE 2019

Ages 4-5 fMRI (task-based) Illustrated storybook format produces strongest, most 
balanced network connectivity vs. animated (screen) format

Hutton et al., Brain 
Connectivity 2018; Brain 
Language 2019

Ages 3-5 DTI (White 
Matter)

Higher ScreenQ scores associate with reduced fractional 
anisotropy in language/literacy white-matter tracts

Hutton et al., JAMA 
Pediatrics 2020

Ages 4-6 fMRI (shared 
reading quality)

Dialogic interaction quality correlates with left-hemisphere 
language and social-emotional circuit activation

Hutton et al., Pediatric 
Neurology 2017
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9. Moderating Factors: What the Research Qualifies

A rigorous synthesis must acknowledge important moderators that 
complicate a simple "screens are bad" narrative:

9.1 Type of Screen Content

Not all screen content exerts equivalent neural effects. The Hutton fMRI 
studies distinguished clearly between animated and illustrated formats. 
For eg. the animated (screen-like) format consistently underperformed the 
illustrated print format, but educational programming designed with 
pedagogical intent (e.g., Sesame Street, Blues Clues) has shown measurable 
language benefits when viewed with caregiver co-viewing and 
commenting.35 The key variable appears to be interactivity, pacing, and 
contingent social scaffolding. Passive consumption of fast-paced 
commercial entertainment is categorically different from co-viewed 
educational programming with parental mediation.

9.2 Shared vs. Solitary Screen Use

The neural harms documented in the literature are most strongly 
associated with solitary, passive screen consumption. A 2025 fNIRS study by 
Pecukonis published in Developmental Science measured prefrontal and 

Ages 5-7 EEG (theta/beta, 
P3)

High screen exposure elevates theta/beta ratio (ADHD-like 
attentional signature) and reduces P3 inhibitory control 
amplitude

Zivan et al., 2019; Lewin et 
al., 2023

Ages 8-12 Resting-state 
fMRI

Reading time → greater VWFA connectivity to language/
control regions; screen time → reduced VWFA connectivity

Horowitz-Kraus & Hutton, 
Acta Paediatrica 2018

Ages 9-10 Structural MRI 
(cortical)

Screen media activity accounts for 37% variance in cortical 
thickness, sulcal depth, gray matter volume

Paulus et al., ABCD Study 
2019

Ages 9-10 Longitudinal 
resting-state fMRI

Higher screen time predicts reduced frontoparietal-striatum 
inhibitory control connectivity at 2-year follow-up

ABCD 2-year follow-up, 
2022

Ages 9-10 Structural MRI + 
MR analysis

Causal evidence: reading increases brain volume in 
language regions; screen use displaces reading causing 
structural deficit

Li et al., Advanced Science 
2024

Age Band Modality Key Neural Finding Citation
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temporal cortex oxygenation in children while they were either read to 
from a book or watched a screen-based version of the same story.36 

Book reading was associated with greater bilateral activation in regions 
supporting language and executive function. Screen viewing showed lower 
activation in left temporal regions. However, co-viewing with a caregiver 
who provided live verbal commentary partially attenuated the gap. This is 
consistent with the broader principle that social scaffolding is the 
neurologically active ingredient in early literacy development.

9.3 The Socioeconomic Confound

Several ABCD Study analyses, including Paulich et al. (2021), have noted 
that socioeconomic status (SES) is a stronger predictor of cognitive and 
neural outcomes than screen time alone, and that low-SES households 
show both higher screen time and worse outcomes.37 This confound does 
not invalidate the neuroimaging findings; the DTI, EEG, and fMRI studies 
described above controlled for SES, maternal education, and other 
demographic variables. It does indicate that screen-time reduction without 
simultaneous provision of quality reading materials and caregiver support 
is unlikely to produce population-level benefits. The neural harm of screen 
displacement is real but embedded in a broader ecology of early childhood 
adversity.

10. What Reading on Paper Builds: The Positive Neural Case

The evidence reviewed above is predominantly comparative and 
preventive. It documents what is lost with screen exposure. Equally 
important is the positive neural argument for print reading.

Print reading makes active demands that screens largely waive. Decoding a 
written word requires the phonological assembly of sounds from arbitrary 

—  —21



	 PRINT VERSUS PIXEL

symbols, an effortful, constructive process that forces the IFG-STG  (inferior 
frontal gyrus and superior temporal gyrus) phonological circuit and the 
VWFA to work. Each page turn requires the reader to maintain an active 
mental model of the story. (a working-memory and default-mode network 
task.) 

Illustrations in print books are static, requiring the reader's visual imagery 
systems to animate and elaborate the scene,  a constructive neural process 
that Hutton's fMRI studies show recruits imagery-supporting regions that 
animated screens tend to suppress! (because animation removes the need 
for the reader to generate imagery).18

The physical properties of books also matter. Research on haptic memory in 
reading suggests that the physical properties of a book such as its weight, 
the sensation of turning pages, the fixed spatial location of text on a page 
provide proprioceptive encoding cues that support later recall.38 Reading 
on screens, especially scrolling text, eliminates these spatial-haptic anchors, 
reducing the episodic memory encoding of text position that readers 
habitually use during re-reading and review.

Finally, the absence of notifications, autoplay, and linked hypertext in a 
print book maintains continuous attentional engagement with a single 
linear narrative. This is the opposite of the fragmented, multitasking 
attention environment of digital media. Sustained single-task attention 
during reading progressively strengthens the very frontoparietal control 
networks that screen multitasking weakens.26

11. Clinical and Policy Implications

The neuroimaging literature reviewed here supports several evidence-
grounded recommendations:
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11.1 Recommendations Supported by Neuroimaging Evidence

• Shared reading should begin in infancy. Pediatric providers must 
counsel caregivers to begin reading aloud from birth.39 The neural 
case for early initiation is strong; the earlier the shared reading 
begins, the earlier the predictive phonological circuits begin 
calibration.

• Dialogic reading is neurally superior to passive reading. The fMRI 
evidence shows that the neural benefits of shared reading depend 
substantially on the quality of caregiver interaction, such as 
questioning, responsive commenting and child participation. 
Caregivers should be educated specifically in dialogic techniques.17

• Screen media should be strictly limited before age 5, and actively 
managed through age 10. The cumulative DTI, fMRI, and EEG 
evidence indicates that the period from 2 to 9 is precisely the window 
during which screen exposure causes its most measurable structural 
and functional neural damage. It is ideal to ensure zero entertainment 
screen time for children under 18-24 months (except video chat), one 
hour or less of high-quality programming for ages 2-5, and consistent 
limits with content quality management for ages 6-10.39

• Classroom reading on paper should be preserved. The screen 
inferiority effect documented in the comprehension literature, and the 
eye-tracking evidence showing different cognitive strategies for print 
versus digital reading, support the retention of print-based reading in 
early elementary education, particularly for beginning readers who 
are still constructing VWFA and phonological circuit architecture.31

• Parental smartphone use during shared reading should be actively 
discouraged. The Hutton et al. 2017 finding that maternal smartphone 
distraction during shared reading negatively correlated with reading 
quality, and quality's positive correlation with neural activation, 
establishes an indirect mechanism by which parental screen use 
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impairs children's reading-related brain development even when the child 
is not using a screen.15

12. Limitations of the Current Evidence Base and Future Directions

Several important caveats must accompany this synthesis:

Sample sizes. Many of the most mechanistically precise studies 
(particularly the Cincinnati Children's fMRI studies with preschoolers ) 
involve fewer than 30 participants. Statistical findings are FDR-corrected  
(false discovery rate) but replications in larger and more diverse samples 
are needed.

Causality vs. correlation. Several neuroimaging studies are cross-sectional 
and cannot establish causal direction. The Li et al. 2024 Mendelian 
randomization study represents a significant advance toward causal 
inference, but MR assumptions require validation. The ABCD longitudinal 
data offer the most robust causal approximation available.

It is also noteworthy that screen time and reading time are both embedded 
in broader patterns of parenting, SES, and household language 
environment. Isolating their independent neural effects requires statistical 
controls that are imperfect.

Further, most studies do not sufficiently distinguish between types of 
screen use. The neural implications of three hours of curated educational 
video may differ substantially from three hours of algorithmically driven 
short-form entertainment. Future studies must operationalize screen 
content type with greater precision.

Age 2 neuroimaging studies are sparse. The specific neural effects of screen 
exposure versus book reading at ages 2-3 are primarily inferred from the 
broader infant EEG literature (e.g., predictive brain signals) and from 
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behavioral studies. Direct neuroimaging of this age group is technically 
challenging but urgently needed.

13. Conclusion: The Neurological Stakes of Choosing Screens Over 
Books

The evidence assembled in this paper spans more than a decade of peer-
reviewed neuroimaging research and is convergent in its direction and tells 
a coherent, sobering story.The developing brain from age 2 to 10 is not a 
passive recipient of experience. It is an active, sensitive, and time-limited 
construction site. 

The reading circuit, comprising the visual word form area, the 
dorsal phonological network, the ventral lexical network, the 
frontoparietal executive system, and the white-matter tracts 
connecting them  is built through precisely the kind of 
interaction that a caregiver and child have around a picture 
book: contingent, language-rich, imagination-demanding, 
attentionally sustained, and emotionally warm. 

Screen-based media, in its dominant commercial form, substitutes a 
processed, pre-digested, reward-engineered simulation for that interaction 
and the brain, which cannot distinguish between true and proxy experience 
in terms of synaptic response, is shaped accordingly. The displacement of 
shared reading by screen time is not a neutral trade. It is a trade of 
constructive neural experience for passive neural consumption, made 
during the only developmental window in which the reading brain can be 
properly built. The neuroimaging data reviewed here makes plain that the 
child watching stories on a screen is not receiving a different  version of the 
same neural benefit. They are receiving something neurologically 
categorically distinct and, according to every available measure, 
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categorically inferior to what a book and an engaged caregiver provide. 
Books are not the past. The screens are not the future. The brain that needs 
to be built does not care which year it is.
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	Abstract
	The past decade has produced a rapidly expanding body of neuro-imaging evidence documenting how two competing activities in early childhood
	passive screen-based media consumption and
	shared print-book reading
	exert opposite effects on the developing brain.
	This paper synthesizes published findings from functional magnetic resonance imaging (fMRI), electroencephalography (EEG), functional near-infrared spectroscopy (fNIRS), diffusion tensor imaging (DTI), and large-scale structural neuro-imaging studies to trace the neural consequences of these experiences from age 2 through age 9, the window widely recognized as critical for reading proficiency.
	The cumulative neurobiological evidence supports the recommendation that caregivers prioritize dialogic reading from infancy and critically limit passive screen exposure through the first decade of life.
	1. Introduction: The Accidental Experiment
	In the span of less than two decades, the mobile touchscreen has become the first toy billions of children encounter.
	By age 2, the typical child in a high-income household already spends an average of more than two hours per day interacting with or watching screens.1 What began as a pediatric convenience has quietly become one of the largest uncontrolled neurobiological experiments in human history.
	At the same moment that a child is learning to swipe a tablet, the brain is in the midst of a precisely timed cascade of synaptic formation, axonal myelination, and network specialization that will lay the structural foundation for reading, language, attention, and emotional regulation for the remainder of life.
	Reading proficiency by the end of third grade ( roughly age 9 ) is one of the most powerful predictors of lifetime educational attainment, earnings, and mental health.2
	The neural architecture enabling that proficiency is not assembled at age 9; it is constructed, connection by connection, across the preceding seven years. Every experience that a child has (or misses),  shapes that construction through the mechanisms of experience-dependent plasticity: the strengthening of synapses that fire together and the pruning of those that do not.
	This paper asks a focused neuroscientific question: when a child between the ages of 2 and 10 chooses or is directed to watch stories on a screen rather than to be read to from a book or to read independently on paper, what happens inside the brain? The answer, assembled from peer-reviewed neuroimaging studies, is neither trivial nor reassuring.
	1.1 Scope and Methods of This Review
	This review draws exclusively on published, peer-reviewed research. Studies were included if they (a) employed a neuroimaging modality  such as fMRI, EEG, DTI/diffusion-weighted imaging, fNIRS, or structural MRI and (b) involved participants aged 2 through 10 years or, in the case of longitudinal studies beginning in middle childhood, tracked participants whose baseline exposure occurred during this window.
	Where direct neuroimaging studies of children are unavailable for a specific mechanism, we cite the closest available evidence and note the gap. We do not cite secondary websites, popular press, or non-peer-reviewed sources. All claims are referenced to the primary literature.

	2. The Architecture of the Reading Brain: What Development Must Build
	Reading is a culturally invented skill less than 6,000 years old,  too recent for dedicated neural circuitry to have evolved. Instead, the reading brain recycles and connects evolutionarily older circuits.3 Understanding what those circuits are, and when they are most sensitive to experience, is essential for interpreting what screen exposure threatens.
	2.1 Core Reading Networks
	Neuroimaging research identifies two principal reading pathways in the left hemisphere,4 both originating in visual areas and projecting forward.
	Pathway 1: The dorsal temporo-parietal route is engaged during phonological decoding. This is  the slow, effortful conversion of letters to sounds that characterizes beginning readers and complex unfamiliar words.5
	Pathway 2: The ventral occipito-temporal route (anchored by the left fusiform gyrus, often called the visual word form area or VWFA) supports rapid, automatic recognition of familiar word forms in skilled readers.6
	2.2 Phonological Awareness and Its Neural Substrate
	Phonological awareness, the understanding that spoken words are composed of discrete sound units , is the single strongest behavioral predictor of reading acquisition.8 It is supported primarily by inferior frontal gyrus (IFG) and posterior superior temporal gyrus (pSTG) circuitry.
	Critically, phonological awareness depends on rich, varied oral language input before print instruction begins. Children who arrive at school with robust vocabularies and phonological sensitivity (typically cultivated through dialogic reading and verbal interaction),  show stronger pre-existing activation in the IFG-STG circuit.10
	Children whose early language environment was dominated by passive screen media tend to arrive with weaker phonological foundations, placing them at immediate disadvantage when the dorsal reading network begins its critical developmental phase at ages 5 to 7.
	2.3 White Matter: The Brain's Communication Infrastructure
	The reading circuits described above are only as efficient as the white-matter tracts connecting them.

	3. Ages 2 to 3: The Vocabulary Explosion and Its Neural Roots
	The period from 18 months to 36 months is characterized by an extraordinary expansion of vocabulary , during which a child may acquire multiple new words each day. This acquisition is not merely behavioral; it is reflected in measurable neural change.
	3.1 EEG Evidence: Predictive Brain Signals and Shared Reading
	A 2022 EEG study by Bosseler and colleagues demonstrated that predictive brain responses, electrical signatures of anticipatory language processing  in infants were significantly shaped by shared reading frequency and mediated the relationship between reading exposure and expressive vocabulary at follow-up.12
	Children whose caregivers read to them more frequently showed stronger mismatch negativity (MMN) components, an ERP marker of the brain's automatic detection of phonological violations, evidence that the auditory language cortex was building more precise phonological representations.
	This finding is particularly important to understand the cost of screen substitution. Television and most digital video content, unlike a caregiver reading aloud, does not adapt in real time to the child's cues, does not pause for joint attention, and does not generate the contingent verbal scaffolding that drives predictive neural tuning. An early landmark study by Kuhl and colleagues showed that social interaction was necessary for phonetic learning in infants: 9-month-old infants acquired Mandarin phoneme distinctions from live human interaction but not from identical exposure to video or audio recordings.13
	3.2 fMRI Evidence: Joint Reading Activates Future Reading Networks
	A landmark fMRI study by Hutton and colleagues at Cincinnati Children's Hospital enrolled 3- to 5-year-old children and measured BOLD (blood-oxygen-level-dependent) signal during a standardized story-listening task. Children from home reading environments with more books and more reading time showed greater activation in the left parietal-temporal-occipital (PTO) association cortex, the very region that houses the future Visual Word Form Area (VWFA) and temporo-parietal reading circuit.14
	This activation advantage appeared before formal reading instruction, establishing that print-rich environments are sculpting reading-relevant neural architecture during the preschool years.
	A subsequent fMRI study by the same group, published in Pediatric Research, examined 22 healthy 4-year-old girls from low-SES households and found that shared reading quality scores, reflecting dialogic interaction, caregiver engagement, and verbal exchange, were positively correlated with activation in left-sided regions supporting expressive language, social-emotional integration, and working memory (p < 0.05, FDR corrected).15
	Critically, shared reading quality scores were negatively correlated with maternal smartphone distraction during the reading session (p < 0.05)  suggesting that parental screen use can compromise the very mechanism through which reading benefits the child's brain.
	3.3 The Meta-Analytic Signal on Vocabulary
	A meta-analysis by Mol and colleagues across 16 studies found that dialogic parent-child book reading explained approximately 8% of variance in expressive vocabulary of children aged 2 to 6, with the effect being meaningfully larger for children aged 2 to 3 than for older preschoolers ,  indicating a steeper dose-response curve at younger ages.16 For a purely correlational estimate, 8% explained variance is a substantial and replicable behavioral signature of a neural process that the above fMRI studies help explain.

	4. Ages 3 to 5: Preschool, The Critical Window for Narrative Comprehension
	Between ages 3 and 5, the brain's language networks undergo rapid functional organization. The ability to comprehend and produce narrative to follow and construct a story is not merely a language skill; it is a cognitive integration achievement that requires cooperation across temporal, frontal, and limbic systems. It is also the direct cognitive precursor to reading comprehension.
	4.1 EEG Study: The Screen-Reading Divide in Preschoolers
	The most direct neural comparison of screen-based and book-based story exposure in preschoolers was conducted by Farah, Meri, Hutton, DeWitt, and Horowitz-Kraus, published in PLOS ONE in 2019.17 Thirty-two typically developing children aged 4 to 6 years were randomly assigned to either a Dialogic Reading Group (DRG) or a Screen Story Group (SSG) the same stories, the same content, delivered through different media. EEG was recorded during a narrative comprehension task at baseline and follow-up.
	The DRG showed-
	improved vocabulary scores
	decreased functional connectivity during story listening (indicating more efficient neural processing)
	significantly reduced alpha-band network strength and transitivity with increased network efficiency.
	The SSG showed no changes in vocabulary or connectivity. Crucially, the screen-exposed group exhibited hyperconnectivity (greater alpha-band inter-regional connectivity ) which was negatively correlated with comprehension accuracy. The authors interpreted hyperconnectivity as neural inefficiency: a brain forced to recruit more widespread, less specialized networks to achieve the same task, because the circuits normally dedicated to linguistic-narrative processing had not been adequately trained.
	4.2 fMRI Study: Format Matters — Audio vs. Illustrated vs. Animated
	Hutton and colleagues published a pivotal task-based fMRI study in Brain Connectivity (2018) and extended findings in Brain and Language (2019), in which 27 preschool-age children underwent fMRI while listening to the same story presented in three formats: audio only, illustrated (print-like
	storybook), and fully animated (cartoon). The study measured functional connectivity between key networks supporting attention, language, and imagery.
	The illustrated format produced the strongest and most balanced pattern of connectivity, with coordinated engagement of language networks, visual imagery circuits, and default-mode network regions supporting narrative integration. The animated format (the closest proxy for screen-based viewing) showed the lowest connectivity in regions supporting language and imagery, while simultaneously showing greater engagement of attentional suppression networks, suggesting the brain was managing rather than processing the perceptual flood of animation.18
	The audio-only format showed strong language network engagement but less activation in imagery regions, underscoring that the illustrated storybook achieves a unique neural integration that neither pure audio nor animation replicates.
	4.3 fMRI Study: Parent-Child Interaction Quality
	A 2017 fMRI study by Hutton and colleagues published in Pediatric Neurology examined 22 healthy 4-year-old girls and analyzed activation during story listening as a function of video-coded shared reading quality. Higher-quality dialogic interaction was associated with stronger activation in left inferior frontal (Broca's area), superior temporal gyrus, and bilateral parietal-temporal-occipital regions, the classical reading circuit.15 This study was among the first to provide direct neural evidence that the how of reading aloud,  the interactivity, questioning, and verbal exchange of dialogic reading; matters to the brain independently of the what.
	4.4 White Matter: The 2020 JAMA Pediatrics Study
	In January 2020, Hutton and colleagues published what became one of the most cited pediatric neuroimaging studies of the decade in JAMA Pediatrics. They recruited 47 healthy preschool-age children and administered ScreenQ (a validated measure of household screen exposure) alongside diffusion tensor MRI. Higher ScreenQ scores were associated with lower fractional anisotropy (FA) in white-matter tracts supporting language and literacy, including the IFOF and the external capsule.19 Critically, these lower FA values correlated with lower performance on early literacy and language assessments.
	This was the first study to directly demonstrate, in preschool-age children, that screen exposure was associated with physically measurable differences in the brain's reading infrastructure not just behavioral differences, but differences in the actual tissue connecting the reading networks.

	5. Ages 5 to 7: The Onset of Formal Reading (Architecture Meets Instruction)
	At approximately age 5 to 6, most children encounter formal reading instruction. Whether a child succeeds at this task depends heavily on the neural architecture assembled in the preceding years. The dorsal reading circuit( phonological decoding) comes under intense use. At the same time, prefrontal executive function networks, which support the effortful attentional processes required by beginning reading, are undergoing active myelination.
	5.1 EEG Study: Screen Exposure and Attention Circuits
	A 2019 EEG study by Zivan, Bar, Jing, Hutton, Farah, and Horowitz-Kraus measured theta/beta ratios an established EEG marker of attention regulation in preschool and early school-age children as per by their screen exposure history.20
	Children with higher screen exposure showed a significantly elevated theta/beta ratio during story-listening tasks compared to children exposed to dialogic reading. An elevated theta/beta ratio is the same neural signature associated with attention deficit hyperactivity disorder (ADHD) characterized by excess slow-wave (theta) relative to fast-wave (beta) activity in frontal regions.
	This study did not diagnose ADHD; it demonstrated that high screen exposure was shifting the baseline attentional state of otherwise typical children toward a neurophysiological pattern associated with reduced sustained attention.
	A 2023 pilot EEG study by Lewin and colleagues published in Frontiers in Cognition directly measured brain activation during an inhibitory control task (a go/no-go paradigm) in children aged 5 to 9. Children with higher total screen time showed reduced P3 amplitude, an ERP component indexing the neural resources allocated to response inhibition,  during no-go trials. This reduction was proportional to screen time quantity and was independent of SES.21
	5.2 fMRI Study: Reading vs. Screen Time and Visual Word Form Area Connectivity
	The 2018 resting-state fMRI study by Horowitz-Kraus and Hutton, published in Acta Paediatrica, remains one of the clearest direct neural
	comparisons of reading and screen exposure effects.22 Nineteen children aged 8 to 12 (recruited in 2015-16) underwent resting-state fMRI while parents completed surveys on reading time and screen time. The visual word form area (left fusiform gyrus) was used as the seed region.
	Time spent reading was positively correlated with higher functional connectivity between the VWFA and left-sided regions supporting language processing (angular gyrus, superior temporal gyrus), visual processing, and cognitive control (inferior frontal gyrus, insular cortex). Screen time showed the opposite pattern: negative correlations with VWFA connectivity to language and cognitive control regions. The same brain region the VWFA, the gateway to automatic word recognition was functionally better integrated with its natural network partners in children who read more, and more isolated in children who screened more.
	Two habits, two different brains.
	5.3 Neural Bases of Phonological Processing at Ages 5-7
	A preprint fMRI study examining 5 to 7 year old children using multi-voxel pattern analysis found distinct neural bases for phonological and semantic processing, with left inferior frontal and posterior temporal regions supporting phonological decoding.23 The study noted that the neural specialization supporting the dual-route reading model had not yet completed in this age group, confirming that the period from 5 to 7 represents active circuit construction rather than consolidation. Disruptions to attention and language networks during this construction phase through insufficient reading exposure or excess screen-based attentional
	fragmentation can derail the circuit architecture before it has time to solidify.

	6. Ages 7 to 9: The Reading Fluency Horizon: Consolidation and Its Enemies
	By age 7, children who have been adequately supported, shift from laborious decoding toward fluency. This makes reading automatic and effortless and frees up cognitive resources for comprehension. The transition from the dorsal decoding route toward the ventral VWFA-based recognition route is one of the most well-documented developmental neural events in cognitive neuroscience.4 It requires sustained practice with print and clean, efficient language-network architecture. Both can be compromised by heavy screen exposure.
	6.1 Large-Scale Structural MRI: The ABCD Study
	The Adolescent Brain Cognitive Development (ABCD) Study,  tracking approximately 11,800 children at ages 9 to 10,  has provided the most statistically powered dataset to date for examining screen time and brain structure.24 While participants were enrolled at age 9-10, ABCD baseline data represent the cumulative neural outcome of the preceding decade of experience.
	Paulus and colleagues, using baseline ABCD data, found that screen media activity (SMA) accounted for 37% of the variance in structural brain indices including cortical thickness, sulcal depth, and gray matter volume a striking proportion for a single environmental variable.25 SMA was associated with premature or dysregulated cortical thinning in sensorimotor and association areas. Separately, another ABCD analysis documented decreased gray matter volume in reward and social-affective processing regions ( ventral striatum, amygdala, orbitofrontal cortex) in heavier screen users.
	6.2 Longitudinal fMRI: Fronto-striatal Inhibitory Control
	A two-year longitudinal resting-state fMRI study using baseline and Year-2 ABCD data examined intrinsic functional connectivity between the frontoparietal network (FPN) and the striatum.26 Children with higher baseline daily screen exposure showed significantly reduced FPN-striatum functional connectivity at Year-2 follow-up, after controlling for demographic variables. This is one of the neural seats of executive control, the ability to maintain task focus, suppress distraction, and inhibit impulsive responses. Weaker FPN-striatum connectivity predicts poorer performance on inhibitory control tasks and is a risk factor for attention dysregulation.
	The reward-processing interpretation is critical. Due to through rapid scene changes, reward sounds, variable-ratio reinforcement schedules in games and apps and colorful visual stimuli, screens drive dopaminergic activity in the ventral striatum. Repeated overstimulation of the striatal reward pathway may increase its relative influence over the still-maturing prefrontal inhibitory system, creating a neurobiological imbalance that impairs the very executive functions necessary for sustained reading.27
	6.3 The 2024 Mendelian Randomization Study
	A significant methodological advance appeared in Advanced Science in January 2024.  Li and colleagues applied (MR)Mendelian randomization (a technique using genetic variants as instrumental variables to infer causal relationships) to the ABCD Study data to examine whether screen use and reading habits causally affect brain development.28 The MR analysis found evidence for a causal relationship between increased reading time and greater brain volume in regions supporting language and cognitive processing. Crucially, the study also demonstrated a displacement effect: screen time did not merely add neural risk on top of reading benefits; it
	replaced reading time, and the lost reading was mediating a significant portion of the brain volume advantage. This displacement mechanism means that the opportunity cost of screen time is, in neurobiological terms, the progressive stunting of reading-related neural architecture during its most sensitive developmental period.
	6.4 Print vs. Screen: Comprehension, Eye-Tracking, and Cognitive Strategy
	Beyond neural architecture, behavioral and ocular-motor research documents functional differences in how children process text on paper versus screen. Eye-tracking studies in school-age children show that print readers adopt more deliberate reading strategies and more regressions (re-reading), longer fixations on content words, and more systematic left-to-right processing  than screen readers, who tend to skim in an F-pattern, processing only the first lines of each paragraph thoroughly.29
	A 2024 meta-analysis of 49 studies found that students who read on paper consistently scored higher on reading comprehension tests than those reading the same material on screens, a finding now termed the "screen inferiority effect."30 The effect was larger for expository (informational) than narrative text, and larger for timed than untimed conditions — suggesting that cognitive load management and metacognitive calibration are compromised on-screen.
	A 2025 review in The Journal of Pediatrics examined print-versus-digital reading in children and adolescents and concluded that the evidence for paper superiority is most robust for children who have not yet achieved reading fluency, precisely because these children are still building the neural scaffolding that print interaction supports.31

	7. The Dopaminergic Hijacking: Screens, Reward, and the Prefrontal Cortex
	Understanding why screen time and reading have divergent neural effects requires engagement with the reward-dopamine system. The mesolimbic dopamine pathway mediates motivation, anticipation, and reinforcement learning. It is immature in early childhood, with the subcortical reward centers maturing considerably earlier than the prefrontal regulatory cortex.32
	Screens exploit this developmental mismatch deliberately. Unpredictable rewards), the same mechanism underlying gambling addiction, are embedded in most games, social media platforms, and many children's apps. Each notification sound, achievement badge, visual transition, or "like" triggers a dopamine pulse in the striatum.33
	With repetition, two neurobiological adaptations follow-
	dopamine receptor downregulation, requiring greater stimulation to achieve equivalent reward signaling
	strengthening of the corticostriatal circuits encoding screen-seeking behavior at the expense of circuits supporting the sustained, relatively reward-sparse activity of reading.
	The prefrontal cortex , which is  the seat of executive control, working memory, and the ability to tolerate delayed gratification,  does not reach full myelination until the mid-twenties.34 In the preschool and early elementary years, it is especially vulnerable to being habituated to high-stimulus, low-effort, instantly rewarding screen environments. A child habituated to 60-second TikTok clips or the rapid scene changes of children's television confronts a neurological mismatch when asked to sustain attention through a silent sentence-by-sentence page.
	The brain trained on screens has a lower threshold for "boring," because its reward-prediction system has been calibrated to expect faster dopamine returns than print can provide.
	8. Summary of Neuroimaging Findings by Age Band and Modality
	9. Moderating Factors: What the Research Qualifies
	A rigorous synthesis must acknowledge important moderators that complicate a simple "screens are bad" narrative:
	9.1 Type of Screen Content
	Not all screen content exerts equivalent neural effects. The Hutton fMRI studies distinguished clearly between animated and illustrated formats. For eg. the animated (screen-like) format consistently underperformed the illustrated print format, but educational programming designed with pedagogical intent (e.g., Sesame Street, Blues Clues) has shown measurable language benefits when viewed with caregiver co-viewing and commenting.35 The key variable appears to be interactivity, pacing, and contingent social scaffolding. Passive consumption of fast-paced commercial entertainment is categorically different from co-viewed educational programming with parental mediation.
	9.2 Shared vs. Solitary Screen Use
	The neural harms documented in the literature are most strongly associated with solitary, passive screen consumption. A 2025 fNIRS study by Pecukonis published in Developmental Science measured prefrontal and
	temporal cortex oxygenation in children while they were either read to from a book or watched a screen-based version of the same story.36
	Book reading was associated with greater bilateral activation in regions supporting language and executive function. Screen viewing showed lower activation in left temporal regions. However, co-viewing with a caregiver who provided live verbal commentary partially attenuated the gap. This is consistent with the broader principle that social scaffolding is the neurologically active ingredient in early literacy development.
	9.3 The Socioeconomic Confound
	Several ABCD Study analyses, including Paulich et al. (2021), have noted that socioeconomic status (SES) is a stronger predictor of cognitive and neural outcomes than screen time alone, and that low-SES households show both higher screen time and worse outcomes.37 This confound does not invalidate the neuroimaging findings; the DTI, EEG, and fMRI studies described above controlled for SES, maternal education, and other demographic variables. It does indicate that screen-time reduction without simultaneous provision of quality reading materials and caregiver support is unlikely to produce population-level benefits. The neural harm of screen displacement is real but embedded in a broader ecology of early childhood adversity.

	10. What Reading on Paper Builds: The Positive Neural Case
	The evidence reviewed above is predominantly comparative and preventive. It documents what is lost with screen exposure. Equally important is the positive neural argument for print reading.
	Print reading makes active demands that screens largely waive. Decoding a written word requires the phonological assembly of sounds from arbitrary
	symbols, an effortful, constructive process that forces the IFG-STG  (inferior frontal gyrus and superior temporal gyrus) phonological circuit and the VWFA to work. Each page turn requires the reader to maintain an active mental model of the story. (a working-memory and default-mode network task.)
	Illustrations in print books are static, requiring the reader's visual imagery systems to animate and elaborate the scene,  a constructive neural process that Hutton's fMRI studies show recruits imagery-supporting regions that animated screens tend to suppress! (because animation removes the need for the reader to generate imagery).18
	The physical properties of books also matter. Research on haptic memory in reading suggests that the physical properties of a book such as its weight, the sensation of turning pages, the fixed spatial location of text on a page provide proprioceptive encoding cues that support later recall.38 Reading on screens, especially scrolling text, eliminates these spatial-haptic anchors, reducing the episodic memory encoding of text position that readers habitually use during re-reading and review.
	Finally, the absence of notifications, autoplay, and linked hypertext in a print book maintains continuous attentional engagement with a single linear narrative. This is the opposite of the fragmented, multitasking attention environment of digital media. Sustained single-task attention during reading progressively strengthens the very frontoparietal control networks that screen multitasking weakens.26
	11. Clinical and Policy Implications
	The neuroimaging literature reviewed here supports several evidence-grounded recommendations:
	11.1 Recommendations Supported by Neuroimaging Evidence

	12. Limitations of the Current Evidence Base and Future Directions
	Several important caveats must accompany this synthesis:
	Sample sizes. Many of the most mechanistically precise studies (particularly the Cincinnati Children's fMRI studies with preschoolers ) involve fewer than 30 participants. Statistical findings are FDR-corrected  (false discovery rate) but replications in larger and more diverse samples are needed.
	Causality vs. correlation. Several neuroimaging studies are cross-sectional and cannot establish causal direction. The Li et al. 2024 Mendelian randomization study represents a significant advance toward causal inference, but MR assumptions require validation. The ABCD longitudinal data offer the most robust causal approximation available.
	It is also noteworthy that screen time and reading time are both embedded in broader patterns of parenting, SES, and household language environment. Isolating their independent neural effects requires statistical controls that are imperfect.
	Further, most studies do not sufficiently distinguish between types of screen use. The neural implications of three hours of curated educational video may differ substantially from three hours of algorithmically driven short-form entertainment. Future studies must operationalize screen content type with greater precision.
	Age 2 neuroimaging studies are sparse. The specific neural effects of screen exposure versus book reading at ages 2-3 are primarily inferred from the broader infant EEG literature (e.g., predictive brain signals) and from
	behavioral studies. Direct neuroimaging of this age group is technically challenging but urgently needed.
	13. Conclusion: The Neurological Stakes of Choosing Screens Over Books
	The evidence assembled in this paper spans more than a decade of peer-reviewed neuroimaging research and is convergent in its direction and tells a coherent, sobering story.The developing brain from age 2 to 10 is not a passive recipient of experience. It is an active, sensitive, and time-limited construction site.
	The reading circuit, comprising the visual word form area, the dorsal phonological network, the ventral lexical network, the frontoparietal executive system, and the white-matter tracts connecting them  is built through precisely the kind of interaction that a caregiver and child have around a picture book: contingent, language-rich, imagination-demanding, attentionally sustained, and emotionally warm.
	Screen-based media, in its dominant commercial form, substitutes a processed, pre-digested, reward-engineered simulation for that interaction and the brain, which cannot distinguish between true and proxy experience in terms of synaptic response, is shaped accordingly. The displacement of shared reading by screen time is not a neutral trade. It is a trade of constructive neural experience for passive neural consumption, made during the only developmental window in which the reading brain can be properly built. The neuroimaging data reviewed here makes plain that the child watching stories on a screen is not receiving a different  version of the same neural benefit. They are receiving something neurologically categorically distinct and, according to every available measure,
	categorically inferior to what a book and an engaged caregiver provide. Books are not the past. The screens are not the future. The brain that needs to be built does not care which year it is.
	References
	1. Rideout, V., & Robb, M. B. (2020). The Common Sense Census: Media use by kids age zero to eight. Common Sense Media.
	2. Hernandez, D. J. (2012). Double jeopardy: How third-grade reading skills and poverty influence high school graduation. Annie E. Casey Foundation.
	3. Dehaene, S. (2009). Reading in the brain: The new science of how we read. Viking.
	4. Pugh, K. R., et al. (2001). Neurobiological studies of reading and reading disability. Journal of Communication Disorders, 34(6), 479-492.
	5. Vellutino, F. R., Fletcher, J. M., Snowling, M. J., & Scanlon, D. M. (2004). Specific reading disability (dyslexia): What have we learned in the past four decades? Journal of Child Psychology and Psychiatry, 45(1), 2-40.
	6. McCandliss, B. D., Cohen, L., & Dehaene, S. (2003). The visual word form area: Expertise for reading in the fusiform gyrus. Trends in Cognitive Sciences, 7(7), 293-299.
	7. Hoeft, F., et al. (2011). Prediction of reading skill several years later depends on age and brain region: Implications for developmental models of reading. Journal of Neuroscience, 31(26), 9641-9648.
	8. Perfetti, C., & Helder, A. (2022). Reading skill and the neural basis of reading. Frontiers in Neuroscience. doi:10.3389/fnins.2023.1147156.
	9. Berl, M. M., et al. (2010). Functional anatomy of listening and reading comprehension during development. Brain and Language, 114(2), 115-125. See also: Reciprocal relations between reading skill and the neural basis of phonological awareness in 7- to 9-year-old children. NeuroImage (2021).
	10. Hutton, J. S., Phelan, K., Horowitz-Kraus, T., Dudley, J., Altaye, M., DeWitt, T., & Holland, S. K. (2017). Story time turbocharger? Child engagement during shared reading and cerebellar activation and connectivity in preschool-age children listening to stories. PLoS ONE, 12(5), e0177398.
	11. Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous system – a technical review. NMR in Biomedicine, 15(7-8), 435-455.
	12. Bosseler, A. N., Meltzoff, A. N., Bierer, S., et al. (2022). Predictive brain signals mediate association between shared reading and expressive vocabulary in infants. Developmental Psychology. PMC9348734.
	13. Kuhl, P. K., Tsao, F. M., & Liu, H. M. (2003). Foreign-language experience in infancy: Effects of short-term exposure and social interaction on phonetic learning. Proceedings of the National Academy of Sciences, 100(15), 9096-9101.
	14. Hutton, J. S., Horowitz-Kraus, T., Mendelsohn, A. L., DeWitt, T., & Holland, S. K. (2015). Home reading environment and brain activation in preschool children listening to stories. Pediatrics, 136(3), 466-478. PMC9923605.
	15. Hutton, J. S., Phelan, K., Horowitz-Kraus, T., Dudley, J., Altaye, M., DeWitt, T., & Holland, S. K. (2017). Shared reading quality and brain activation during story listening in preschool-age children. The Journal of Pediatrics. PMC5728185.
	16. Mol, S. E., Bus, A. G., de Jong, M. T., & Smeets, D. J. H. (2008). Added value of dialogic parent-child book readings: A meta-analysis. Early Education and Development, 19(1), 7-26.
	17. Farah, R., Meri, R., Kadis, D. S., Hutton, J., DeWitt, T., & Horowitz-Kraus, T. (2019). Hyperconnectivity during screen-based stories listening is associated with lower narrative comprehension in preschool children exposed to screens vs dialogic reading: An EEG study. PLoS ONE, 14(11), e0225445. PMC6874384
	18. Hutton, J. S., Dudley, J., Horowitz-Kraus, T., DeWitt, T., & Holland, S. K. (2018). Differences in functional brain network connectivity during stories presented in audio, illustrated, and animated format in preschool-age children. Brain Connectivity, 8(6), 382-395.
	19. Hutton, J. S., Dudley, J., Horowitz-Kraus, T., DeWitt, T., & Holland, S. K. (2020). Associations between screen-based media use and brain white matter integrity in preschool-aged children. JAMA Pediatrics, 174(1), e193869. PMC6830442.
	20. Zivan, M., Bar, S., Jing, X., Hutton, J., Farah, R., & Horowitz-Kraus, T. (2019). Screen-exposure and altered brain activation related to attention in preschool children: An EEG study. Trends in Neuroscience and Education, 17, 100117.
	21. Lewin, K. M., Meshi, D., Aladé, F., Lescht, E., Herring, C., & Devaraju, D. S. (2023). Children's screentime is associated with reduced brain activation during an inhibitory control task: A pilot EEG study. Frontiers in Cognition, 2, 1018096.
	22. Horowitz-Kraus, T., & Hutton, J. S. (2018). Brain connectivity in children is increased by the time they spend reading books and decreased by the length of exposure to screen-based media. Acta Paediatrica, 107(4), 685-693. PubMed 29215151.
	23. Neural bases of phonological and semantic processing in early childhood. (2019). bioRxiv preprint. doi:10.1101/858613.
	24. Garavan, H., et al. (2018). Recruiting the ABCD sample: Design considerations and procedures. Developmental Cognitive Neuroscience, 32, 16-22.
	25. Paulus, M. P., et al. (2019). Screen media activity and brain structure in youth: Evidence for diverse structural correlation networks from the ABCD Study. NeuroImage. PMC6487868.
	26. Negative impact of daily screen use on inhibitory control network in preadolescence: A two-year follow-up study. (2022). bioRxiv. doi:10.1101/2022.02.22.481547.
	27. Marciano, L., Camerini, A-L., & Morese, R. (2021). The developing brain in the digital era: A scoping review of structural and functional correlates of screen time in adolescence. Frontiers in Psychology, 12, 671817. PMC8432290.
	28. Li, M., Zhao, R., Dang, X., et al. (2024). Causal relationships between screen use, reading, and brain development in early adolescents. Advanced Science, e2307540. PMC10953555.
	29. Delgado, P., Vargas, C., Ackerman, R., & Salmerón, L. (2018). Don't throw away your printed books: A meta-analysis on the effects of reading media on reading comprehension. Educational Research Review, 25, 23-38.
	30. Clinton-Lisell, V. (2024). Screen inferiority in reading comprehension: A meta-analysis of 49 studies. [As cited in Oxford Learning, 2024 summary of published meta-analytic findings.]
	31. Paper versus screen: The unresolved conflict in children's and adolescents' learning processes. (2025). The Journal of Pediatrics. doi:10.1016/j.jpeds.2025.00218.
	32. Haidt, J. (2024). The anxious generation: How the great rewiring of childhood is causing an epidemic of mental illness. Penguin Press. [Cites prefrontal cortex maturation timeline.]
	33. University of Rochester Medical Center. (2025). Screen time and the developing brain: Are 'iPad kids' at risk? urmc.rochester.edu.
	34. Casey, B. J., et al. (2008). The adolescent brain. Developmental Review, 28(1), 62-77.
	35. Anderson, D. R., & Hanson, K. G. (2010). From blooming, buzzing confusion to media literacy: The early development of television viewing. Developmental Review, 30(2), 239-255.
	36. Pecukonis, M. (2025). Do children's brains function differently during book reading and screen time? A fNIRS study. Developmental Science. doi:10.1111/desc.13615.
	37. Paulich, K. N., Ross, J. M., Lessem, J. M., & Hewitt, J. K. (2021). Screen time and early adolescent mental health, academic, and social outcomes in 9- and 10-year old children: Utilizing the ABCD Study. PLoS ONE, 16(9), e0256591. PMC8425530.
	38. Mangen, A., Walgermo, B. R., & Brønnick, K. (2013). Reading linear texts on paper versus computer screen: Effects on reading comprehension. International Journal of Educational Research, 58, 61-68.
	39. Council on Communications and Media, American Academy of Pediatrics. (2024). Literacy promotion: An essential component of primary care pediatric practice. Pediatrics, 154(6), e2024069090.

