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Abstract: Adolescent Insomnia Disorder (ID) and Problematic Internet Use (PIU) represent a pressing global public health challenge,
frequently co-occurring and synergistically impacting mental and physical well-being. Despite their high comorbidity,
a comprehensive integrative model elucidating their shared pathophysiology is lacking. This review is the first to propose
a Convergent Developmental Trajectory Model, which posits that ID and PIU in adolescents are sustained by a self-reinforcing
cycle driven by the dynamic interplay of three core components: (a) a shared biological vulnerability stemming from adolescent-
specific neurodevelopment and molecular genetics; (b) common environmental triggers, such as academic stress and adverse childhood
experiences; and (c) neurocognitive reinforcement through impaired inhibitory control and dysregulated reward processing. We
synthesize converging evidence from neuroimaging, molecular studies, and environmental psychology to demonstrate how these
components interact within the adolescent developmental context to perpetuate a vicious cycle. The model underscores that effective
interventions must target these shared pathways, for instance, by developing transdiagnostic Cognitive Behavioral Therapy (CBT)
protocols specifically designed for ID-PIU comorbidity. Future research should prioritize longitudinal neurodevelopmental studies and
multi-omics profiling to enable early risk stratification and personalized approaches. Addressing this complex issue requires
interdisciplinary collaboration to formulate precision therapies and evidence-based public health policies.
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Introduction

Definitions and Diagnostic Criteria

According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), Insomnia Disorder (ID)
is defined as dissatisfaction with sleep quantity or quality, characterized by difficulty initiating sleep, maintaining sleep,
or early morning awakening with inability to return to sleep, despite adequate sleep opportunities. The sleep disturbance

must cause clinically significant distress or impairment in daytime functioning, occur at least three nights per week, and
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persist for a minimum of three months.' The World Health Organization (WHO) defines adolescents as individuals aged
10 to 19 years.

While the DSM-5 explicitly delineates Internet Gaming Disorder (IGD) as a condition marked by excessive and
compulsive engagement in electronic games leading to significant impairment or distress over a 12-month period—
manifesting in adverse outcomes such as academic decline, physical health issues, and social isolation'—the
International Classification of Diseases, 11th Revision (ICD-11) employs the term Gaming Disorder (GD) to describe
a behavioral pattern characterized by impaired control over gaming, where gaming increasingly takes precedence over
other life activities and persists despite negative consequences.” Notably, neither classification provides formal clinical
diagnostic criteria for broader patterns of Problematic Internet Use (PIU). However, beyond IGD/GD, a substantial body
of research indicates that other internet-related activities—such as excessive social networking, internet pornography
consumption, or online shopping—can engender significant behavioral dysregulation and functional impairment. In such
cases, these patterns may be conceptualized under the ICD-11 category of “Other Specified Disorders Due to Addictive
Behaviors”.? In the absence of formal diagnostic criteria, the research community has operationalized the construct of
PIU to investigate these maladaptive behaviors. It is typically defined by a pattern of compulsive use of digital networks,
marked by excessive preoccupation, loss of control, and cravings, which results in significant functional impairments and
psychological distress. This construct is commonly measured using validated scales such as the Compulsive Internet Use
Scale (CIUS),* which reflects a shift away from older frameworks like Young’s Internet Addiction Test (IAT). This
review focuses on the characteristics of PIU among adolescents, particularly as it relates to gaming, social networking,
and online content.

Epidemiology and Public Health Burden

Insomnia is one of the prevalent neuropsychological issues during adolescence. Research has revealed that adolescence
represents a critical phase for brain development and functional reorganization.”® Adolescent insomnia is associated with
diminished health-related quality of life and elevated risks of somatic, interpersonal, and psychiatric problems.”®
Variations in diagnostic criteria and assessment methodologies across studies have led to heterogeneous epidemiological
findings on insomnia disorders in children and adolescents.

Adolescence is a period of heightened vulnerability for the onset of both sleep disorders and maladaptive digital
behaviors. Insomnia Disorder (ID) is prevalent in this population, with estimates varying by diagnostic criteria but
consistently pointing to a significant burden; for instance, a large Norwegian study found a prevalence of 18.5% using
DSM-5 criteria,” while a Chinese meta-analysis reported a 26% pooled prevalence of sleep disturbances.'® Concurrently,
PIU has emerged as a global concern, with meta-analytic data suggesting a pooled prevalence of Internet Gaming
Disorder, a core component of PIU, as high as 9.9% among adolescents and young adults.'’ The co-occurrence of ID and
PIU is frequent and pernicious, associated with diminished quality of life, academic decline, and exacerbated psychiatric
symptoms.”*'? This confluence underscores the urgent need to move beyond studying these conditions in isolation and
to understand the interconnected mechanisms that drive their comorbidity.

Historical Evolution and the Need for an Integrative Model
The investigation into ID and PIU has followed distinct historical pathways, necessitating a contemporary synthesis.

Initial research phases (early 2000s) primarily characterized ID and PIU as independent entities. Seminal work
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established the epidemiology and diagnostic criteria of ID in adolescents, while parallel research pioneered the

conceptualization of PIU, often adapting frameworks from substance addiction.*
A second phase (circa 2010s) witnessed growing clinical and epidemiological recognition of their co-occurrence,'?
prompting initial theories about bidirectional relationships. Research began to suggest that internet engagement could
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displace sleep time and disrupt circadian rhythms, while sleep deprivation could impair executive function,

increasing vulnerability to compulsive internet use.'”** However, these explorations remained largely siloed within
psychological or behavioral domains.
The current era is defined by technological advances enabling the interrogation of shared neurobiological and
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molecular substrates. Converging evidence from neuroimaging, genetics,”” and immunology”® has revealed common
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neural circuits (eg, DMN-SN-CEN dysregulation) and biological pathways (eg, dopaminergic dysregulation) underlying
both disorders. This accumulating yet fragmented evidence creates a critical imperative: to move beyond describing
comorbidity and toward explaining it through a unified framework that integrates these multi-level findings. This review
answers that call by proposing the Convergent Developmental Trajectory Model, which synthesizes neurobiological,
molecular, and environmental-neurocognitive evidence into a cohesive narrative of shared vulnerability and reciprocal
reinforcement, specifically within the adolescent neurodevelopmental context.

Theoretical Frameworks Linking Both Conditions

Building upon this historical context, contemporary evidence robustly supports a bidirectional relationship between
adolescent ID and PIU.'? Internet engagement (including social media, smartphone usage, and online gaming) pro-
foundly impacts sleep quality in adolescents.'*'®

In developing the theoretical underpinnings for the present model, we build upon the influential I-PACE (Interaction
of Person-Affect-Cognition-Execution) model by Brand et al, which provides a comprehensive, process-based framework
for understanding the development and maintenance of various internet-use disorders.”” The I-PACE model astutely
conceptualizes how predisposing core characteristics (P) interact with affective and cognitive responses to trigger and
perpetuate addictive behaviors, moderated by executive control (E).

The Convergent Developmental Trajectory Model proposed here does not seek to replace the foundational I-PACE
framework. Instead, it offers a focused specification and extension tailored to the specific clinical context of adolescent
ID-PIU comorbidity. This model extends the I-PACE framework by: (a) specifying the shared neurodevelopmental
vulnerabilities, detailing the particular neurobiological and molecular substrates involved; (b) elaborating a specific,
mutually reinforcing cycle that captures how sleep disruption and compulsive internet use become locked together during
adolescence; and (c) integrating evidence across neuroimaging, genetics, and environmental psychology to construct an
integrative, multi-level explanatory framework. By doing so, it systematically elucidates the mechanisms underlying their
comorbidity. By concentrating on this specific comorbidity during the critical window of adolescence, our model aims to
provide a more granular, mechanism-driven heuristic that can generate testable hypotheses and guide targeted, trans-
diagnostic interventions for this particular population.

Through a comprehensive review of literature linking adolescent ID and PIU, coupled with the convergence of
neuroimaging and molecular mechanisms, we propose a potential vicious cycle model characterized by:

a) Biological predisposition: biological and neurodevelopmental vulnerabilities increase susceptibility to initial sleep
dysregulation;

b) Environmental triggers: psychosocial stressors (eg, academic pressure, social isolation) drive maladaptive internet
use as maladjusted emotional coping strategies;

¢) Neurocognitive reinforcement: dysfunctional prefrontal-striatal circuitry and dopaminergic dysregulation impair
inhibitory control, perpetuating both sleep disturbances and compulsive internet behaviors.

Building upon this perspective, the subsequent review will systematically examine the interplay between:

(1) Neurobiological convergence in neuroimaging — focusing on functional/structural brain alterations across insomnia
and Problematic Internet Use phenotypes;
(i1) Molecular predisposition Convergence — focusing on the biological factor effects and predictive functions of both;
(iii) The impact of Environmental-Neurocognitive Cascades -focusing on the environmental t riggers and neurocog-
nitive reinforcement in adolescent of both.

Scope and Synthesis of This Theoretical Review

This narrative theoretical review proposes a theoretical model—the Convergent Developmental Trajectory Model—to
explain the comorbidity of Insomnia Disorder and Problematic Internet Use in adolescents. As such, it is not a systematic
review but a narrative synthesis and theoretical integration of existing evidence. The model was constructed based on the
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authors’ expertise and a comprehensive examination of the literature in the fields of adolescent sleep medicine,
behavioral addictions, developmental neuroscience, and molecular psychiatry. We prioritized seminal works and high-
impact recent studies that illuminate the shared biological, environmental, and neurocognitive pathways between ID and
PIU. Our aim is not to provide an exhaustive catalog of all related studies, but to synthesize a coherent and testable
framework that can guide future hypothesis-driven research. Therefore, the evidence cited is illustrative of the proposed
mechanisms rather than the product of a systematic search and screening process.

Neuroimaging Biomarkers

Neuroimaging Aberrations in Insomnia Disorder

The default mode network (DMN) represents a set of brain regions exhibiting high activity during rest, with core
components encompassing the posterior cingulate cortex/precuneus (PCC/Precuneus), medial prefrontal cortex (mPFC),
middle temporal lobe (MTL), angular gyrus (AG), parahippocampal gyrus (PHC), and temporoparietal junction (TPJ)."
Recent investigations have revealed significant associations between DMN functional abnormalities and the pathophy-
siology of ID. Accumulating evidence demonstrates that brain regions constituting the DMN fail to deactivate appro-
priately during rest in insomnia patients. Neuroimaging analyses of intra-DMN connectivity demonstrate enhanced
functional coupling between core DMN regions (eg, PCC and mPFC) in individuals with insomnia. This hyperconnec-
tivity may contribute to resting-state hyperarousal and ruminative thinking, clinically manifesting as sleep initiation
difficulties and nocturnal awakenings.?'

Concurrently, research indicates functional dysregulation between the DMN and other large-scale networks in
insomnia. The salience network (SN), responsible for detecting environmentally salient stimuli, normally suppresses
DMN activity during task engagement. In insomnia patients, disrupted competitive regulation between the DMN and SN
impairs effective switching to external task-processing states, exacerbating excessive self-referential processing and
heightened activity in primary limbic structures associated with anxiety, potentially mediating emotional dysregulation
and hyperarousal during insomnia. Abnormal coordination is also observed between the DMN and central executive
network (CEN), the latter being crucial for attentional focus and task execution. Reduced anticorrelation between the
DMN and CEN in insomnia patients correlates with daytime attentional deficits and cognitive decline.”

Structural neuroimaging studies further identify gray matter (GM) volume alterations in DMN-related regions.
Increased GM volumes in the right fusiform gyrus, primary auditory cortex (superior temporal gyrus), and supplementary
motor area (BA6) may reflect compensatory enhancements in sensory processing and motor preparation under chronic
hyperarousal states.”® Notably, reduced prefrontal cortex (PFC) GM volume in adolescent insomnia patients emerges as
a key neuroimaging finding. As the PFC orchestrates executive functions, emotional regulation, and sleep-wake cycle
modulation, its structural abnormalities may directly contribute to insomnia pathogenesis.”® Similar frontal volume
reductions across age groups substantiate the PFC’s critical role in sleep maintenance.*”

Adolescent-specific mechanisms involve hormonal influences on DMN maturation. Post-pubertal DMN development
demonstrates nonlinear progression in segregation efficiency and network integration, particularly within attention and
task-control networks.*! This neurodevelopmental pattern may partially explain adolescents’ heightened vulnerability to
insomnia.

The SN, comprising the anterior insular cortex (AIC), anterior cingulate cortex (ACC), and subcortical nodes, exhibits
hyperactivation and strengthened functional connectivity in insomnia patients, potentially reflecting hypervigilance to
sleep-related threats.’*> Right anterior insula (rAI), a key SN hub, shows abnormal effective connectivity with the PCC
in insomnia populations.**

The amygdala (AMG), a core emotional processing region, demonstrates significant associations with affective
dysregulation and hyperarousal states.>>*® Chronic insomnia patients exhibit localized amygdala atrophy, with specific
amygdalar subregions correlating with both insomnia severity and comorbid anxiety symptoms.>> Notably, insomnia
patients demonstrate significant alterations in functional connectivity between the AMG and anterior insula during
resting wakefulness. Furthermore, resting-state functional connectivity between the amygdala and supramarginal gyrus
shows significant correlations with EEG beta power during sleep.’’
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The striatum, a critical hub for reward and motivation regulation, exhibits reduced functional activity and aberrant
connectivity in adolescent insomnia. Non-depressed adolescents with insomnia demonstrate significantly diminished
activation in the ventral striatum (particularly the nucleus accumbens) compared to healthy controls during reward-based
tasks.>® Li et al propose that chronic pain-induced insomnia may be mediated by ACC pyramidal neurons and their
dopaminergic projections to the dorsal medial striatum.*

Neuroimaging Aberrations in Problematic Internet Use

DMN demonstrates both functional and anatomical connectivity abnormalities in PIU patients. Addictive behaviors
disrupt DMN connectivity through multiple pathways, including altered interactions between the DMN and medial
temporal lobe (MTL) as well as dorsomedial prefrontal cortex (AMPFC).** Neuroimaging analyses reveal elevated local
functional connectivity density (IFCD) in PIU patients within the right dorsolateral prefrontal cortex (DLPFC), left
parahippocampal gyrus (PHG), cerebellum, bilateral mid-cingulate cortex (MCC), and superior temporal pole (STP),
alongside reduced IFCD in the right inferior parietal lobule (IPL) and bilateral calcarine/lingual gyri.*' Investigations of
internet gaming disorder (IGD) identify diminished dynamics in prefrontal-striatal and striatal-DMN neural circuits,
potentially serving as biomarkers for predicting addiction severity.*?

Structural alterations persist in DMN regions of PIU patients. Individuals with higher IGD severity exhibit increased
gray matter (GM) volume in midline DMN components (ie, mPFC and precuneus). Progressive IGD severity correlates
with volumetric expansion of DMN structures and weakened structural associations with visuospatial attention and
motivational craving regions.*> Resting-state fMRI studies in adolescent PIU cohorts demonstrate: Reduced interhemi-
spheric functional connectivity in the right frontoparietal network (FPN); Enhanced intrahemispheric connectivity in the
left FPN; Decreased mPFC functional connectivity; Diminished functional connectivity between the salience network
(SN) and DMN.?* Abnormal functional connectivity between SN/DMN and the left posterior superior temporal sulcus
(pSTS) further suggests dysregulated integration of social brain networks in adolescent IGD.**

The anterior cingulate cortex (ACC), a critical SN node mediating conscious behavioral control, shows structural
impairments in the dorsal ACC (dACC) of IGD patients.** ACC GM volume negatively correlates with impulsivity in
IGD populations, with concurrent GM reductions observed in the supplementary motor area (SMA), left ventrolateral
prefrontal cortex (VLPFC), left inferior parietal lobule (IPL), and left anterior temporal lobe (ATL). Notably, VLPFC
volume inversely associates with gaming duration.**

Amygdala functional-structural connectivity abnormalities characterize PIU pathophysiology: Attenuated negative
functional connectivity between the amygdala and DLPFC; Enhanced negative connectivity with the precuneus/superior
occipital gyrus (SOG); Reduced positive connectivity strength in amygdala-ACC pathways; Amplified positive con-
nectivity in amygdala-thalamic circuits.*’ Systematic reviews propose prolonged electronic screen exposure during
adolescence may induce amygdala dysregulation.*®

Striatal dysfunction emerges in IGD pathophysiology,*” with ventral striatal reward anticipation mechanisms poten-
tially explaining symptoms of internet pornography addiction.** The nucleus accumbens (NAc), a ventral striatal
component of basal ganglia circuitry, plays pivotal roles in reward processing, motivation, addiction, and emotional
regulation.** PIU patients exhibit aberrant connectivity patterns involving: Left NAc-right cerebellar crus II; Right
cerebellar lobule VL.*® IGD cohorts additionally demonstrate abnormal functional connectivity between the right
hippocampus (rHip) and NAc.>

Neurobiological Convergence: Shared Functional/Structural Brain Alterations
Figure 1 illustrates the key aberrant brain regions in ID and PIU, with red indicating ID-specific abnormalities, blue
representing PIU-specific alterations, and purple denoting overlapping regions.

Emerging evidence reveals transdiagnostic convergence in DMN-SN-CEN dysfunction across ID and PIU, despite
divergent clinical phenotypes. Critically, both disorders exhibit impaired SN-mediated network switching: ID manifests
as DMN hyperconnectivity (eg, pathological PCC-mPFC coupling) with attenuated SN suppression,?'"** while PIU
shows DMN-MTL/dmPFC dysregulation and compromised SN-DMN anticorrelation.”>*** This shared failure in dynamic

21,22
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network reconfiguration underlies persistent hyperarousal states in I and may contribute to cue reactivity and loss
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Figure | Spatial Distribution of Key Aberrant Brain Regions in Adolescent Insomnia Disorder and Internet Addiction.
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of control in PIU.%*** Thus, despite differing phenotypic presentations, both disorders exhibit a fundamental impairment
in the balance between internally-focused (DMN) and externally-focused/executive (CEN) networks.?>*?
Mechanistically, SN dysfunction mediates maladaptive allocation between internal (DMN) and external (CEN)

cognition,***?

establishing DMN-SN-CEN decoupling as a common neural substrate. Recent findings extend this
convergence to PIU-related sleep disturbances, mediated by specific DMN subnetwork alterations (eg, rPrcu-IMTG
connectivity impairment).”'

Parallel dysregulation is also evident in the prefrontal-limbic system, which plays a pivotal role in cognition,
emotional regulation, and behavioral control.’>** ID and PIU demonstrate shared vulnerabilities within this circuitry.
ID is characterized by structural PFC deficits, particularly reduced gray matter (GM) volume in adolescents,”’ likely
impairing top-down inhibition of limbic hyperactivity. Conversely, PIU manifests as ventrolateral PFC (VLPFC) atrophy
correlating with impulsivity** and dorsal anterior cingulate cortex (dACC) conflict monitoring deficits.>* Both disorders
exhibit amygdala-related dysregulation: ID patients display amygdala-prefrontal decoupling (eg, weakened amygdala-
DLPFC connectivity’’) and localized amygdalar atrophy associated with anxiety,> while PIU cohorts demonstrate
altered amygdala-ACC connectivity*> and screen exposure-induced amygdalar hyperreactivity.*® These findings under-
score a shared vulnerability in prefrontal-limbic circuitry, where combined PFC structural compromise (ID:;%° PIU:**)
and ACC functional impairments (ID:;** PTU:*") disrupt emotional homeostasis, exacerbating disorder-specific symp-
toms (eg, sleep-related anxiety in ID, impulsive internet use in PIU).

Reward processing represents another domain of convergent yet divergent dysregulation. The reward system,
centered on the nucleus accumbens (NAc) and amygdala, governs motivation and reinforcement learning.>> Both
disorders exhibit dysregulation with opposing phenotypes. Chronic sleep deprivation in ID induces ventral striatal
hyporesponsiveness, exemplified by blunted NAc activation during reward tasks,*® reflecting diminished motivation
for natural reinforcers. In contrast, PIU is characterized by ventral striatal hyperactivity, manifesting as enhanced

NAc reactivity to gaming cues*® and aberrant NAc-cerebellar/hippocampal connectivity”®>°

that drive compulsive
internet-seeking behaviors. Despite phenotypic divergence, both conditions implicate dopaminergic dysregulation:
ID involves ACC-driven dopaminergic projections to the dorsomedial striatum,’® while PIU pathophysiology
correlates with NAc-centered reward prediction errors.*® This bidirectional striatal dysfunction—hypoactivity in
ID versus hyperactivity in PIU—highlights a shared perturbation of the brain’s reward-aversion balance. Notably,
adolescents with ID or PIU exhibit amplified striatal vulnerability due to immature prefrontal-striatal circuitry
(ID:;*® PIU:>°), suggesting asynchronous maturation of reward-control systems during puberty as a shared risk
factor.?!+*¢

These shared neural vulnerabilities are compounded by the unique neurodevelopmental context of adolescence.
Previous studies have demonstrated that adolescents exhibit age-dependent increases in functional connectivity strength
within the DMN, particularly between midline regions such as the PCC and mPFC. While these spatial patterns
progressively approximate adult-like configurations—indicative of enhanced network integration capacity—mature
DMN connectivity profiles remain underdeveloped.” Furthermore, longitudinal PIU exposure induces structural brain
alterations, as evidenced by significant correlations between internet addiction duration and gray matter volume
reductions in the DLPFC, rACC, SMA, as well as white matter fractional anisotropy (FA) changes in the left posterior
limb of the internal capsule (PLIC) among adolescent PIU populations.’’

Adolescent vulnerability to both ID and PIU may be exacerbated by adverse childhood experiences (ACEs).
Critically, ACEs correlate with aberrant spontaneous activity within hubs of the DMN (eg, heightened fractional
amplitude of low-frequency fluctuations (fALFF) in the PCC) and accelerated leukocyte telomere shortening.
Crucially, telomere shortening and DMN alterations are mechanistically linked: stress-induced proinflammatory states
(eg, elevated IL-6) concurrently promote telomere attrition and aberrant DMN connectivity. Moreover, the quality of the
family environment modulates the DMN-telomere relationship (as evidenced by the FES*LTL interaction at the mPFC),
confirming their shared biological embedding. Thus, telomere shortening serves as a marker capturing the longitudinal
sequelae of chronic stress beyond acute biomarkers (eg, cortisol, cytokines), while DMN dysfunction provides the neural
substrate for sustained hyperarousal implicated in the pathogenesis of ID and PIU.’® We hypothesize that this ACE-
related cascade (stress — inflammation — telomere attrition/DMN dysfunction) may represent a shared environmental-
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Table | Comparative & Convergent Neuroimaging Abnormalities in Adolescent Insomnia Disorder and Problematic Internet Use

Aberration Type

ID Manifestations

PIU Manifestations

Shared Core

Triple Network Dysregulation

Prefrontal-Limbic Axis
Aberrations

Reward Circuitry Dysfunction

Adolescent Vulnerability

- DMN hyperconnectivity (eg, PCC-mPFC overcoupling)
- Impaired SN suppression of DMN
- Reduced DMN-CEN anticorrelation

- Structural PFC deficits (adolescent GM reduction)

- Ventral striatal hyporesponsiveness (blunted NAc activation)
- ACC-dorsomedial striatal dopaminergic anomalies
- Hormonal modulation of DMN maturation

- PFC GM reduction exacerbating sleep dysregulation

- Altered DMN-MTL/dMPFC connectivity

- Diminished SN-DMN anticorrelation

- Reduced prefrontal-striatal-DMN circuit dynamics

- VLPFC atrophy (impulsivity-linked)

- dACC conflict monitoring deficits

- Ventral striatal hyperactivity (enhanced NAc reactivity)
- NAc-cerebellar/hippocampal dysconnectivity

- Screen exposure-induced amygdala dysfunction

- Inverse VLPFC volume-gaming duration correlation

- Long-term IA linked to GM reductions in DLPFC, rACC, SMA
and WM FA changes in left PLIC

DMN-SN-CEN dynamic imbalance

Hyperactive self-referential processing

Altered prefrontal-amygdala connectivity

ACC functional impairment

Dopaminergic dysregulation Bidirectional striatal
dysfunction

Neurodevelopmental critical period

Asynchronous PFC-reward system maturation
heightened reward sensitivity and reduced loss aversion
aberrant spontaneous activity in DMN core regions
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biological pathway that increases susceptibility to both ID and PIU during adolescence.’® These convergent DMN-
centered neurobiological alterations are summarized in Table 1.

Molecular Susceptibility

Biological Abnormalities in Insomnia Disorder

Dopamine (DA) is a key modulator of learning and motivation.”® Early studies have demonstrated profound links
between DA and sleep-wake regulation,®® suggesting that impaired DA function in humans may contribute to various
sleep disorders, such as restless legs syndrome and REM sleep behavior disorder.®’ Notably, DA-deficient mice exhibit
a marked reduction in rapid eye movement (REM) sleep. Given that REM sleep typically follows deep non-rapid eye
movement (NREM) sleep, this reduction may result from fragmented NREM sleep in DA-deficient mice.®” However,
large-scale clinical studies investigating the high correlation between DA and ID remain scarce.

Gamma-aminobutyric acid (GABA), the primary inhibitory neurotransmitter in the central nervous system, promotes
sleep through activation of GABA(A) receptors.®® Studies have shown that upregulating GABA expression in insomnia-
prone mice alleviates sleep disturbances.** Evidence indicates that GABAergic neuronal excitation induces NREM sleep
while suppressing REM sleep, with REM suppression leading to sustained wakefulness.> Current research reveals
a significant positive correlation between ID and peripheral blood expression levels of GABA(A) receptor al and a2
subunit mRNAs in ID patients. This suggests that GABA(A) receptors, particularly a1-GABA(A) and/or 02-GABA(A)

subtypes, may play critical roles in the pathophysiology of insomnia.®®

Mainstream pharmacological treatments for
insomnia, such as benzodiazepines and non-benzodiazepine drugs, exert sedative, anxiolytic, muscle relaxant, and
hypnotic effects by targeting GABA receptor sites.®’

The orexin system is hypothesized to be a key stabilizer of wakefulness.®®

Previous studies found that aged mice
exhibit a decline in orexin neuron numbers with age, while remaining neurons become hyperexcitable, leading to reduced
arousal thresholds during sleep and increased sleep fragmentation. This may reflect age-related reductions in sleep
demand.®® Orexin-targeting medications have been developed to improve insomnia, with evidence supporting their
efficacy.”’

Melatonin (N-acetyl-5-methoxytryptamine), primarily synthesized and secreted nocturnally by the pine pineal gland
under normal environmental conditions, induces drowsiness and helps maintain circadian rhythms aligned with the light-
dark cycle.”"’? A meta-analysis demonstrated that melatonin significantly increases total sleep time (with robust
evidence), shortens sleep onset latency (though with substantial heterogeneity across studies), and exhibits clearer
efficacy in children and adolescents with insomnia—potentially due to physiological melatonin deficiency (with robust
evidence). Limited effects in adults may stem from reduced melatonin receptor sensitivity or insufficient dosing.”
Despite its close association with insomnia, some studies argue that melatonin lacks clinical value in managing
psychophysiological insomnia.”*

Current research identifies systemic inflammatory markers, including elevated C-reactive protein (CRP) and inter-
leukin-6 (IL-6) levels, as significantly correlated with insomnia, with IL-6 showing stronger effects.”® These findings
suggest that inflammatory cytokines may serve as predictive biomarkers for insomnia. Additionally, studies on gut
microbiota and insomnia propose that bidirectional gut-brain interactions may trigger complex inflammatory mechanisms
that exacerbate or initiate sleep disturbances.”

Genetic alterations are also tightly linked to insomnia. A large-scale genome-wide association study (GWAS)
identified MEIS1 (chromosome 2), BTBD9 (chromosome 6), and MTNR1B (melatonin receptor) as key insomnia risk

3.2 Recent research has

genes, alongside core circadian regulators such as CLOCK/BMALI and period genes PER2/PER
further uncovered more novel genes associated with sleep-related traits.’® Sleep-related genetic factors implicated in

circadian rhythm regulation and insomnia vulnerability are summarized in Table 2.

Biological Abnormalities in Problematic Internet Use
Dopamine (DA) is intricately linked to addiction. Nearly all addictive substances (eg, cocaine, alcohol, nicotine) elevate
extracellular DA levels by activating the mesolimbic dopamine system, thereby reinforcing reward-seeking behaviors.””
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Table 2 Integrated List of Sleep-Related Genes

No. | Gene Function Description Associated Sleep Source
Name Traits/Diseases Literature
| ADGRL4 Angiogenesis regulator, influences circadian rhythm Evening chronotype [76]
ANKRD 2 Cytoskeleton regulator, linked to cognition and inflammation Daytime sleepiness, daytime [76]
napping
3 Clorfl67 Uncharacterized gene, potential role in chromatin remodeling Sleep apnoea [76]
4 CGN Neuronal adhesion molecule, affects synaptic transmission Sleep apnoea [76]
5 CLK4 Clock gene, regulates circadian rhythm Morning chronotype [76]
6 COL6A3 Collagen VI subunit, maintains neuronal integrity Evening chronotype, poor sleep [76]
quality
7 CRHRI Corticotropin-releasing hormone receptor, modulates stress response | Reduced daytime napping [25]
8 CYP2J2 Aryl hydrocarbon hydroxylase, involved in lipid metabolism Sleep apnoea, obesity [76]
9 FLG-ASI Non-coding RNA, possible role in epidermal barrier function Sleep apnoea [76]
10 GABRA2 GABA receptor subunit, involved in sleep maintenance Insomnia symptoms, fragmented [25]
sleep
11 GCKR Glucokinase regulator, affects insulin secretion and metabolism Insomnia symptoms, glucose [25]

dysregulation

12 HCRTR2 Orexin receptor, regulates arousal Morning chronotype [25]

13 HES4 Transcriptional repressor, involved in neurodevelopment Sleep apnoea [76]

14 IL-6 Inflammatory cytokine, linked to chronic inflammation-related sleep Insomnia symptoms, sleep apnoea | [25]

disorders

15 KRTAP3-3 Keratin-associated protein, affects hair follicle development Evening chronotype [76]

16 MTNRIB Melatonin receptor, influences sleep phase and light sensitivity Insomnia symptoms, delayed [25, 76]
sleep phase

17 PLEKHMI Lysosomal transport protein, affects synaptic function Daytime napping, sleep [76]
maintenance

18 PER2 Core clock gene, regulates circadian rhythm Morning chronotype, advanced [25, 76]
sleep phase

19 PER3 Regulates sleep duration and circadian rhythm Morning chronotype, advanced [25, 76]
sleep phase

20 PLCH2 Phospholipase C, modulates calcium signaling Sleep apnoea [76]

21 RSRCI RNA-binding protein, involved in splicing regulation Insomnia symptoms [25]

22 ST3GALI Sialyltransferase, affects neuronal excitability Daytime sleepiness, narcolepsy [76]
risk

23 TLR4 Immune receptor, mediates inflammation and metabolic responses Insomnia symptoms, metabolic [25]
syndrome

24 UBE2E2 Ubiquitin-conjugating enzyme, regulates protein degradation Insomnia symptoms [25]

25 USP25 Deubiquitinating enzyme, affects protein stability Insomnia symptoms [25]

26 WDR59 GATOR?2 complex member, regulates mTORCI activity Snoring, obstructive sleep apnoea | [76]

27 ZBTB2lI Zinc-finger transcription factor, controls neuronal differentiation Daytime napping, cognitive [76]
impairment

Concurrently, evidence supports a strong association between downregulation of dopamine receptors and addiction
susceptibility.”® Recent studies report that individuals with internet gaming disorder (IGD) exhibit significantly reduced
striatal dopamine D2 receptor (D2R) density, which inversely correlates with addiction severity. Furthermore, post-
gaming-task reductions in striatal dopamine transporter (DAT) levels in IGD patients suggest dysregulated reward
circuitry.”” A study on adolescent PIU also identified elevated plasma DA levels in some patients.*® These findings
underscore the critical role of DA in PIU pathophysiology.

Serotonin (5-HT) is indispensable for motor, cognitive, reward, and affective functions, with its primordial role
hypothesized to counteract hyperactivation of neuromodulators such as norepinephrine and dopamine.®'** Emerging
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research highlights its involvement in addictive behaviors.®*** For instance, the 5-HTTLPR genotype elevates PIU risk
by modulating serotonergic system activity.*> However, direct causal evidence linking 5-HT to PIU remains elusive.

In PIU, orexin A levels may rise to hyperactivate reward circuits.*® Additionally, IGD is associated with reduced
peripheral glutamate levels, as aberrant glutamate transmission may impair learning- and memory-related functions,
promoting compulsive gaming behaviors. This dysregulation may indirectly modulate dopaminergic reward pathways to
drive PIU development.®” Excessive screen exposure further disrupts circadian rhythms by suppressing melatonin
secretion.*®

While genome-wide association studies (GWAS) on PIU are scarce, several candidate genes have been implicated.
Polymorphisms in HTR2A (eg, rs6313 T allele [T102C]) are linked to PIU risk, potentially via shared mechanisms with
substance use disorders, depression, and impaired cognitive control.*® In young males, NTRK3 gene polymorphisms
increase IA susceptibility through neurodevelopmental impacts on reward processing.”” ANKK1 and DRD2 indirectly
contribute to problematic internet use by altering hormone levels (eg, prolactin, 5-HT, DA, estradiol).’ Individuals carrying
the MAOA TT genotype (rs1137070) exhibit substantially higher IGD risk than C allele carriers.”' Epigenetic mechanisms
also play a role: methylation patterns in DAT1’s 5’-UTR and 3’-UTR regions influence PIU risk by regulating dopamine
signaling, impulsivity, and attachment behaviors.”> The OXTR 1553576 AA genotype exacerbates IGD susceptibility in
adolescents exposed to peer bullying.”® The T variant (CC genotype) of CHRNA4 rs1044396 significantly elevates PIU
incidence.” DRD2 rs6277 CT/TT genotypes may increase problematic video game use (PVGU) risk by reducing striatal D2
receptor density/affinity, impairing prefrontal cortex function, and exacerbating impulsivity and social deficits.”® Finally, the
NTRK3 rs2229910 SNP (a synonymous mutation) correlates with reduced IGD susceptibility, possibly by altering mRNA
splicing/stability to modulate NTRK3 expression, myelination, and dopaminergic signaling.”®

Molecular Predisposition Convergence of Insomnia Disorder and Problematic Internet
Use

Dopamine (DA) serves as a pivotal mediator in both ID and PIU. In ID, impaired DA function is linked to sleep-wake
cycle disruptions and fragmented NREM-REM transition,”” ®® while in PIU, DA hyperactivation via the mesolimbic
pathway reinforces addictive reward-seeking behaviors.””*° Notably, striatal D2 receptor (D2R) downregulation and
dopamine transporter (DAT) dysfunction are observed in both conditions, suggesting overlapping dopaminergic deficits
in reward processing and arousal modulation.

The orexin system stabilizes wakefulness in ID but is paradoxically hyperactivated in PIU to drive reward-seeking
behaviors.®* %% Additionally, both disorders exhibit circadian rhythm disturbances: ID is linked to melatonin deficiency

71774 while PIU-related screen exposure suppresses melatonin, exacerbating sleep-phase delays.®®

and delayed secretion,
These findings suggest that orexin and melatonin dysregulation may serve as a shared biological substrate for sleep and
addiction pathologies.

In addition, elevated levels of IL-6 and CRP are associated with chronic insomnia, suggesting that inflammatory
markers could serve as biomarkers in ID patients.”® This also implies potential pathophysiological connections between
ID and systemic inflammation. Notably, PIU patients exhibit gastrointestinal inflammatory responses, and gut-brain axis
interactions may activate inflammatory pathways associated with both sleep disturbances and addictive behaviors.””®’
However, conclusive evidence for this hypothesis remains lacking, necessitating further investigation. The proposed link
between gut-brain axis inflammation and both ID and PIU remains speculative and illustrates the kind of cross-
disciplinary hypothesis generated by our integrative model, warranting future investigation.

Genetic evidence points to overlapping risk. Circadian genes (MEIS1, MTNRI1B) are risk factors for ID*> and may
influence PIU susceptibility via downstream effects on sleep and dopamine.*®*> Polymorphisms in dopaminergic
(DRD2) and serotonergic (HTR2A, SLC6A4) genes are associated with traits (eg, impulsivity, reward sensitivity) central
to both disorders.>-#%-909

During adolescence, significant biological changes occur. Adolescents experience a phase delay in circadian rhythms,
primarily driven by physiological adjustments in the circadian system, including delayed melatonin secretion onset,

which shifts sleep-wake cycles toward later bedtimes.”” Compounding this, studies show that adolescents exhibit
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Table 3 Molecular Susceptibility Comparison Between Insomnia Disorder and Problematic Internet Use

Category Insomnia Disorder (ID) Problematic Internet Use (PIU)

Dopamine System DA dysfunction linked to fragmented NREM-REM transitions Mesolimbic DA hyperactivation reinforces reward-seeking
behaviors

GABAergic Signaling Upregulated GABA(A) receptor al/a2 subtypes correlate with sleep Limited direct evidence; indirect modulation via DA

disturbances pathways

Orexin Function Stabilizes wakefulness; age-related orexin neuron hyperexcitability Elevated orexin A drives reward circuit hyperactivity

Melatonin Regulation Delayed secretion and receptor desensitization Screen-induced suppression of melatonin secretion

Inflammatory Markers Elevated IL-6 and CRP levels; gut-brain axis inflammation Gastrointestinal inflammation linked to gut-brain axis
dysregulation

Genetic Predisposition Key genes: MEISI, BTBD9, MTNRIB, CLOCK/BMALI, PER2/PER3 Polymorphisms in HTR2A, DRD2, MAOA, DATI, OXTR,
CHRNA4

significantly later nocturnal sleep onset compared to childhood, while morning wake times are forcibly advanced due to
school schedules, leading to cumulative sleep debt.”® This mismatch between sleep demand and actual sleep duration
may predispose adolescents to insomnia. The hypothalamic-pituitary-adrenal (HPA) axis influences sleep through
multiple pathways.”® Adolescence is a period of heightened stress sensitivity, during which chronic stress suppresses

the growth hormone/insulin-like growth factor-1 (GH/IGF-1) axis, thyroid axis, and gonadal axis,'®

reflecting the
fragility of HPA axis stability in adolescents’” and its subsequent impact on sleep.

The adolescent developmental period amplifies these molecular vulnerabilities. This critical window is characterized
by a confluence of DA system remodeling, circadian phase delay, and heightened HPA axis sensitivity.”” ' It is the
synergistic interaction of these normative adolescent changes with the aforementioned genetic and molecular suscept-
ibilities that likely creates a perfect storm, significantly elevating the risk for the co-emergence of ID and PIU.In this
context, Collectively, these alterations across neurotransmitter, hormonal, inflammatory, and genetic systems suggest

partially overlapping molecular vulnerability profiles for ID and PIU, as summarized in Table 3.

Environmental-Neurocognitive Cascades

For adolescents, entering puberty signifies not only a transition into a new developmental stage characterized by physical
growth, but also the onset of a distinct phase of cognitive and psychological transformation. During this period, although
individuals demonstrate marked improvements in logical reasoning, working memory, and planning capacities, their
actual behaviors are frequently driven by emotional and social influences even when they cognitively recognize
associated risks.'®®> Concurrently, research has demonstrated the profound impact of familial and peer relationships on
adolescent development.'® Furthermore, this population exhibits particular susceptibility to various mental disorders.'®
Regarding ID and PIU, substantial evidence highlights the contributory roles of social, psychological, and comorbid
factors. These determinants can be systematically categorized into two principal dimensions: Environmental Triggers and

Neurocognitive Reinforcement factors.

Environmental Triggers in Adolescence

Adolescents are more susceptible to insomnia due to various socio-environmental factors. Foremost among these is
stress, which may be strongly associated with ID in adolescents.® Studies indicate that 27% of adolescents experience
high stress levels, with school being one of the most common stressors. School-related stress emerges as a particularly
prominent risk factor among adolescents with insomnia, potentially contributing to ID by influencing emotional states,
dietary behaviors, and increasing susceptibility to mood disorders such as anxiety and depression.'®'% Adverse
childhood experiences also constitute significant contributors to ID. Childhood traumatic events may increase vulner-
ability to ID, with effects persisting for decades into adulthood.''® Repeated emotional and physical abuse during
childhood may predispose individuals to later insomnia by enhancing sleep reactivity.''' Moreover, such maltreatment
may persist as an ongoing stressor, further exacerbating sleep disturbances.''? Concurrently, studies have identified
potential positive correlations between adolescent insomnia and high caffeine intake as well as electronic device
usage.”3’114 Prolonged exposure to electronic screens and outdoor artificial lighting extends adolescents’ light exposure
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duration, which can delay both bedtime and waking times, potentially leading to ID and other psychiatric
disorders.''5!1?

Similarly, stress may predispose adolescents to PIU, with studies demonstrating a positive correlation between stress
and PIU.'?° Childhood trauma is significantly associated with adolescent PIU, as traumatic experiences may reduce familial
warmth, diminish self-esteem and social competence, and amplify negative emotions (eg, depression, anxiety, loneliness),
thereby driving adolescents to seek emotional compensation through virtual environments.'*'*'?* Family and school factors
also critically influence PIU susceptibility. Prior research identifies reduced maternal care, increased maternal control,

heightened paternal autonomy, and elevated parental rejection as risk factors for adolescent PIU.'*

Adolescents exhibiting
lower levels of family cohesion, poorer teacher-student relationships, weaker peer connections, negative academic
attitudes, and reduced school engagement demonstrate greater susceptibility to PIU.'?*'?> Genetics further indirectly
modulate adolescents’ environmental susceptibility to PIU. For instance, interactions between the S-HTTLPR genotype and
environmental factors (eg, family functioning) suggest serotonin’s potential role in PIU development.*> The DAT1's 5°-
UTR and 3°-UTR regions may mediate impulsive behaviors that heighten PIU vulnerability,”* while the OXTR rs53576 AA
genotype reveals associations between bullying exposure and adolescent IGD.”?

Mental health issues also contribute to adolescent susceptibility to both ID and PIU. Psychological well-being serves as
a critical foundation for healthy sleep,'*® and mental health factors similarly play a significant role in adolescent insomnia.
Psychological conditions such as depression and anxiety exhibit positive correlations with insomnia.'?” Notably, childhood
maltreatment may impair individuals' ability to identify and express emotions, heightening attention to external stimuli and
fostering the development of alexithymia, which in turn promotes ID through mental health pathways.'** Divergent parenting
styles may further shape personality traits, generating varied psychological vulnerabilities that predispose individuals to insomnia
during development.'?® Additionally, adverse psychosocial experiences, including racial discrimination and non-racial forms of
discrimination (eg, based on gender, age, and height/weight), have been linked to ID occurrence in adolescents.'*°
The interplay between psychiatric comorbidities and sleep disturbances reveals critical risk patterns for ID. Other psychiatric

disorders (eg, mood disorders) constitute significant risk factors for ID, primarily including depressive disorders,"*

9,132

anxiety
disorders, and attention-deficit disorders.'> Studies suggest a bidirectional relationship between adolescent ID and depres-
sive disorders, where sleep disruptions may intensify ruminative thinking patterns, perpetuating further sleep disturbances and
potentially evolving into depression over time.'””''* Adolescents’heightened vulnerability to anxiety symptoms'>* further
compounds this dynamic, as anxiety disorders may exacerbate ID symptoms. Concurrently, insomnia amplifies the burden of
anxiety-related hyperarousal and social dysfunction, creating a self-reinforcing cycle.'%%!3!3¢

In parallel to these psychiatric comorbidities in ID, research underscores distinct psychosocial correlates of PIU.
Adolescent PIU demonstrates significant associations with diminished well-being, reduced self-esteem, and elevated
impulsivity and egocentrism.'>” Emotional and behavioral disturbances indirectly shape internet use patterns through
academic underperformance, establishing a cascading “psychological distress — academic difficulties — internet
dependency” pathway.'*® This mechanism reinforces the bidirectional interplay between compulsive internet use and
mental health deterioration."*® Social anxiety emerges as a salient risk factor for PIU, with maladaptive social behaviors
exacerbating addictive internet engagement.'*® Notably, self-esteem operates as a protective buffer, with higher self-
esteem correlating markedly with reduced PIU susceptibility.'*

Emerging evidence highlights reciprocal environmental triggers between ID and PIU in adolescents. Shared socio-
environmental risk factors, such as chronic stress and childhood trauma, may concurrently predispose individuals to both
conditions through shared pathways. For instance, school-related stress not only elevates ID risk via emotional
dysregulation'®*'% but also drives compensatory internet overuse as a maladaptive coping mechanism.'? Similarly, child-
hood maltreatment demonstrates dual impacts—enhancing sleep reactivity to perpetuate ID''"''? while simultaneously
reducing emotional competence, thereby increasing PIU susceptibility through virtual compensation behaviors.'?!'%*
Environmental mediators further reinforce this interconnection. Prolonged electronic device exposure, while directly

113-119

contributing to ID via circadian disruption, simultaneously facilitates PIU development through habitual internet

engagement. Evidence demonstrates that PIU-related behaviors such as pre-sleep social media engagement'? and

cyberbullying'® show strong associations with adolescent ID. Family dynamics exhibit bidirectional influences: poor

128,129

parental bonding and low family cohesion amplify ID risk through psychological vulnerabilities while concurrently
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fostering PIU via reduced real-world social connectivity.'*>"'?*> Notably, mental health comorbidities create synergistic
effects—anxiety and depressive symptoms not only exacerbate ID through hyperarousal mechanisms’'**'*> but also
promote PIU via the “psychological distress — internet dependency” pathway.'*®'*° Crucially, these environmental
triggers may operate through shared neurobiological substrates, as genetic polymorphisms influencing serotonin and
dopamine systems modulate susceptibility to both sleep disturbances® and impulsive internet use.”® Emerging research
further reveals that sleep deprivation exacerbates addicts’ cravings and emotional instability through elevated stress
hormones (eg, cortisol), while impairing decision-making capacity, thereby heightening addiction-related risks."*' This
complex interplay underscores the necessity for integrated interventions addressing shared environmental determinants in
adolescent ID and PIU comorbidity.

Neurocognitive Reinforcement in Adolescence
Cognitive-behavioral factors profoundly influence adolescent susceptibility to both ID and PIU. Adolescence represents
a critical neurodevelopmental window, characterized by dynamic brain maturation that mediates both adaptive function-
ing and psychopathology. During this phase, gene-environment interactions may facilitate rapid cognitive growth.
However, the prefrontal cortex’s inhibitory control functions, which undergo accelerated development in early adoles-
cence, exhibit marked interindividual variability. In contexts of prefrontal functional immaturity, motivational efforts may
become dysregulated, contributing to impulsive control deficits in some adolescents. Concurrently, heightened midbrain
dopaminergic system activity during adolescence increases reward sensitivity, driving risk-taking behaviors. These
neurocognitive dynamics render adolescents particularly vulnerable to ID and PIU due to cognitive-behavioral
predispositions.' 42144

The persistence of ID and PIU further perpetuates cognitive impairments in adolescents. Post-insomnia cognitive
distortions related to sleep (eg, maladaptive beliefs, unrealistic expectations, attentional biases) play a pivotal role in
sustaining chronic insomnia.'*> Addiction research proposes a triadic interaction mechanism involving susceptibility,
affective reactivity, and executive functioning, wherein addictive behaviors transition from impulsive actions to habitual
patterns.”” The pursuit of reward fulfillment and hedonic experiences in addiction may reinforce behavioral
persistence,'*® a pattern evident in adolescent PIU.'*” Adolescents’neurodevelopmental traits predispose them to such
neurocognitive reinforcement processes,'*® wherein addictive behaviors and sleep disturbances mutually exacerbate
cognitive dysregulation.Together, these environmental stressors and neurocognitive reinforcement processes form a self-
perpetuating cycle that sustains and amplifies the comorbidity between ID and PIU during adolescence, as summarized in
Table 4.

Table 4 Convergence of ID and PIU Environmental Triggers and Neurocognitive Reinforcement Mechanisms

Convergent Dimensions ID Manifestations PIU Manifestations Shared Mechanisms/Interactions

Environmental Triggers

Stress Elevates risk via emotional Drives compensatory internet overuse as | Stress-induced activation promotes emotional
dysregulation and mood maladaptive coping dysregulation and escapism
disorders

Trauma Enhances sleep reactivity, leading | Reduces emotional competence, Trauma-induced limbic sensitization disrupts
to chronic insomnia increasing virtual compensation emotional regulation, fostering comorbidity

behaviors

Family Dysfunction Low family cohesion exacerbates | Poor parental bonding reduces real- Dysfunctional family dynamics impair self-control

psychological vulnerability world social connectivity

Neurocognitive
Reinforcement

Cognitive-Behavioral Post-insomnia cognitive Addictive behaviors transition from Sleep deprivation and internet overuse mutually

Reinforcement Cycle distortions (eg, sleep-related impulsivity to habituation via triadic deplete adolescents’ cognitive and behavioral
hypervigilance) sustain chronic susceptibility-affect-execution abilities, exacerbating impulsive decision-making
insomnia interactions

Neurodevelopmental Prefrontal-limbic developmental Heightened neuroplasticity facilitates Developmental nervous system susceptibility that

Window Effects asynchrony increases stress- addiction-related neuroadaptive changes jointly increases the risk of comorbid ID and IA

induced insomnia vulnerability
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Discussion

The intersection of adolescent ID and PIU represents a critical public health challenge, driven by overlapping neuro-
biological, molecular, and environmental vulnerabilities. Previous studies have identified significantly shortened sleep
duration among individuals with excessive internet engagement.'* Due to adolescents’ unique physiological and

19.20,55.57.58,97-99.101-105 11y and PIU exhibit more pronounced convergent patholo-

psychological developmental factors,
gical alterations and shared risk factors in this population. This review synthesizes evidence supporting the bidirectional
relationship between ID and PIU and proposes a vicious cycle model rooted in biological susceptibility, environmental
triggers, and neurocognitive reinforcement. Figure 2 illustrates the mechanistic diagram of this model.

The proposed model posits that ID and PIU co-emerge through three interconnected pathways: (a) biological
susceptibility (molecular and neurobiological vulnerabilities), (b) environmental triggers, and (c) neurocognitive rein-
forcement. The shared biological susceptibility between ID and PIU may synergistically exacerbate disease progression
and persistence, potentially creating a pathological positive feedback loop. Adolescents, situated in a unique develop-
mental context, lack fully adaptive coping mechanisms for stressors, trauma, and familial environments,'*® rendering

Comorbidity cascade via ID—
PIU reciprocity

Molecular Neurobiological
Susceptibility susceptibility

-Dopamine/orexin -Triple Network
imbalance Dysregulation
‘GABA/melatonin  comeren -Prefrontal-Limbic
dysregulation Axis Aberrations
-Genetic ' -Reward Circuitry
abnormality Dieorder  omematie  Dysfunction:

(ID) (PIUV) reward circuits

Increase
adolescents'
susceptibility to

environmental Increase
Environmental risk factors Overlapping risk factors adolescents'
factors disrupt susceptibility to
adolescent biology neurocognitive
and homeostasis risks factors
Environmental Neurocognitive
Triggers Reinforcement
-Stress -Cognitive-Behavioral
-trauma Reinforcement Cycle
-Family Dysfunction eiomena-  *Neurodevelopmental
-Others rsaaa e Window Effects

Figure 2 The Vicious Cycle Model.
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them more vulnerable to disruptions in biological homeostasis triggered by these environmental factors.'>! Pathological
activation of biological mediators (eg, dopamine [DA], GABA) or genetic predispositions® 6%* 708795 further amplifies
adolescents’ susceptibility to environmental risks. Although adolescents’ brain development progresses toward structural
and functional maturity, their reward circuitry and prefrontal cortex remain insufficiently developed to meet cognitive

19,20,29,44
demands,%-2%2%

creating a neurodevelopmental window of vulnerability for ID and PIU. Interactions between
environmental triggers and neurocognitive reinforcement form environmental-neurocognitive cascades, wherein adoles-
cents’ insufficient sleep literacy'>” and limited intervention strategies for PIU'>* perpetuate the ID-PIU vicious cycle.
Thus, interventions targeting adolescent ID and PIU must prioritize shared pathways to disrupt this co-occurring
maladaptive loop.

Above all, this review synthesizes converging evidence to propose a Convergent Developmental Trajectory Model for
adolescent ID-PIU comorbidity. Our integration of neuroimaging, molecular, and environmental-neurocognitive findings
suggeststhat ID and PIU may not be fully independent conditions but are potentiallylinked through shared mechanisms.
These include common neurobiological vulnerabilities (eg, alterations in DMN-SN-CEN dynamics, prefrontal-limbic-
striatal circuitry), overlapping molecular susceptibilities (eg, involvement of dopaminergic and circadian rhythm genes),
and reinforcing environmental-neurocognitive cascades. The adolescent neurodevelopmental period is hypothesizedto be
a critical window where these factors interact, possiblycreating a self-perpetuating cycle that poses significant challenges
for intervention.

Implications for Future Research
The proposed model, while synthetic, highlights several promising and prioritized avenues for future research to move
from correlation toward causation and personalized approaches:

Longitudinal Neurodevelopmental Tracking: There is a pressing needfor cohort studies that integrate multi-modal
data (eg, neuroimaging, digital phenotyping, polysomnography, molecular assays) to track the temporal dynamics and
progression of ID-PIU comorbidity, which could help elucidate causal pathways.

Multi-Omics Integration: Research could benefit frommoving beyond candidate gene approaches to integrate geno-
mics, proteomics, and metabolomics data. This mayhelp identify biosignatures for early risk stratification and uncover
novel molecular targets.

Cross-Cultural Studies: It would be valuableto investigate whether the proposed mechanisms are universal or vary
across cultures, particularly in regions with high rates of PIU. Such research is essentialfor developing globally effective
interventions.

Experimental Mechanistic Trials: Proof-of-concept trials using neuromodulation (eg, TMS targeting prefrontal or
cingulate regions) mighthelp test the model’s predictions by examining whether modulating specific neural circuits
concurrently affects both sleep and internet use behaviors.

Testable Predictions Derived from the Model: To guide empirical validation, future studies could test specific
predictions, such as: (a) Adolescents with a specific polygenic risk score combining circadian (eg, MTNR1B) and
dopaminergic (eg, DRD2) gene variants will show a higher incidence of comorbid ID-PIU onset than those with risk for
either disorder alone; (b) Baseline DMN-SN decoupling measured via fMRI at age 12—13 will predict the trajectory of
both insomnia severity and compulsive internet use over a 3-year follow-up, even after controlling for baseline

symptoms.

Potential Clinical and Public Health Implications
The accumulated evidence points to the potential utility of a paradigm shift in approaching adolescent sleep and digital
health, perhapsmoving from isolated treatments to more integrated, transdiagnostic strategies.

Exploring Integrated Interventions: The development of transdiagnostic CBT protocols that target shared mechanisms
(eg, metacognitions, reward processing) appears warranted. Digital platforms could be exploredas a scalable medium for

delivering such interventions.
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Informing School-Based Policies: School systems represent a logical venuefor intervention. Evidence suggeststhat
circadian-aligned school start times mayimprove sleep duration, while sleep and digital literacy education couldempower
self-regulation.

Guiding Diagnostic and Clinical Guidelines: The findings provide a scientific basisfor considering formal criteria for
ID-PIU comorbidity in future diagnostic manuals, which mightstimulate the development of evidence-based assessment
and treatment guidelines.

Informing Public Health Guidelines: Healthcare policymakers may considerformulating Adolescent Digital Health
Guidelines that encourage features like evening screen curfews and discourage the use of addictive design elements in
platforms targeting youth.

Limitations and Future Directions

The proposed Convergent Developmental Trajectory Model is a novel, integrative and heuristic framework for under-
standing the complex comorbidity between ID and PIU in adolescents. However, as a narrative theoretical synthesis,
several important limitations must be acknowledged, which underscore its hypothetical nature and the critical need for
empirical validation. These limitations also serve to outline priorities for future research aimed at testing and refining the
model.

First, regarding the construct of PIU, our model largely treats PIU as a unitary construct for the sake of parsimony and
initial integration. In reality, PIU encompasses a heterogeneous range of online activities (eg, gaming, social media use,
pornography consumption, online shopping). It is highly plausible that the proposed neurobiological, molecular, and
cognitive mechanisms differ in their weighting or presentation across these distinct behavioral subtypes. For instance,
reward circuitry hyperactivation may be more central to gaming-related PIU (IGD), while social media-related PIU might
be more strongly linked to social anxiety and dysregulation of the social brain network.'>* Future research must explicitly
test whether the pathways outlined in our model apply equally across PIU subtypes or whether subtype-specific models
are needed.

Second, the evidence synthesized is primarily derived from cross-sectional studies comparing individuals with ID or
PIU to healthy controls. This precludes definitive causal inferences about the developmental trajectory. While our model
posits a bidirectional, reinforcing cycle, the temporal precedence, causal strength, and directionality of the links between
biological vulnerability, environmental triggers, initial sleep disruption, and the onset of compulsive internet use remain
to be rigorously tested. Therefore, longitudinal cohort studies tracking adolescents from pre- to post-puberty are essential.
Such studies should employ multi-modal assessments (neuroimaging, genetics, digital phenotyping, sleep monitoring) at
multiple time points to establish the developmental sequence and causal pathways implied by the model.

Third, methodological considerations of this review must be noted. Our synthesis, while comprehensive, was
conducted as a narrative theoretical review rather than a systematic review or meta-analysis. This approach was chosen
to allow for broad, transdisciplinary integration across often-siloed fields. However, it may be subject to selection bias.
Future work would benefit from a systematic mapping and quantitative meta-analysis of the literature to objectively
assess the strength, consistency, and effect sizes of the evidence for each proposed pathway within the model.

Finally, we acknowledge that several mechanisms highlighted in our model, such as Default Mode Network
dysregulation and prefrontal-striatal circuitry deficits, are transdiagnostic in nature and are implicated in a range of
psychopathologies, including depression and anxiety. The specificity of our model lies not in proposing entirely unique
mechanisms, but in articulating how these common risk factors interact in a specific, reinforcing configuration to drive
the particular comorbidity of ID and PIU during adolescence. A key empirical question is whether this proposed
configuration of interactions is more predictive of ID-PIU co-onset than of other common comorbidities.

Embracing these limitations clarifies that the current model is a heuristic framework designed to stimulate hypothesis-
driven research. Its primary value is in moving the field from a descriptive understanding of comorbidity towards
a mechanistic, integrative, and developmental perspective that generates testable predictions, which can ultimately

inform precision prevention and intervention strategies for adolescents.
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Conclusion

In summary, the comorbidity between ID and PIU in adolescents represents a significant public health concern that may
be underpinned by a confluence of biological, environmental, and neurocognitive factors. Recognizing their intercon-
nectedness is an important step. The present model offers a heuristic framework that could inform a shift toward more
integrative and preventative strategies. By proposing a convergent developmental trajectory, this model advances the field
by moving beyond descriptive comorbidity and delineating testable, multi-level mechanisms that cut across traditional
diagnostic boundaries. This framework invites interdisciplinary research and calls for integrated, transdiagnostic inter-
vention strategies tailored to the adolescent developmental window. Addressing this complex issue will likely require
sustained interdisciplinary collaboration across neuroscience, clinical practice, education, and policy to effectively
support adolescent well-being in the digital age.
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