제목 (영어): From Adaptation Deficits to Smartphone Dependence: Atypical Distributional Alteration of Brain Structural Gradients
제목 (한국어): 적응 문제에서 스마트폰 의존으로: 뇌 구조적 연결성 그래디언트의 비정상적 분포 변화

Objective:
Increasing smartphone use has become a prominent social issue, with children who exhibit lower social adaptive skills being particularly vulnerable to problematic smartphone use. Previous studies have reported that a lack of social engagements increases the risk of smartphone addiction, whereas social support significantly reduces it (Ihm, 2018; Wan et al., 2022). Such deficits in adaptive skills and the resulting smartphone dependencies are often reflected in altered brain structure and function. Prior research has largely focused on specific local regions or their pairwise connectivity (Burnett et al., 2011; Montag & Becker, 2023). To extend beyond this discrete perspective, we applied the gradient-based approach to capture the continuous hierarchical organization of whole-brain connectivity. Building on this, the present study aimed to investigate the relationship between adaptive skills and smartphone dependence from the perspective of the structural gradients.

Methods: 
Data were collected from 69 typically developing children aged 6-9 years (32 females, age 7.94±0.95), including parent-report measures of adaptive functioning, smartphone dependence, and structural brain data. Smartphone dependence was measured using the Smartphone Overdependence Scale (SO), and adaptive behaviors skills were assessed with the Korean version of the Behavior Assessment System for Children, Second Edition (BASC). Structural brain data were obtained through diffusion-weighted imaging (DWI) on a 3T MRI scanner. To examine whether adaptive behavior explains smartphone dependence, we conducted a linear regression analysis with SO as the dependent variable and the BASC adaptive skill score as the predictor, controlling for age and sex. Based on the relationship between BASC adaptive skills scores and SO scores, participants were divided into two clusters (K = 2) using K-means clustering. 
Structural MRI data were preprocessed using MRtrix3 (Tournier et al., 2019), including denoising, eddy current correction, and bias-field correction. Whole-brain structural connectivity matrices were reconstructed from tractography based on the Schaefer-400 parcellation atlas (Schaefer et al., 2018). Low-dimensional representations of cortex-wide structural connectivity, termed structural gradients, were computed using the BrainSpace toolbox (Vos de Wael et al., 2020) with diffusion map embedding. The first three principal gradient axes (Gradient 1-3) were identified (Valk et al., 2020). Differences in gradient distributions between clusters were assessed using the Kolmogorov–Smirnov (KS) test and Wasserstein distance (WD). To examine region-specific gradient differences between clusters, two-sample t-tests were performed and thresholded at uncorrected p < .01.

Results:
BASC adaptive skills score were significantly negative associated with SO (β = -0.267, p-FDR = 0.006). K-means clustering (silhouette score = 0.336) revealed two groups: Cluster 1 (high adaptive skills, low SO) and Cluster 2 (low adaptive skills, high SO). Between-cluster comparisons revealed significant behavioral differences: adaptive skills (t = 7.969, p < .001) and SO (t = -5.209, p < .001). Differences in structural gradients were significant for Gradient 1 (D = .483, p < .001, WDstd = .308) and Gradient 2 (D = .263, p < .001, WDstd = .170), whereas Gradient 3 did not show significant differences (D = .055, p = .581, WDstd = .086). Region-specific analyses revealed significant between-cluster differences only in Gradient 1, notably in the left somatomotor area (SMA), including the SMA leg area (t = 3.325, p = .001) and the pre-SMA area (t = 3.286, p = .002), as well as in the left superior parietal lobule (t = 2.764, p = .007), right precuneus/posterior cingulate cortex (t = 2.982, p = .004), and right cingulate (t = 2.681, p = .009).

Conclusion: 
We identified a significant negative association between children’s adaptive skills and smartphone dependence, further classified subgroups based on this relationship. This finding aligns with the idea that adaptive skills serve as a key determinant of smartphone dependence (Ihm, 2018) and underscores the importance of examining these behavioral dimensions from a multidimensional behavioral perspective. Subsequent gradient analysis revealed significant differences between clusters along the Gradient 1 axis, which reflects a sensory–association hierarchy along the anterior–posterior axis (Badre & D'esposito, 2009). Specifically, the subgroup of children with lower adaptive skills and higher smartphone dependence (Cluster 2) showed a downward shift of high-order regions, including the cingulate cortex, which a crucial hub for higher-order integration and cognitive control (Lavin et al., 2013), along Gradient 1 axis. This indicates that the behavioral profile of low adaptive skills and high smartphone dependence is accompanied by atypical alterations in the brain’s principal structural hierarchical organization. Future longitudinal studies should investigate how atypical gradient alterations affect cognitive functions and developmental trajectories, while also clarifying the temporality and causal relationship between the brain's structural organization and the behavioral problems observed in this study.
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