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Age-dependent shifts in postural control: Cerebellar gray matter and balance
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Objective
The cerebellum plays a central role in postural control [1], and human studies have demonstrated associations between cerebellar gray-matter volume and static balance performance during quite standing [2]. Depression is often accompanied by psychomotor slowing and abnormal postural sway [3], and previous neuroimaging research has implicated cerebellar vermis–cerebral cortical circuits in depressive episodes [4]. Moreover, recent functional mapping studies of human cerebellum studies indicate that it is involved not only in motor control but also association-domain cognition functions (e.g., social cognition, emotion) [5,6]. However, integrated analyses simultaneously linking depressive symptoms, static balance, and lobule-wise cerebellar volumes in pediatric samples remain scarce. Therefore, we examined whether depressive symptoms co-occur with decrements in static balance and whether specific cerebellar regions exhibit concurrent structure–behavior relationships with both balance and depression in typically developing children. Our primary objective was to clarify the relationships among cerebellar structure, depressive symptoms, and motor (balance) performance in childhood, thereby advancing our understanding of the underlying neurobiological mechanisms. We hypothesized that, (1) among cerebellar subregions associated with children’s static balance, a subset would also be linked to depressive symptoms, and (2) the severity of depressive symptoms would modulate the relationship between cerebellar morphology and balance performance.
Methods
Data were collected from 72 typically developing children aged 6-18 years (N=72; 37 boys; 10.28±2.31 years). To investigate postural control, we measure static balance during 30-s Romberg stance (eyes open/closed) on the HUR iBalance BT4. We calculate integrated balance index (higher = poorer balance). Prior to modeling, global balance outliers were removed via robust MAD-Z (|Z|>3). To investigate cerebellum volume, T1-weighted MRI (3T) was processed with SPM12/CAT12 and lobular gray-matter volumes were extracted using SUIT. For each SUIT lobule, both volume and balance indices were residualized for covariates (age, sex, handedness, height, weight, TIV). Per-ROI bivariate outliers were excluded using MCD-based Mahalanobis distance (α=0.001; fallback robust |Z|>3 on residuals). Reporting threshold: two-tailed p<0.01 (q reported descriptively). Fisher’s z 95% CIs; Benjamini–Hochberg FDR across lobules (q=0.05). BH-FDR within each family; reporting restricted to p<0.01, bootstrap 95% CIs (B=1000).
Results
In the association between cerebellum volume and motor balance and ,   lobular volume and IBI (higher IBI = poorer balance) across Right IX (r=-0.431, p=0.00022, q=0.0062), Left IX (r=-0.357, p=0.00256, q=0.0326), Left VI (r=-0.347, p=0.00350, q=0.0326), Left Crus I (r=-0.334, p=0.00506, q=0.0355), Right Crus I (r=-0.313, p=0.00890, q=0.0384), Left V (r=-0.337, p=0.00717, q≈0.0387), and Right VIIIb (r≈-0.318, p≈0.00898, q≈0.0384). Within these balance-significant cerebellum regions, CDI-P showed positive correlations with volume in Left Crus I (r=+0.340, p=0.00605, q =0.134) and Left IX (r=+0.338, p=0.00638, q =0.134), whereas CDI-SR yielded no effects at p<0.01.
Conclusions
posterior cerebellum—most notably Left Crus I and Left IX—exhibited concurrent structure–behavior coupling with both static balance and depressive symptoms. Consistent with functional maps that ascribe association-domain roles to these territories brain region[5,6], the pediatric pattern suggests broader, not-yet-siloed cerebellar recruitment for postural control, while depression is independently linked to psychomotor slowing and increased sway [3] and vermis–cerebrum involvement has been observed in youth depressive episodes [4]. Taken together, our findings nominate Left Crus I/Left IX as developmentally sensitive, cross-domain biomarker candidates for combined motor–affective interventions in childhood.
Consistent with hypothesis (1), among cerebellar subregions that were associated with children’s static balance, a subset also showed associations with depressive symptoms, with effects concentrating in the posterior cerebellum (notably left Crus I and left lobule IX). This overlap suggests that territories engaged in affective regulation and postural control may partially converge in childhood while still serving domain-specific roles depending on the behavioral context. Regarding hypothesis (2), the present data do not indicate a direct effect of depressive symptoms on static balance; rather, the pattern is compatible with an indirect pathway whereby depressive tendencies relate to cerebellar structural development, which in turn may subtly modulate motor control. Taken together, these findings highlight the pediatric cerebellum as a potential shared substrate for emotional and motor functions and nominate posterior association lobules as developmentally sensitive, cross-domain biomarker candidates for integrated (motor–affective) interventions in childhood; formal moderation/mediation models will be required to test these mechanisms explicitly.
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