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Cerebellar agingis spatially heterogeneous
and supports cognitive resilienceinlater life
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The cerebellum contains most of the brain’s neurons and supports many
functions, yet how it changes with age remains unclear. Here we used three
brainimaging studies spanning 47,000 adults and examined how different
parts of the cerebellum age and their relation to cognition. We characterized
cerebellar aging using volumetry and the T1-weighted/T2-weighted ratio,
and corroborated these findings with quantitative magnetic resonance
imagingin anindependent sample. We show a spatially heterogeneous
pattern of aging in which specific association and motor-related regions
show steeper relationships with age than other lobules. Greater cerebellar
volume was associated with higher cognitive scores with increasing age,
suggesting that cerebellar structure may provide brain reserve that helps
maintain function despite aging. In patients with Alzheimer’s disease,
cerebellar volume was linked to cognition in individuals with lower amyloid
burden, especially in those carrying two copies of the APOE-e4 risk gene. This
supports athreshold-reserve model, in which the cerebellum helps sustain
cognition until pathology becomes widespread. These results show that the
cerebellum has an active role in healthy cognitive aging and resilience.

Global population aging underscores the need to identify neural mecha-
nisms supporting cognitive longevity. The number of individuals older
than70yearsis increasing faster than that of younger adults'. Although
research has focused largely on the cerebral cortex, converging evi-
denceindicatesthatthe cerebellum, long recognized for sensorimotor
control, also supports higher-order cognitive and affective functions®”.
Through closed-loop circuits with cortical association areas and sub-
cortical nuclei*, the cerebellum is positioned to influence cognition

across the lifespan. Posterior cerebellar regions linked to prefrontal
and parietal networks exhibit protracted maturation’, suggesting a
potential role in late-life cognitive resilience.

The cerebellum is not spared by aging. Morphometric and
postmortem studies show hemispheric and vermal shrinkage, and
loss of Purkinje and granule cells®’; longitudinal imaging shows
accelerating atrophy in advanced age®. Aging effects appear par-
ticularly pronounced in posterior regions’™, and cerebellar volume
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Table 1| Sample demographics and imaging characteristics
in the HCP-aging sample

HCP-aging sample

n 708

Age (years) 60.05 (15.59)

Sex, n (% female) 400 (56.5)

Total cerebellar volume (mm?®) 130,746.01(13,494.55)
Total neocortical volume (mm?®) 456,301.18 (51,798.86)
eTIV (mm?®) 1,520,809.62 (188,357.16)
MoCA total score 26.32(2.52)
MoCA-visuospatial score 414 (0.98)

Years of education 17.48 (2.21)

Adjusted household income 63,681.88 (62,350.68)

Data are reported as the mean (s.d.) unless stated otherwise.

correlates with executive function and processing speed in older
adults'". Yet, whether cerebellar variation contributes to cognitive
reserve remains unclear because most prior studies used modest
samples or coarse anatomical resolution, limiting assessment of
spatial heterogeneity.

Reserve frameworks emphasize neural efficiency and adapt-
ability as buffers against decline', but focus largely on neocortical
and hippocampal systems. The ‘dysmetria of thought” hypothesis"
proposes that cerebellar dysfunction disrupts higher-order cognition
analogously to motor dyscoordination, implying that degeneration
may produce cognitive dysmetriawhereas preserved cerebellar integ-
rity may confer protection. The cerebellum has also beenimplicated
in Alzheimer’s disease (AD)", but while neuroimaging studies suggest
cerebellar involvement in AD", whether it contributes to pathology
or resilience'® remains unclear. Some work even reports slower cer-
ebellar than neocortical structural decay”, although those analyses
treated the cerebellum as asingle structure and may have overlooked
regional heterogeneity. Reduced cerebellar volume across neuro-
degenerative disorders' further underscores the need to clarify its
rolein aging.

In this study, we combine large-scale multimodal data from the
Human Connectome Project (HCP) (HCP-Aging, n =708), UK Biobank
(UKB) (n=45,013) and the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) (n=1,423) tomodel cerebellar aging and its relationship to cog-
nition, amyloid burden and the APOE genotype. We asked: Is cerebellar
aging spatially heterogeneous? Do individual differencesin cerebellar
agingrelate to cognitive resilience that is consistent with reserve? How
dothese processes manifestin AD dementia? By integrating normative
and pathological aging, we position the cerebellum within broader
frameworks of cognitive aging and reserve.

Results

Heterogeneous aging of cerebellar tissue and associations
with cognition

In708 neurotypical adults aged 36 to 100 years (Table 1), we examined
age-related changes in cerebellar volume relative to the neocortex,
controlling for biological sex, estimated totalintracranial volume (eTIV)
and years of education. Age was inversely associated to neocortical
volume (8=-1,927.92, P=0.00001, Cohen’s f=1.27) and cerebellar
volume (f=-309.13, P< 0.00001, Cohen’s f= 0.54), but not with eTIV
(P=0.399) (Fig.1a-d).

To assess spatial heterogeneity, we parcellated the cerebellum
into 11 rostrocaudal lobules. A mixed-effects model of log-
transformed lobular volume (covariates: sex, eTIV, years of edu-
cation, hemisphere) showed strong age-related volume associa-
tions and significant heterogeneity across lobules (age x lobule:

F(1,014,826) = 50.07, P< 2.2 x107) (Fig. 1e,f). Main effects were
present for age (F(1,702) =147.31, P < 2.2 x 107%), lobule (F(1,014,826)
=65,756.26, P<2.2x107'), hemisphere (F(114,826) = 64.04,
P=1.31x1075),sex (F(1,702) =7.48,P=0.006), eTIV (F(1,702) = 327.02,
P<2.2x107") and education (F(1,702) =12.31, P= 0.0005). Pair-
wise slope comparisons were Benjamini-Hochberg-corrected
(Supplementary Table1).

Allowing hemisphere-specific slopes did not alter lobular hetero-
geneity (age x lobule: F(1,014,805) = 51.39, P < 2.2 x107'%). There was
no overall hemispheric difference in age slopes (age x hemisphere:
F(114,805) =1.53, P= 0.216) and no age x lobule x hemisphereinterac-
tion (F(1,014,805) =1.27, P= 0.239) (Supplementary Fig. 1).

We next examined vermis regions using the same log-volume
framework. Mixed-effects models revealed heterogeneous age slopes
across vermis regions (age x vermis: F(42,820) =4.56, P=0.001),
alongside a main effect of age (F(1,702) =17.20, P=0.00004)
(Supplementary Fig. 2). €TIV (F(1,702) =161.74, P <2.2 x10™) and edu-
cation (F(1,702) = 5.48, P= 0.019) were significant covariates, whereas
sexwasnot (P=0.166). Most vermis regions declined by approximately
0.9-1.5% per decade. Vermis VI, VII, IX and X showed significant nega-
tive estimates after Benjamini-Hochberg correction, whereas vermis
VIl was near zero (Supplementary Table 2).

To assess whether volumetric reductions reflected loss of
fine-scale tissue structure, we analyzed cerebellar T1-weighted
(T1W)/T2-weighted (T2W) ratio maps, a contrast sensitive to mye-
lin and neurite density'*°. Although TIW/T2W remains susceptible
to cerebrospinal fluid partial-volume effects, it reduces intensity
inhomogeneity and enhances tissue contrast. TIW/T2W declined
with age across lobules (Fig. 1g): mixed-effects models (covariates:
sex, eTIV, education and hemisphere) showed heterogeneous age
slopes (age x lobule: F(1,014,826) = 53.75, P < 2.2 x 107%), with main
effects for lobule (F(1,014,826) = 2,819.43, P < 2.2 x107'%), hemisphere
(F(114,826) =1,860.92, P < 2.2 x107*), and education (F(1,702) =10.79,
P=0.001).Sex and eTIV were not significant (both P> 0.8). Percentage
change per decade (Fig.1h and Supplementary Table 3) showed signifi-
cant declineacross all regions after Benjamini-Hochberg correction,
withthelargest decreasesincrusl(3.13%), crus11(2.98%) and lobule IX
(3.14%), and the smallest in the anterior motor regions, consistent with
acerebellar sensory-association gradient’.

We next compared cerebellar aging to neocortical organiza-
tion along the sensory-association hierarchy*-?, For each cortical
region, we related mean TIW/T2W in 360 young adults (a proxy of
sensory-association rank) to its age-related TIW/T2W slope in the
aging cohort (Fig. 1i). Regions with lower baseline TIW/T2W—typically
association cortices—showed more negative age slopes, whereas highly
myelinated sensory regions were relatively preserved.

Because TIW/T2W is a relative metric, we validated these pat-
terns using quantitative magnetic resonance imaging (QMRI) in
an independent cohort (n =23; 29-71 years). We derived maps of
the volume of interacting protons (VIP), sensitive to tissue water
macromolecular interactions expected to decline with tissue loss.
Mixed-effects models controlling for sex and hemisphere showed
significant lobular heterogeneity (age x lobule: F(10,462) = 5.10,
P=4.4x107) (Fig.1j), with main effects of lobule (F(10,462) = 48.31,
P<2x107) and hemisphere (F(1,462) = 4.97, P= 0.026), but not age
(F(1,20) =3.61, P=0.072). Simple slopes (Supplementary Table 4)
showed reductions in crus|, crus II, VIIb, VIIIa, VIIIb and IX (uncor-
rected P < 0.05). After Benjamini—-Hochberg correction, VIIb and
VIlla remained significant (P < 0.05), with crus I and I, VIIIb and IX
trending (P < 0.1). Aposterior (crus Iand II) versus anterior (I-111,1V)
contrast confirmed faster decline in posterior cognitive lobules (esti-
mate =-0.002 per decade, t = —4.30, P < 0.0001), an approximately
two percentage point greater decline per decade than the anterior
regions. These qMRIfindings replicate the posterior-biased pattern
observed with TIW/T2W.
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To clarify the biological interpretation of VIP, we examined age
associations for tissue volume fraction (TV), water tissue fraction (WTF)
and VIP across cerebellar lobules (Supplementary Fig.9). TVand WTF
exhibited complementary age-related patterns consistent with shifts
in macromolecular versus water content across the adult lifespan.
VIP demonstrated partially overlapping but distinct age associations
and several lobules showed VIP age effects despite minimal TV or
WTF slopes. These findings suggest that VIP captures microstructural
variation beyond simple tissue loss or water accumulation, provid-
ing acomplementary and partial-volume-robust index of cerebellar
microstructural aging.

To assess whether cerebellar structure was related to cognition,
older adults completed the Montreal Cognitive Assessment (MoCA), a
battery sensitive to cognitive decline. Higher MoCA scores were asso-
ciated with greater neocortical volume (8=0.00001, P<2.1x107°,
Cohen’s f=0.23) (Fig. 1k) and greater cerebellar volume (8= 0.0001,
P<3.1x107°, Cohen’s f=0.24) (Fig. 1m). The eTIV measure was also
positively associated with MoCA performance (= 0.002, P=0.011,
Cohen’s f=0.10) (Fig. 11). Thus, greater global tissue volume, cortical
and cerebellar, wasrelated to cognitive performance inlater life (Fig. 1n).

Regional cerebellar age-related volume changes
and associations with cognition

Relating lobular gray matter volume (ACAPULCO regions of interest
(ROIs)) to MoCA scores revealed heterogeneous structure cognition
associations across lobules (Fig. 2a). In a joint log-volume model
including all 11 bilateral lobules (adjusting for sex, eTIV, education
and hemisphere), the MoCA x lobule interaction was significant
(F(10,692) =2.19, P=0.0169), indicating spatially varying associations
(Fig.2b).Slopes are expressed as change in MoCA per 10% increase in
lobular volume (AMoCA/10%), with Benjamini-Hochberg-adjusted
Pvalues. LobulesVand Vland crusland Il showed the strongest effects
(VI: +0.27(0.19,0.35,95% CI), P= 5.9 x 10™°; crus 1: +0.27 (0.19, 0.35ClI),
P=3.0x107% crus11: +0.21 (0.14, 0.28 Cl), P=4.4 x 10°®) (Fig. 2b and
Supplementary Table 5). An omnibus equality-of-slopes test confirmed

heterogeneity (F(10,121.94) = 2.19, P= 0.017). A priori contrasts demon-
strated stronger associations in posterior/association lobules (crus|,
crusll) relative to anterior/motor lobules (I-111, 1V) (difference in mean
slope =+0.26 MoCA per 10% (95% C10.12, 0.41), z=3.57, P= 0.0004).
Thus, a10% larger posterior lobule corresponded to roughly 0.2-0.3
higher MoCA points.

Voxel-based morphometry (VBM) corroborated these findings.
Age-related gray matter associations were evident in the posterior
cerebellum (family-wise error (FWE)-corrected P < 0.0001, false dis-
covery rate-adjusted g value (qQFDR) = 0.002, F(1,705), cluster extent
k =21voxels) (Fig. 2c, top left); MoCA was associated with bilateral
lobulesV, VI, crusland crusll (FWE-corrected P< 0.0001,gFDR = 0.002,
F(1,705), k=21) (Fig. 2c, bottom left). A conjunction analysis identified
cerebellar cortex showing both aging and cognitive effects (Fig. 2c,
right). Subscale analyses (Supplementary Fig. 3; unthresholded maps
showing positive associations) revealed shared and distinct patterns.
Only the visuospatial subscale survived multiple-comparisons correc-
tion (FWE-corrected P<0.0001, gFDR =0.002).

Network overlays showed conjunction clusters predominantly
within association regions (frontoparietal, ventral-attention and por-
tions of default mode) in the Buckner 7 Network parcellation®, and
within attention and language representations as per Multimodal
Domain Task Battery parcellation?, with some involvement of primary
motor zones (Fig. 2d,e). Within these posterior regions, gray mat-
ter volume related to better cognition for both total MoCA (8= 8.61,
P=1.4x107"° Cohen’s f=0.25) and the visuospatial subscale (8 = 3.86,
P=3.1x107%, Cohen’s f=0.32) (Fig. 2f,g).

MoCA scores declined linearly withage (8=-0.04,P=9.7 x1072,
Cohen’s f=0.26). Therefore, we tested whether cerebellar volume
moderated age-cognition associations. Cerebellar volume attenu-
ated age-cognition associations (age x cerebellar volume: total
MoCA P=0.020; visuospatial MoCA P = 0.001; Fig. 2f,g). Individu-
als with cerebellar volume one standard deviation below the mean
showed steeper negative age-cognition slopes, whereas those
one standard deviation above the mean exhibited attenuated

Fig.1| Cerebellar lobular heterogeneity and neocortical loss track cognitive
differences withage. a,c, Linear regression models (two-sided ¢-tests of
regression coefficients) correcting for biological sex, years of education and
eTIVrevealed significant inverse relationships between age and neocortical
volume (8 =-1,927.92 mm?® per year (-19,279 mm?® per decade), P= 0.00001,
Cohen’sf=1.27) (a), and cerebellar volume (8=-309.13 mm?® per year (-3,090
mm?®per decade), P<2 %107, Cohen’sf=0.54) (c). b, Age and eTIV, correcting
for sex and years of education, were not significantly related (P = 0.399). Solid
lines represent ordinary least-squares regression fits (model-estimated mean
response); shaded bands represent the 95% confidence intervals (Cls) of the
regression estimate. All tests were two-sided. d, The magnitude of the age effects
issummarized as Cohen’s fmultivariate effects sizes. e, Aging-related effects on
cerebellar lobular volume demonstrate heterogeneous age associations across
lobules. The lines represent OLS regression fits (model-estimated mean volume),
and the shaded bands denote the 95% Cls of the regression estimate. f, Lobule-
specific age slopes are expressed as percentage volume change per decade
derived from alinear mixed-effects model of log-transformed lobular volume.
Analyses were performed in n =707 independent participants, with the individual
participant as the unit of analysis. The age x lobule interaction was evaluated
using a two-sided Wald F-test from the mixed-model analysis of variance
(ANOVA) (F(1,014,826) = 50.07, P < 2.2 x107). The two-sided ¢-tests and 95% Cls
used Satterthwaite-approximated degrees of freedom. Pvalues for lobule-wise
slopes and pairwise slope differences were adjusted for multiple comparisons
using the Benjamini-Hochberg FDR. g, A similar pattern characterized the
T1W/T2W signal, with strong inverse relationships along the rostro-caudal

axis suggesting lower relative myelination in posterior parcels. Lines represent
OLSregression fits (model-estimated mean signal); shaded bands represent

the 95% Cls of the regression estimate. h, The inset cartoon of a coronal plane
cerebellum shows the lobule colormap used in the scatterplot. Points show the
estimated percentage change per decade derived froma linear mixed-effects

modelincluding an age x lobule interaction and the same covariates. Analyses
were conducted in n =707 independent participants. The age x lobule interaction
was evaluated using a two-sided Wald F-test (F(1,014,826) = 53.75, P<2.2 x107).
Lobule-specific slopes were estimated with two-sided ¢-tests and Satterthwaite-
approximated degrees of freedom. Benjamini-Hochberg FDR correction was
applied to multiple comparisons. Points represent model-estimated slopes.
Whiskers denote the 95% Cls. i, Across 320 cortical ROIs, regions with lower
young-adult TIW/T2W values (association-like cortex) showed more negative
age-related slopes (greater tissue loss), whereas regions with higher TIW/T2W
values (sensory-like cortex) showed flatter or positive slopes. Points represent
ROI-specific regression slopes derived from two-sided general linear models.
Theline represents the model-estimated mean response; shaded bands denote
the 95% Cls of the regression estimate. j, Lobule-specific age slopesin VIP are
expressed as percentage volume change per decade, estimated fromalinear
mixed-effects model including an age x lobule interaction and controlling for sex
and hemisphere. Analyses were conducted in n = 23 independent participants.
Theinteraction was evaluated using a two-sided Wald F-test (F(10,462) =5.10,
P=0.0000004). Lobule-specific slopes were estimated with two-sided ¢-tests
and Satterthwaite-approximated degrees of freedom. Points represent model-
estimated slopes. Whiskers denote the 95% Cls. k,m, Correcting for the same
covariates asin a, greater MOCA total scores were associated with greater
neocortical volume (8= 0.01MoCA points per 1,000 mm? P=2.13 x10”, Cohen’s
f=0.23) (k), and greater cerebellar volume (8 = 0.10 MoCA points per 1,000 mm?,
P=3.13x107°, Cohen’s f=0.24) (m).1, eTIV was also positively associated with
cognition (8= 0.20 MoCA points per 100 cm?, P=0.011, Cohen’s f=0.10). Effects
were estimated using linear regression models (two-sided ¢-tests of regression
coefficients). Points represent model-estimated regression coefficients; shaded
bands denote the 95% Cl of the regression estimate. n, Differences in predictive
strength across neocortical, eTIV and cerebellar volume are displayed as Cohen’s
feffectsizes derived from the same regression models.
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age-cognition slopes. This protective effect emerged after approxi-
mately 46 years of age for total MoCA and 44 years for visuospatial
performance (simple slopes, positive FDR < 0.05). All moderation
analyses were cross-sectional.

Cerebellar versus cortical contributions to
cognitivereserve

We next tested whether the reserve effect was specific to the cerebel-
lum or shared by neocortical regions functionally connected to pos-
terior cerebellar lobules VI, crus I and crus Il. Based on established
cerebello-cerebral networks, we defined a posterior midline cerebral
cortex composite (precuneus-postcingulate cortex (PPCC)). Cerebellar
and PPCC volumes were strongly correlated (8 =4,019.95,P=2.0 x 107,
Cohen’sf=0.41), consistent withknown subcortical-cortical networks™.
While age was negatively associated with PPCC volume (8 =-30.50,
P=2.0x107", Cohen’s f=0.89) (Fig. 2h), and PPCC volume positively
predicted MoCA (8=0.001,P=3.7 x107, Cohen’sf= 0.19) (Fig. 2i), PPCC
volume did not moderate cognition-age associations (PPCC x age:
P=0.263) (Fig. 2j). Importantly, when PPCC volume was included as
acovariate in the cerebellar moderation model, the age x cerebellar
volume interaction remained significant (P= 0.018) (Fig. 2k), indicating
that cerebellar reserve effects are not solely explained by structurally
coupled cortical regions.

We extended this analysis to additional network-matched cortical
composites: a frontoparietal network (FPN) composite (rostral and
caudal middle frontal, inferior parietal cortex) and a ventral-attention
network (VAN) composite (insula, inferior frontal gyrus pars opercula-
ris/triangularis, supramarginal cortex). Neither FPN nor VAN volume
moderated age-MoCA associations (FPN x age: P=0.188; VAN x age;
P=0.550). In models including both cerebellar and cortical interac-
tion terms, the age x cerebellar volume effect remained significant
or marginal (PPCC model: f=0.014, P=0.037; FPN model: = 0.013,
P=0.056; VAN model: $=0.016, P=0.016), whereas cortical interac-
tion terms remained nonsignificant (PPCC: P=0.917; FPN: P=0.972;
VAN: P=0.834).

We further tested canonical regions implicated in cognitive
aging: the hippocampus and superior frontal cortex (Supplementary
Fig. 4). Both showed expected negative age associations (hippocam-
pus: 8=-14.91, P< 2.0 x107%; superior frontal cortex: f=-87.82,
P<2.0x107%), and positive associations with MoCA (hippocam-
pus: 8=0.001, P=0.00001; superior frontal cortex: §=0.0002,
P=0.00001), yet neither moderated age-MoCA relationships (hip-
pocampal volume x age: P=0.906; superior frontal volume x age:
P=0.831).Critically, the age x cerebellar volume interaction remained
significant after adjusting for hippocampal (8= 0.163, P=0.021) or
superior frontal volume (8= 0.169, P= 0.017). Together, these results
demonstrate that cerebellar volume contributes unique protective
variance to age-related cognition associations beyond structurally
and functionally related neocortical regions.

Assessment of sex effects on MoCA performance, education,
eTIVand volume
Inmodels correcting for eTIVand years of education, male and female
HCP participants did not differ in neocortical volume (P=0.990;
male cortex mean volume: 478,998.40 mm?; female cortex mean vol-
ume: 438,824.30 mm?®), cerebellar volume (P = 0.071; male cerebel-
lar mean volume: 137,083.60 mm?; female cerebellar mean volume:
125,866.10 mm?), education (P=0.501; male mean years of educa-
tion: 17.80; female mean years of education: 17.23) or age (P= 0.980;
male mean age: 60.35; female mean age: 59.82). As expected, females
exhibited smaller eTIV (8=-73.83, Cohen’sf=0.67, P=2.0 x107; male
eTIV mean: 1,454.23 mm?; female eTIV mean: 1,302.61 mm?). Females
also scored modestly higher on the MoCA (= 0.494, Cohen’s f=0.17,
P=0.00002; female MoCA average: 26.55; male MoCA average: 26.01).
We next tested whether sex moderated imaging-cognition asso-
ciations. Sex did not interact with neocortical volume (P=0.161),
cerebellar volume (P=0.912), age (P=0.563), education (P=0.093)
or eTIV (P=0.274) (Supplementary Fig. 5). Cerebellar VBM gray
matter age maps, corrected for eTIV, were similar across sexes
(Supplementary Fig. 5g, top; FWE-corrected P < 0.05). Although

Fig. 2| Cerebellar cognitive signature includes regions related to cerebello-
cerebral networks and acts as areserve factor. a, MoCA-related effects on
ACAPULCO lobular volumes (mm?) demonstrate a heterogeneous patternin
the association between MoCA scores and cerebellar volume. Models were
fitted to log-transformed lobular volume; lines represent model-estimated
mean responses from linear mixed-effects models. Shaded bands denote

the 95% Cls of the regression estimate. All tests were two-sided. b, The points
represent lobule-specific regression coefficients derived from a multiple linear
regression predicting MoCA total score from log-transformed lobular volumes,
correcting for sex, eTIV, years of education and hemisphere. Analyses were
conducted in n =707 independent participants, with the individual participant
asthe unit of analysis. Points show model-estimated coefficients expressed as
the change in MoCA score per 10% increase in lobular volume (model fit used
unscaled mm? predictors; coefficients scaled by log(1.10)). The error bars denote
the 95% Cls of the parameter estimate derived from two-sided ¢-tests of the
regression coefficients. An omnibus Wald test of equality of lobule coefficients
was performed (two-sided F-test), assessing whether associations between
lobular volume and MoCA differed across lobules (F(10,692) = 2.19, P= 0.0169).
Pairwise differences between lobule coefficients were evaluated using Wald
tests based on the model covariance matrix, with Pvalues adjusted for multiple
comparisons using the Benjamini-Hochberg FDR. Lobules 1V, V, VI, crus|, crus
11, VIIb, VIIIb, IX and X, showed positive associations, whereas I-1ll and VIllawere
positive but their Cls overlapped zero. ¢, VBM using modulated, normalized
gray matter maps, provided F-test association maps of clusters in the cerebellar
gray matter (the color intensity reflects the magnitude of the F-statistic). Top
left: F-test association map of clusters in the cerebellar gray matter associated
withyears of age, correcting for eTIV (FWE-corrected P < 0.0001, gFDR =0.002,
F(1,705), k=21). Abrighter color (yellow) indicates greater years of age relating
to lower cerebellar volume (mm?). Bottom left: F-test map of clusters in the
cerebellar gray matter associated with MoCA total scores, correcting for eTIV

(FWE-corrected P<0.0001, qFDR = 0.002, F(1,705), k = 21). Right: conjunction
map (FWE-corrected P< 0.0001, gFDR = 0.002, F(1,705), k = 21) visualizing the
intersection of the aging and MoCA voxel-wise results, suggests that variations
inthis map contribute to aging-related changes in cognitive performance as
measured by the MoCA. d,e, Resulting conjunctionintersection clusters (FWE-
corrected P<0.0001, gFDR =0.002, F(1,705), k = 21) of the aging-MoCA total
score voxel-wise map (d) and the aging-MoCA-visuospatial subscale score map (e)
overlaid on maps of Buckner 7 and Multimodal Domain Task Battery parcellations.
The white outlines delineate the aging-MoCA mask in cyan. Overlaps illustrate
qualitatively where clusters fall relative to broad functional zones. f,g, The lines
represent model-estimated mean responses from the linear interaction models
(two-sided tests of interaction terms); the shaded bands denote the 95% Cls of
theregression estimate. f, Left: greater mean VBM-derived gray matter signal
within the aging-total MoCA cerebellar signature mask was associated with higher
total MoCA scores (8 = 8.61 MoCA points per unitincrease in signature value,
P=1.35x107°, Cohen’sf=0.25). g, Left: greater mean VBM-derived gray matter
signal within the aging-visuospatial cerebellar signature mask was associated
with higher MoCA-visuospatial scores (8 = 3.86 score units per unitincreasein
signature value, P=3.06 x107¢, Cohen’s f= 0.32). f, Right: the negative association
between age and MoCA scores was attenuated at higher levels of aging-MoCA
signature (P=0.02). g, Right: the aging-visuospatial cerebellar signature similarly
moderated the association between age and visuospatial performance (P=0.001).
h-k, Post-hoc linear regression models, controlling for the same covariates,
examined the relationship between PPCC volume, age, cognition and cerebellar
reserve. h, Age was inversely related to PPCC volume (8=-30.25 mm? per year,
P<2x107%,Cohen’sf=0.88).i, Higher PPCC volume was associated with greater
total MoCA scores (8= 0.001MoCA points per mm? P=3.71x107, Cohen’s
f=0.19). j, PPCC did not moderate the association between age and MoCA scores
(P=0.263).k, Aging-MoCA cerebellar signature remained a moderator of the age-
MoCA association after including PPCC volume in the model (P=0.018).
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MoCA-related VBM maps showed a subtle right hemisphere bias, this
effect did not survive correction for multiple comparisons (shown at
uncorrected P< 0.0001; Supplementary Fig. 5g, bottom). Together,
these findingsindicate that the observed cerebellar aging and reserve
effects are not driven by sex differences.

Generalizability of cerebellar reserve to
independent cognitive tasks

To test whether the aging-MoCA cerebellar signature generalized to
independent measures, we examined four HCP tasks: dimensional card
sorting task”; flanker attention task”; picture sequence memory (PSM)
task?; and list sorting working memory (LSWM) task?®. Interaction

models controlling for sex, eTIV and education showed that greater
cerebellar volume attenuated age-related decline in the card sort-
ing (cerebellar volume x age: = 0.99, P=0.0005) and flanker task
(cerebellarvolume x age: 8= 0.710,P= 0.005) (SupplementaryFig.6a,b).
Simple slopes (FDR < 0.05) indicated that protective effects emerged
after approximately 55 (card sorting task) and 60 (flanker attention
task) years (Supplementary Fig. 6b). Additive models showed posi-
tive main effects of cerebellar volume on both tasks (card sorting:
B=32.84,P=1.1x107; flanker: 8=31.29,P=3.5 x107'°). By contrast, the
aging-MoCA cerebellar signature volume did not moderate age-related
performance for the PSM task (P = 0.646) (Supplementary Fig. 6¢)
or LSWM task (P=0.441) (Supplementary Fig. 6d), although positive
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cerebellar volume main effects were observed in additive models (PSM
model main effect of cerebellar volume: 8=45.81,P=1.5x107; LSWM
model main effect of cerebellar volume: 8 =45.81, P=1.5x107).

Cerebellar cognitive reserveinthe UKB
Wereplicated our findingsinanindependent, large dataset of healthy
older adults from the UKB (Table 2). Focusing on posterior lobules
(crusl, crusll, lobuleIX), we observed substantial age-related volume
decline, most pronouncedincrus1(8=-0.002,P<2.0 10, Cohen’s
f=0.38), followed by crus11(8=-0.002,P< 2.0 x107'¢, Cohen’s f= 0.27)
andlobuleIX (8=-0.003,P<2.0 x107, Cohen’sf=0.16) (Fig.3a).Ina
joint mixed-effects model controlling for sex, hemisphere, education
and total head volume, age effects differed across lobules (age x lobule:
F(2,181,270) =309.34, P < 2.2 x 107%), with all main effects significant (all
P<3.5x1078). Back-transformed estimates showed scaled-free decline
across regions: crus 1 (-6.36% per decade, 95% C1 -6.55, -6.18), crus Il
(-4.68%,95% Cl-4.87,—4.49) and lobule IX (-4.44%,95% Cl —4.63,-4.25)
(Fig. 3b), replicating strong aging effects in the posterior cerebellum.

Cognitive performance declined with age for both digit symbol
substitution task (DSST)*’ (8=-0.25, P<2.0 x107%, Cohen’s f= 0.41)
andthe trail-making test part B(TMB)* (8=0.93,P< 2.0 x107, Cohen’s
f=0.31) (Fig. 3¢c). Posterior lobules showed the strongest task correla-
tions (crus I: DSST r=0.19, TMB r=-0.18; crus II: DSST r= 0.14, TMB
r=-0.16;1X:DSST r=0.13, TMB r =-0.12) (Fig. 3d).

Greater volume attenuated age-related decline for both the DSST
(age x cerebellar volume: 8= 0.01, P= 0.044) (Fig. 3e) and the TMB
(age x cerebellar volume: §=-0.10, P=0.00004) (Fig. 3f). That is, at
age 80, individuals with higher cerebellar volume completed the TMB
approximately 9 s faster and performed about 5% better on the DSST.
Thus, in a large independent cohort, analysis of cerebellar structure
replicated the heterogeneous aging across lobules and the protective
moderation of age-related cognitive decline observed in the HCP, now
inamega-dataset of over 40,000 adults.

Cerebellar reservein AD

We next tested whether cerebellar reserve extends to clinical popula-
tions using the ADNI (n =1,423) (Table 3). Participants were stratified
accordingto amyloid status (amyloid-negative, Ap~; amyloid-positive,
AB") and cerebellar volume x age interactions were examined for MoCA
scores, controlling for sexand eTIV.In AR~ individuals, larger cerebellar
volume attenuated age-related MoCA slopes (cerebellar volume x age:
P=0.0492) (Fig.4a). Nomoderation effect was detected in AB* partici-
pants (P=0.869) (Fig. 4b), consistent with a threshold-reserve model
inwhich cerebellar structure buffers cognition when amyloid burden
islow.

MoCA scores declined across diagnostic stage (cognitive normal
(CN), mild cognitive impairment (MCI), AD; F(2) = 289.60, P < 0.0001),
with all pairwise differences significant (mean MoCA score in CN:
25.07; MCI: 22.36; AD: 16.99) (Supplementary Fig. 7a). Neocortical
volume similarly decreased according to stage (F(2) =27.68,P< 0.0001;
mean cortex volume in CN: 427,996.10 mm?; MCI: 423,554.40 mm>;
AD:395,070.80 mm?) (Supplementary Fig. 7b). In contrast, cerebellar
volume did not differ across diagnosis (F(2) = 0.74, P= 0.475; mean
cerebellar volume in CN: 127,668.20 mm?; MCl: 128,135.30 mm?>; AD:
126,777.90 mm?®) (Supplementary Fig. 7c).

We next examined cerebellar volume-cognition associations
stratified according to diagnosis and amyloid status. In AB™ indi-
viduals, cerebellar volume interacted with diagnostic group in pre-
dicting MoCA (AB~ AD group: 8=0.0001, P=0.004) (Fig. 4c and
Supplementary Table 6). However, in a three-way model (age x cer-
ebellar volume x group), no significant age moderation was observed
within subgroups (all P> 0.3).

Given that APOE €4 is a major AD risk factor, we tested whether
cerebellar reserve persisted across genotype. Among A" individu-
als, greater cerebellar volume predicted higher MoCA scores across

Table 2 | Sample demographics and imaging characteristics

inthe UKB sample

UKB sample
n 45,577
Age (years) 63.60 (7.55)
Sex, n (% female) 19,474 (52.9)
Cerebellar volume (mm?) 6,963.05 (874.29)
Total brain volume (mm?3) 1,054,072.94 (128,909.05)
Years of education, n (%)
Professional 20,552 (49.7)
NVQ, HND, HNC 5,760 (13.9)
CSEs 8,607 (20.8)
O Levels 1,854 (4.5)
A Levels 2,415 (5.8)
College 2177 (5.3)
DSST correct matches score 20.24 (4.96)
TMB (s) 64.19 (23.31)
Mean household income, n (%)
Less than 18,000 2,935 (9.9)
Less than 31,000 858 (2.9)
Less than 52,000 4,707 (15.9)
Less than 100,000 8,921(30.1)
Greater than 100,000 12,261 (41.3)

Data are reported as mean (s.d.) unless stated otherwise. Sex (count/%) is reported per
cohort; ADNI is presented according to diagnostic/amyloid subgroup. A Level, Advanced
Level (13 years of study); CSE, Certificate of Secondary Education; HNC, Higher National
Certificate; HND, Higher National Diploma; NVQ, National Vocational Qualification; O Level,
Ordinary Level (11 years of study).

haplotypes, including e4/e4 homozygotes (Fig. 4d) (e4/e4: 5= 0.001,
t=3.14, P=0.00175; €3/€3: $=0.002, t =3.11, P=0.00193; €3/¢4:
£=0.001, t=3.09, P=0.00210). No significant effects were observed
in AB" participants (all P>0.2) (Fig. 4e), indicating that cerebellar
reserve operates primarily in the relative absence of substantial amy-
loid burden, including in genetically at-risk individuals.

Supplementary mixed-effects models stratified accord-
ing to AP status (subject random intercepts, controlling for
sex, eTIV and hemisphere), showed age x lobule interactions in
both AB™ (F(1,014,763) =15.35, P<0.00001) and AB" individuals
(F(1,013,545) =14.08,P< 0.00001). Inboth strata, posterior lobules (VI,
VIIb, VIIIb, IX, crus I) showed steeper percentage-per-decade estimates
than anterior lobules (I-1V), with the exception of strong effects in
anteriorlobuleV (Supplementary Fig. 8a,b and Supplementary Table 7).
Hemisphere did not moderate these effects (age x lobule x hemisphere:
AB P=0.220; AB* P=0.516).

Volume-MoCA associations were modest but spatially hetero-
geneous (volume x lobule: AR~ F(1,015,375) =8.23, P< 0.00001; AB*
F(1,014,143) = 7.19, P< 0.00001) (Supplementary Table 8). In AR~ par-
ticipants, positive AMoCA per 10% larger volume was observedin lobule
IV (+0.24%,P=0.003),V (+0.39%, P < 0.00001), VI (+0.21%, P= 0.008),
crus1(+0.28%, P=0.003), crus Il (+0.15%, P=0.029), VIIb (+0.45%,
P<0.00001) andIX (+0.16%, P= 0.003) (Benjamini-Hochberg-adjusted
P<0.05). In AB" individuals, effects again concentrated in lobule V
(+0.26%, P=0.0008), crus I (+0.27%, P=0.003) and VIIb (+0.42%,
P<0.00001), with most other regions null. Lobule X showed a small
negative association (-0.25%, P=0.001). Effects were modest (-0.2-
0.45% MoCA per 10% larger volume).

Longitudinal ADNI analyses further showed that greater cer-
ebellar volume predicted higher overall MoCA performance
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Fig. 3| The cerebellum reproducibly modulates age-related cognitive
differencesin the UKB. Analyses were conducted in n = 35,763 independent
participants with full complete data, with the individual participant as the

unit of analysis. a, Replication of the HCP findings in the UKB cohort revealed
heterogeneous age-related effects across crus|, crus Il and lobule IX in linear
models correcting for biological sex, total head volume and years of education.
b, The points represent lobule-specific age slopes expressed as percentage
volume change per decade, derived from a linear mixed-effects model of
log-transformed lobular volume. The age x lobule interaction was evaluated
using a two-sided Wald F-test from the mixed-model ANOVA (age x lobule:
F(2,181,270) = 309.34, P< 2.2 x 107'%). Lobule-specific slopes were estimated
with two-sided t-tests and the 95% Cls of the parameter estimate (smaller than
the plotted data points). Estimated losses per decade were 6.36% for crus 1 (95%
Cl1-6.36,-6.18),4.68% for crus I1 (95% Cl -4.87, -4.49) and 4.44% for lobule IX
(95% C1-4.63,-4.25). ¢, Top: in linear regression models (two-sided t-tests),
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greater age was associated with lower DSST scores (8 =-0.25 DSST points per
year, P<2x107%, Cohen’s f= 0.41). ¢, Bottom: greater age was associated with
longer completion time on the TMB (8= 0.93 seconds per year,P<2 x107,
Cohen’s f=0.31). The lines represent model-estimated mean responses from
linear regression models; the shaded bands denote the 95% Cls of the regression
estimate. d, Unadjusted Pearson correlations demonstrated associations among
lobular volumes (crus|, crus Il and lobule IX) and between cognitive measures.
e, A Gaussian mixture model applied to a crus I-1l composite identified two
distinct distributions, enabling classification into lower-volume and higher-
volume groups. f, Linear interaction models (two-sided tests of interaction
terms) correcting for sex, years of education and total head volume revealed
thatindividuals with higher cerebellar volume exhibited lower DSST scores
(P=0.044) and longer completion time on the TMB (P = 0.00004). The lines
represent model-estimated mean outcomes from the interaction model; the
shaded bands denote the 95% Cls of the regression estimate.

(8=0.23, P=0.04). Although volume x time was not significant in
models with random intercepts and random slopes (P=0.421), a
significant interaction emerged in a random-intercept-only model
(8=-0.031, P=0.019), with higher initial cognitive performance
and convergence over time. This pattern is consistent with a
‘front-loaded’ reserve model in which structural advantages buffer
early cognitive differences.

Discussion

Across neurotypical aging and clinical populations, we show that the
cerebellum exhibits spatially heterogeneous senescence, with posterior
associationlobules andlobule V disproportionately vulnerable to tis-
sueloss. This spatial heterogeneity was replicated inanindependent,
large-scale dataset, indicating thatitis a robust feature of subcortical
aging. Although the pattern echoes the sensory-association hierarchy
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Table 3 | Sample demographics and imaging characteristics in the ADNI sample

CNAB” CNAB* MCIAB” MCI AB* ADAB” AD AB* Pvalue
n 303 280 140 123 80 62
Age (years) 74.50 (6.52) 75.09 (6.66) 77.01(8.08) 75.59 (7.38) 75.59 (8.15) 75.60 (7.71) 0.028
Sex, n (% female) 168 (55.4) 157 (56.1) 56 (40.0) 45 (36.6) 30(37.5) 28 (45.2) <0.001
Total cerebellar 128,536.33 126,742.07 125,5687.07 127,262.08 126,333.72 127,340.50 0.277
volume (mm?3) (12,534.48) (11,900.30) (12,507.90) (13,347.47) (11,792.44) (11955.39)
Total neocortical 429,978.70 425,880.94 403,448.18 410,926.35 389,682.71 401,895.65 <0.001
volume (mm?) (45,107.06) (43,21013) (50,591.46) (56,019.73) (48,569.70) (48,685.18)
eTIV (mm?®) 1,451,505.59 1,438,760.03 1,465,296.78 1,482,354.46 1,422,662.74 1,474,327.26 0.060
(156,887.52) (149,726.34) (157,303.30) (158,795.24) (175,772.87) (178,113.72)
Years of education 16.32 (2.78) 16.40 (2.65) 15.45 (2.89) 15.56 (3.44) 15.27 (2.66) 15.62 (2.75) 0.086
MoCA total score 24.94(2.15) 25.21(1.83) 20.21(5.20) 20.52 (6.08) 16.87 (4.39) 1713 (5.02) <0.001
CDR <0.001
0 263 (871) 241 (86.4) 18 (12.9) 11(8.9) 0(0) 1(1.6)
0.5 37(12.3) 38(13.6) 85(60.7) 82(66.7) 22(275) 19(30.6)
1 2(07) 0(0) 28 (20.0) 20(16.3) 52 (65.0) 30 (48.4)
2 0(0) 0(0) 8(5.7) 8(6.5) 6(7.5) 1(17.7)
3 0(0) 0(0) 1(0.7) 2(1.6) 0(0) 1(1.6)

Data are reported as the mean (s.d.) unless stated otherwise.

of the neocortex, larger cerebellar volume attenuated age-related
cognitive differences, consistent with a cerebellar contribution to
brainreserve.

Spatial heterogeneity of cerebellar aging

Prior morphometric studies suggested regional variability in cerebellar
aging”%*'but lacked systematic lobular comparisons and microstruc-
tural resolution. Across large, multi-cohort datasets and complemen-
tary tissue metrics, we identified a reproducible posterior-skewed
pattern of aging, with association lobules (notably crus I and crus II)
exhibiting steeper age-related effects than anterior motor lobules,
with the notable exception of lobule V (Fig. 1e). This spatial pattern
broadly mirrors functional cerebellar organization and provides a
high-resolution, cross-cohort characterization of cerebellar aging.

Thessteep volumetric declineinlobule V, an anterior sensorimotor
region, contrasted with stronger posterior microstructural effects in
crusland crusll, suggesting that volumetric and tissue-composition
metrics capture partly distinct biological processes. Lobule V vol-
ume loss, which was observed in both the HCP and ADNI datasets
(Supplementary Fig. 8), may reflect macroscopic degeneration,
whereas posterior microstructural changes may reflect alterations
in myelination or synaptic density. Intrinsic physiology may also
contribute: Purkinje cells in the anterior lobules (Il and IV) exhibit
greater excitability than those in nodular regions such as lobule X*%;
within lobule V, zebrin-positive and zebrin-negative modules differ
markedly in firing rates, with zebrin-negative cells firing roughly
twice as fast®. Anterior lobules are also particularly susceptible to
alcohol-related degeneration in adults®*, suggesting that lobule V
may lieata physiological intersection where elevated excitability and
environmental vulnerability increase cumulative metabolic burden
across the lifespan.

Microstructural analyses further indicated that age-related
cerebellar volume loss reflects tissue-content changes rather than
uniform shrinkage. Cerebellar lobules showed reductions in tissue
indices with age, whereas neocortical sensory regions exhibited higher
TIW/T2W values, plausibly reflecting iron accumulation®. Cortical
associationareasinstead displayed trajectories resembling posterior
cerebellar lobules, consistent with coordinated vulnerability across
distributed association systems. Preferential decline of later-maturing
cerebellar regions is also consistent with retrogenesis***’, whereby

developmentally protracted systems are disproportionately suscepti-
bletodegeneration. Together, these complementary findings indicate
that cerebellar aging is spatially organized, developmentally patterned
and biologically grounded.

Cerebellar structure and cognitive performance

Cerebellar aging was behaviorally meaningful. Across cohorts, higher
cognitive performance, including MoCA, processing speed and execu-
tive measures, was associated with greater cerebellar volume, particu-
larly in posterior lobules representing frontoparietal, default-mode and
ventral-attention networks'® (Fig. 2d). Cerebellar volume also moder-
ated age-cognition associations, such thatindividuals with larger cer-
ebellaexhibited attenuated age-related cognitive differences (Fig. 2f,g).
This effect persisted after controlling for canonical cortical markers of
aging, including hippocampal, superior frontal and association-cortical
volumes, and was not observed for these cortical comparators. The
same moderation pattern was replicated in UKB executive measures
(Fig. 3f), reinforcing that cerebellar integrity supports maintenance
of cognitive function across independent samples. Together, these
convergent findings align with cerebellar scaffolding frameworks®, in
which cerebellar circuits stabilize distributed cortical computations as
neocortical systemsdecline, positioning the cerebellumas a structural
substrate of cognitive resilience in later life.

Cerebellar contributions along the AD continuum
Our findings align with accumulating evidence implicating the cer-
ebellumin MCland AD dementia. Although historically considered
relatively spared, the cerebellum exhibits amyloid, tau pathology
and microgliosis®, and structural or functional alterations even in
the prodromal stages'>*°. Posterior cerebellar regions aligned with
association networks appear particularly vulnerable®, paralleling
network-selective degenerationinthe cerebrum; cerebellar structure
has been linked to proxies of cognitive reserve in MCI*.
Stratification according to amyloid status revealed that cerebel-
lar volume was related to cognitive resilience primarily in individu-
als with a lower amyloid burden (Fig. 4a), which is consistent with
a threshold-reserve framework*’. Cerebellar atrophy was evident
across the amyloid spectrum, yet the strongest cognitive associations
emerged in patients with clinically diagnosed AD with alower amyloid
burden (Fig. 4c) and in APOE €4/¢4 carriers (Fig. 4d), suggesting that
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Fig. 4 | Cerebellar volume and MoCA score relationships in ADNI. Analyses
were conducted inn =1,350 independent participants from the ADNI cohort
with complete data across all variables, with the individual participant as

the unit of analysis. Linear models (two-sided tests of interaction terms)
controlled for sex and eTIV. a,b, Predicted MoCA scores are shown asa
function of age at three levels of total cerebellar volume (-1s.d., mean,
+1s.d.), derived from linear interaction models (two-sided) including

an age x cerebellar volume term. The lines represent model-estimated

mean predicted MoCA scores; the shaded bands denote the 95% Cls of the
regression estimate. a, In AR~ participants, the age x cerebellar volume
interaction was significant (P = 0.049).b, In AB" participants, the interaction
was not significant (P = 0.869). Axes are scaled to the observed ranges.

Lines and bands are model-based predictions. ¢, Stratified linear regression
models examined cerebellar volume-MoCA associations according to
amyloid and diagnostic status predicting MoCA scores. The lines represent
model-estimated mean responses; the shaded bands denote the 95% Cls.

In AR~ individuals (solid line), the association between cerebellar volume

and MoCA was strongest among participants with an AD dementia clinical
diagnosis (orange) (P = 0.004). The color indicates the diagnosis (CN: green,
MCI: blue, AD: orange); line type indicates amyloid status (solid: AB~, dashed:
AB*).d,e, Further stratification according to APOE genotype across diagnostic
groups (n =1,347 individual participants) revealed that among AP~ individuals
(d), cerebellar volume was most strongly associated with MoCA scores in
e4/e4 carriers (P=0.00175). No significant APOE x volume effects were
observedin AB*individuals (e).

cerebellar structural integrity may buffer cognitive symptoms early
inthe disease trajectory before compensatory capacity is exceeded.

Consistent withthisinterpretation, cerebellar structure remained
relatively stable across diagnostic clinical stages (Supplementary Fig.7),
contrasting with pronounced neocortical atrophy. Moderation effects
were most evidentin A~ individuals, inline with evidence that reserve
mechanisms operate preferentially at the earlier stages of pathology*.
Together, these findings suggest that cerebellar structural integrity
may contribute to cognitive resilience across the continuum from
normative aging to early AD.

Genetic and mechanistic considerations

Theregional vulnerability observedinthisstudy likely reflects convergent
effects of glial physiology, network connectivity and genetic risk. Beyond
APOE €4, AD-associated loci, including CLU, CR1 and PICALM, implicate
lipid metabolism, endocytosis and microglia-mediated immune path-
ways*. The cerebellum, and posterior lobules, densely interconnected
with association cortex, are metabolically demanding and enriched in
oligodendrocyte® and microglial populations*®*’ that may heighten
susceptibility. Notably, cerebellar microglia exhibit a transcriptionally
distinct,immune-enriched and metabolism-enriched profile and show
pronounced age-related shifts relative to other brain regions*c.

Iron accumulation, arecognized driver of degeneration*®*’, may
further amplify oxidative stress, microglial activation and myelin dis-
ruption. APOE €4 could exacerbate these processes throughimpaired
lipid homeostasis and heightened neuroinflammatory signaling™. Such
mechanisms provide a plausible basis for posterior lobular vulnerabil-
ity and amplified effects in genetic risk carriers.

Longitudinal and methodological context

Although our analyses were cross-sectional, the cerebellar volume-
cognitionassociation wasreplicated across threeindependent cohorts.
Exploratory ADNIanalyses further suggested thatindividuals with larger
cerebella maintained better cognitive performance across visits, con-
sistent with areserve effect. Several limitations warrant consideration.
The cross-sectional design limited inference about the temporal rela-
tionships between cerebellar atrophy and cognitive decline,and MoCA'’s
global scope limited domain-specificinterpretation. Aging effects were
spatially complex rather thanstrictly anterior-posterior,and incomplete
education and socioeconomic datalimited formal modeling of reserve
proxies. Further, future multimodal longitudinal studies integrating
structural, functional and biomarker measures will be essential to clarify
how cerebellar structure supports cognitive resilience over time.

Implications and conclusions

Acrossthreelarge cohorts, cerebellar aging showed areproducible pat-
ternwith strongest effectsin the posterior lobules and lobule V. Cerebel-
lar volume predicted cognitive resilience in normative aging and AD
samples, positioning the cerebellum as an active component of brain
aging. Extending reserve frameworks, cerebellar integrity appeared to
buffer cognition, particularly before substantialamyloid burden, whichis
consistent with scaffolding and threshold-reserve modelsin which struc-
tural resources sustain function until pathology overwhelms compen-
sation. Therefore, cerebellar structure may mask emerging symptoms
despite advancing cortical pathology, potentially delaying detection
under cortex-centricmodels. Integrating cerebellar metrics into neuro-
degeneration models, and targeting cerebellar-cortical circuits thera-
peutically, may strengthen strategies to preserve cognitive health.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541593-026-02289-x.
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Methods

Participants and cohorts

Inthis cross-sectional study, we sourced MRl data from three cohorts
(Table 1) spanning the adult lifespan: the HCP-aging (n = 708; aged
36-100), the UKB (n =45,013; aged 44-81) and the ADNI (n=1,423;
aged 56-95), totaling 47,144 participants. Sex distributions are
reported in Tables 1-3 (HCP-aging, female = 400 (56.5%); UKB, 52.9%
female; ADNIsex counts are provided for each diagnostic and amyloid
cellin Table 3). All participants provided informed consent and were
compensated. Studies were conducted under institutional review
board approval.

Demographics

Weincluded participants with complete cerebellar MRI coverage and
cognitive testing. In HCP-aging, there were two (0.28%) American
Indian or Alaskan Native individuals, 52 (7.20%) Asian, 98 (13.84%) Black
or African American, 506 (71.61%) White, 36 (4.38%) with more than one
ethnicity and 14 (1.98%) individuals with unknown or unreported eth-
nicity, with 69 (9.75%) identifying as Hispanic or Latino, 632 (89.27%) not
Hispanic nor Latino and seven (0.28%) of unreported ethnic group. We
alsosourced MRI data from the UKB but did not have access to ethnicity
or ethnic group status. Additionally, the ADNI cohort consisted of two
(0.14%) American Indian or Alaskan Native individuals, seven (0.50%)
Asian, 22 (1.55%) Black or African American, one (0.07%) Native Hawai-
ianor other Pacific Islander, 670 (47.08%) White, 11 (0.77%) individuals
of more than one ethnicity and 710 (49.89%) individuals of unknown
or unreported ethnic status, with 16 (1.12%) identifying as Hispanic or
Latino, 694 (48.77%) not Hispanic or Latino and 713 (50.11%) of unre-
ported ethnic group.

Clinical characterization (ADNI)

For ADNI participants, a clinical diagnosis of MCI or AD was ascer-
tained by a consensus of trained clinicians, considering cognitive
scores including MoCA™, the Clinical Dementia Rating Scale™ (score
of O for CN function, 0.5 for MCI, 1 for mild dementia, 2 for moderate
dementiaand 3 for severe and advanced dementia) and the Alzheimer’s
Disease Inventory. Our ADNI analysis considered a total of 565 Clinical
DementiaRating (CDR) = 0,672CDR=0.5,147 CDR=1,33CDR =2and
four CDR =3 individuals. The ADNI sample was stratified according
toaCN, MCland AD dementia clinical diagnosis. We opted to include
individuals with a ‘subjective cognitive concerns’ in the CN group,
given previous reports showing that optimal subgroup classification
of ADNI data using spectral embedding, multidimensional scaling,
uniform manifold approximation and projection and ¢-distributed
stochastic neighbor embedding, is best captured by the CN, MCl and
AD diagnostic groupings®.

Cognitive assessments

Cognitive assessments were tailored based on the cohort; they included
the MoCA* within 365 days of the MRI procedures, the DSST* and
TMB®, tests of processing speed and attention, and the Clinical Demen-
tia Rating Scale®. No MoCA cutoff was imposed for inclusion. Among
the HCP-aging participantsincluded in the analyses, MoCA ranged from
19 to 30 (Q1=25, median =27, mean = 26.32, Q3 = 28). This wide vari-
ability is consistent with a community sample without a MoCA-based
inclusion threshold.

MoCA scores below 26 in the HCP-aging cohort reflect expected
variability in community samples, as optimal screening cutoffs differ
across cohorts (for example, Nasreddine et al.”"). Nonetheless, lower
scores may include individuals with an early or prodromal pathology.
Similarly, AB~yet cognitively impaired ADNI participants may represent
non-AD conditions (for example, suspected non-AD pathology), with
heterogenous trajectories®*. Although amyloid-stratified analyses
mitigate this concern, weinterpret cerebellar-cognition associations
conservatively and do not infer causality.

MRI and positron emission tomography acquisition

All participants underwent 3T T1-weighted MRI. Structuralimages were
segmented using FreeSurfer (v.7.1.1) and ACAPULCO™ for cerebellar
parcellation in HCP and ADNI, and FMRIB software library-derived
morphometry for the UKB (see Miller et al.*® and Alfaro-Almagro
etal.” for processing details). The cortex was parcellated using the
HCP-MMP atlas”.

In ADNI, amyloid-PET [*'C]-Pittsburgh compound B was
acquired 50-70 min after injection and processed centrally to derive
partial-volume-corrected regional uptake value ratios. The APOE geno-
type was determined fromblood samples using standard assays. Addi-
tionalacquisition parameters are provided in Supplementary Table 9.

Statistical analysis

We quantified associations between sample characteristics using
R (v.4.0.4). Multivariate linear regression models were conducted
across the HCP, UKB and ADNI cohorts, covarying for biological sex,
eTIV (from FreeSurfer) or total brain volume (from the FMRIB software
library), and years of education for the HCP and the UKB samples.
Robust standard error estimates were calculated unless otherwise
specified; standardized B-coefficients are reported for allmodels along
with Cohen’sfeffect sizes for partial effects in multivariate regression.

Lobule-wise aging models (HCP)

In the HCP cohort, we investigated relationships between age, total
cerebellar volume (ACAPULCO parcellation), total neocortical volume
and eTIV from FreeSurfer, and MoCA scores. Lobular gray matter vol-
umes (mm?>) were log-transformed and modeled using mixed-effects
models withage x lobuleinteractions, adjusting for sex, eTIVand years
ofeducation.

Primary analyses used bilateral summed homologous lobules,
defined apriorito (1) increase signal to noise, (2) reduce multiple com-
parisons and (3) align with our focus on lobule-level aging gradients
rather than hemispheric lateralization.

TypelllANOVA tables were computed using Satterthwaite approx-
imations for the numerator and denominator degrees of freedom
and arereported as F(numerator d.f., denoninator d.f.). All tests were
two-sided. Lobule-specific age slopes were estimated on the log scale
and converted to percentage change perdecadeas100 x (exp(104~) —1).
Cls used asymptotic (z) inference. Left-right slope differences were
tested onthelogscale and corrected using Benjamini-Hochberg FDR
(g <0.05). Hemisphere-specific age x lobule x hemisphere models
(Supplementary Fig. 1) were performed analogously.

Vermis analyses (HCP)

Supplementary analyses examined the mid-sagittal vermis regions
(ACAPULCO: Vermis VI-X). Log-transformed volumes were modeled
using linear mixed-effects models with age x vermis ROl interactions,
adjusting for sex, eTIV and years of education.

A Type Il ANOVA with Satterthwaite degrees of freedom
tested the age x vermis ROl interaction. Vermis-specific age slopes
were estimated and converted to percentage change per decade as
100 x (exp(1083*) —1). We report point estimates and 95% asymptotic
(z-based) Cls and provide Benjamini-Hochberg-adjusted pairwise
slope comparisons. Percentage-per-decade estimates are visualized
inSupplementary Fig. 2 and reported in Supplementary Table 2.

Microstructure analyses: TIW/T2W (HCP)

Toindex cerebellar tissue microstructure, we analyzed voxel-wise TIW/
T2W ratio maps, a unitless contrast sensitive to myelin, neurite content
and partial-volume effects content'*?°. In the cerebellum, this measure is
influenced by tissue microstructural content and intra-voxel cerebrospi-
nal fluid admixture. Ratios were computed within ACAPULCO-defined
lobules. We hypothesized reduced age effects in sensorimotor lobules
and stronger decline in posterior association lobules.
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Log-transformed TIW/T2W values were modeled using linear
mixed-effects models with age x lobule interactions, adjusting for
seX, eTIV, years of education and hemisphere, with subject random
intercepts. Type Il tests with Satterthwaite degrees of freedom pro-
vided omnibus inference. Lobule-specific age slopes were estimated
and expressed as percentage change per decade: 100 x (exp(108*) - 1).
Pairwise slope differences were Benjamini-Hochberg FDR-corrected.

To compare cerebellar and cortical tissue aging patterns,
we analyzed 320 cortical ROIs from the HCP Multimodal Parcella-
tion (HCP-MMP1%) using HCP-aging TIW/T2W maps. For each ROI,
age-related slopes were estimated with linear models, and mean TIW/
T2W from the HCP young-adult reference group (aged 22-35 years)
indexed baselinetissue properties. A general linear model was used to
test whether baseline TIW/T2W predicted age-related decline across
ROIs. The fitted regression and 95% Cls are shown in Fig. 1i.

gMRl validation cohort

To validate the TIW/T2W findings, qMRI data were acquired from 23
healthy adults (aged 29-71) at the Princeton Neuroscience Institute
(3T Siemens Prisma scanner, 64-channel head coil). Multi-flip angle
fast low-angle shot three-dimensional scans (FLASH) were acquired
with a repetition time of 19 ms, echo time of 3.34 ms and flip angles
4,10 and 20. Echo-planar inversion recovery scans had a repetition
time 0f 2,920 ms and inversion times 0f2,400,1,200,400 and 200 ms.
For each participant, FLASH and EPl images were processed using a
MATLAB pipeline (mrQ®), including gradient nonlinearity correction,
bias field correction and co-registration to individual T1 images. We
analyzed the VIP, a quantitative index of water protons interfacing
with cellular structures.

Proton-density-derived VIP maps were normalized to Mon-
treal Neurological Institute space, parcellated with ACAPULCO, and
averaged within lobules (normalization visually verified). Age was
mean-centered (years). Sex was included as a covariate. Because VIP
reflects voxel-wise tissue properties rather than regional volume,
intracranial volume was not modeled. Log-transformed VIP values were
analyzed using linear mixed-effects models with age x lobule interac-
tionsand subject randomintercepts. Typelll F-tests with Satterthwaite
degrees of freedom provided omnibus inference. Lobule-specific age
slopeswere estimated and expressed as percentage change per decade:
100 x (exp(108") - 1), with Benjamini-Hochberg FDR correction across
lobules. A planned contrast compared posterior cognitive lobules (crus
landIl) against motor lobules (I-11I, V), using balanced weights on age
slopes (averaged over the hemisphere). Model diagnostics showed
approximately normal residuals and no singular fits.

gMRI measures were derived to characterize cerebellar micro-
structure beyond volume. These included TV, indexing macromo-
lecular tissue content, WTF (WTF =1 - TV) and VIP, acomposite metric
of tissue microstructure after accounting for free water. Because TV
and WTF explicitly model tissue and water contributions, they areless
susceptible to cerebrospinal fluid-related partial-volume effects, par-
ticularlyinthinfolia. VIP builds on this framework and is expected to be
more robust than heuristic ratios such as TIW/T2W. For supplementary
analyses, lobular gqMRI measures were averaged across hemispheres,
and age associations were tested using linear models correcting for sex.

Lobule-wise cognition models (HCP)
To assess the relationship between cognition and cerebellar volume
at the lobular level, bilaterally summed ACAPULCO volumes were
log-transformed and entered into multiple regression models predict-
ing MoCA. Covariatesincluded sex, eTIV and years of education. Coef-
ficients were rescaled to reflect AMoCA per 10% increase in volume.
95% Cls were derived from the model standard errors.

Pairwise slope differences were tested using Wald contrasts from
the model’s variance-covariance matrix and corrected using Benja-
mini-Hochberg FDR. Guided by cerebellar functional organization,

we contrasted posterior association lobules (crus I and crus II) with
anterior and motor lobules (I-111, IV, V) using equal-weight linear com-
binations, reported as AMoCA per 10% volume with Cls.

VBM analyses (HCP)

VBM was performed in CAT12% (https://neuro-jena.github.io/cat/).
CAT12 uses a standardized pipeline optimized for VBM analyses in
SPM12°, including bias correction of field intensity non-uniformities
and tissue segmentation with partial-volume modeling. Analyses used
modulated, normalized maps (nonlinear modulation only), with eTIV as
acovariate. Statistical conjunction of corrected maps was performed
in FreeSurfer to identify regions associated with age and cognition
(FWE-corrected P< 0.05).

In supplementary analyses, voxel-wise associations between
cerebellar gray matter and individual MoCA subscales were tested
in CAT12/SPM, adjusting for eTIV (Supplementary Fig. 3). Maps are
displayed as (positive) signed values on the SUIT flatmap®, with green
contours marking P < 0.001 (uncorrected) (Supplementary Fig.3). The
group-level voxel-wise SPM T-map shows reduced coverage ininferior
cerebellar regions. This reflects conservative group-level masking
during CAT12/SPM second-level estimation (for example, implicitinter-
section masking across individuals and tissue probability thresholds),
rather than insufficient cerebellar coverage in the underlying data.
Visualinspection of individual-level scans and cerebellar parcellations
confirmed appropriateinclusion and segmentation of inferior cerebel-
lar lobules across participants.

Cortical comparators and reserve modeling (HCP)

Cortical comparatorsincluded bilateral Desikan-Killiany composites
for the PPCC/DMN (precuneus and posterior cingulate), FPN (rostral
middle frontal, caudal middle frontal, inferior parietal) and VAN (insula,
pars opercularis, pars triangularis, supramarginal). Gray matter vol-
umes (mm?) were z-scored within sample. Age was mean-centered.
Covariatesincluded sex, eTIV and years of education.

Reserve was tested viaage x volumeinteractions predicting MoCA.
Single-moderator modelsincluded one ROl at atime. Dual-moderator
models included both the cerebellar MoCA signature and a cortical
ROl with correspondinginteraction terms. We reportinteraction coef-
ficients, ¢ statistics and 95% Cls. Moderation effects were compared
directly using Wald tests, with Benjamini-Hochberg correction across
related tests.

To test combinatorial reserve effects, we fitted linear models
including age x cerebellum x cortex (cortex = PPCC/DMN, FPN or VAN
composites), with all lower-order terms and covariates (sex, eTIV,
years of education). The three-way interaction termindexed age-slope
modulation according to regional volume. Robustness was evaluated
using HC3 heteroskedasticity-consistent standard errors and Benja-
mini-Hochberg correction across cortical ROls.

Specificity analyses examined bilateral hippocampal and superior
frontal volumes (Desikan-Killiany). We tested age-volume associa-
tions, volume-MoCA associations, age-volume interactions on MoCA
and whether cerebellar volume x age effects persisted after controlling
for hippocampal or superior frontal volumes (Supplementary Fig. 4).
All models included sex, eTIV and years of education as covariates.
Interaction effects were visualized using simple slopes at-1s.d., mean
and +1s.d. of the moderator.

Sex interaction analyses (HCP)

Wealsotested sexinteractions withkey predictors using prespecifiedlin-
earmodels. MoCA -~ age x sex + €TIV + years of education; MoCA -~ years
ofeducation x sex + €TIV; MoCA ~ neocortical volume x sex + €TIV + years
ofeducation; MoCA -~ eTIV x sex + years of education; MoCA - cerebellar
volume x sex + eTIV + years of education (Supplementary Fig.5). For the
voxel-wise cerebellar VBM gray matter analyses, we repeated age-related
and MoCA-related models stratified according to sex (with eTIV as
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covariate); the age effect VBM map survived correction for multiple com-
parisons (Supplementary Fig. 5g, top) (FWE-corrected P < 0.05), while
the MoCA effect VBM map did not and isshown in Supplementary Fig. 5g
(bottom) asuncorrectedat P< 0.0001.

Task-level validation (HCP)

InHCP-aging, we tested whether the aging-MoCA cerebellar ROl moder-
ates age-related differences in NIH Toolbox performance: dimensional
card sorting task®, flanker inhibitory control & attention task**, PSM*
and LSWM?*%2_ For each task, we fitted ordinary least-squares linear
models: score ~ age x cerebellar volume + sex + eTIV + years of educa-
tion, with primary inference on the age x cerebellar volume interac-
tion (Supplementary Fig. 6). Interaction effect sizes are reported as
Cohen’sf. Significant interactions were probed using simple-slope/
Johnson-Neyman procedures (two-sided and FDR-adjusted within the
task). To assess additive structure-performance associations, we also
fitted models without the interaction term.

UKB validation analyses

In the UKB validation sample, we examined associations between
cerebellar volume and age, and cognitive performance (DSST*; TMB*°
tests). Lobule-specific aging effects were tested for crus I, crus Il and
lobule IX (left/right hemispheres retained) using mixed-effects models.
Lobular volumes were log-transformed to estimate percentage change
perdecade:100 x (exp(104~) - 1).

Type Il tests with Satterthwaite degrees of freedom provided
omnibus inference. Lobule-specific age slopes were estimated and
expressed as percentage per decade with 95% Cls; pairwise slope dif-
ferences were examined with Benjamini-Hochberg correction for
multiple comparisons. Gaussian mixture models? classified partici-
pants into high-volume and low-volume subgroups based on mean
crusland crusllvolume.

Age, cerebellar volume and cognition across amyloid and
APOE (ADNI)

In ADNI, we examined associations among cerebellar and neocortical
volumes, age, APOE genotype and MoCA scoresin CN participants, and
participants with MCl and AD dementia. Analyses were first stratified
according to amyloid status (AB/AB+), testing the moderation of the
cross-sectional age-MoCA association according to total cerebellar
volume: MoCA -~ age x cerebellar volume + sex + eTIV. Education or
socioeconomic status were not included because of high missingness
or unavailability. Predicted lines were generated at -1 s.d., mean and
+1s.d. of cerebellar volume (95% Cls; two-sided).

We then fitted three hypothesis-driven models using diagnostic
group according to amyloid status (CN AB~, CN AB*, MCI AB~, MCI
AB*, AD AB~, AD AB+): (1) MoCA - cerebellar volume x group; (2)
MoCA -~ age x cerebellar volume x group; (3) MoCA -~ cerebellar vol-
ume x APOE zygosity. All adjusting for age, sex and eTIV. Given the
limited number of a priori models, Pvalues are reported unadjusted.
Samplesizeswere:303CNAPB7;280 CNAB*;355MCIAB ;336 MCIAR';
80 AD AB~; and 62 AD APB*. In the AR~ group, there were 352 APOE 3/3
carriers, 252 3/4 carriers and 54 4/4 carriers. In the AB* group, there
were 3313/3 carriers, 214 3/4 carriers and 65 4/4 carriers.

Lobule-wise age and cognition effects (ADNI)
Within the AR~ and AB* strata, we fitted linear mixed-effects models
withindividual randominterceptsto test hemispheric lobule-specific
aging effects:log(volume) ~ age x lobule x hemisphere + sex + eTIV. Age
slopes were estimated and expressed as percentage change per decade
100 x (exp(104*) - 1), with 95% Cls and Benjamini-Hochberg-adjusted
pairwise comparisons.

Toexaminelobule-specific volume-cognitionassociations, we mod-
eled MoCA as afunction of log-transformed lobule volume (separately
within AB~and AB*), adjusting for covariates (Supplementary Fig. 8).

Effects were expressed as AMoCA per 10% greater lobule volume, with
95% Cls and Benjamini-Hochberg correction.

Longitudinal cognition models (ADNI)

To test whether baseline cerebellar volume predicts longitudinal
cognitive change, we fitted linear mixed-effects models using all
available MoCA assessments across visits for every individual. Mod-
els included time since baseline (years; mean-centered per partici-
pant), baseline cerebellar volume, age, sex and eTIV, with participant
as arandom intercept. Random slope models additionally included
participant-specific slopes for time: MoCA = time x cerebellar vol-
ume +age +sex + eTiV + (1lindividual) + (0 + timelindividual). We also
evaluated asimpler random-intercept-only model. Baseline MoCA was
notincluded asacovariategivenevidence thatrepeated cognitive testing
canleadto practice-related scoreimprovements thatdo not reflect true
cognitive change®***. Therefore, including baseline MoCA can obscure
the genuinelongitudinal relationship betweenbrain structure and cogni-
tive trajectory by absorbinginterindividual variance that partly reflects
learning effects. Finally, we note thatindividuals who remainin longitu-
dinal studies longer often represent a healthier survivor subgroup®°¢,
which can attenuate brain-behavior associations over time.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data analyzed are available at public repositories, which may require
appropriate data sharing agreements from each individual publicly
accessible database, including LONI for ADNI and HCP data (https://
ida.loni.usc.edu/), and biobank UK for UKB data (https://biobank.
ctsu.ox.ac.uk). Deidentified data for Figs. 1-4 can be found at https://
github.com/fdoleireuquillas/AgingCerebellum. Source data are pro-
vided with this paper.

Code availability
Source code related to the statistical analysis and visualization can
be found at https://github.com/fdoleireuquillas/AgingCerebellum.
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data collection  Siemens 3T Magnetom Prisma for quantitative MRI data at the Princeton Neuroscience Institute (https://github.com/mezera/mrQ)

Data analysis FreeSurfer (7.1.1) , ACAPULCO cerebellar segmentation pipeline (Han et al., 2020), R (v.4.0.4: https:www.R-project.org), FSL (6.0.2)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data analyzed are available at public repositories, which may require appropriate data sharing agreements from each individual publicly accessible database,
including LONI for ADNI and HCP data (https://ida.loni.usc.edu/), and biobankUK for UK Biobank data (https://biobank.ctsu.ox.ac.uk). Deidentified source data for
main figures can be found at:
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https://github.com/fdoleireuquillas/AgingCerebellum. Source code related to statistical analysis and visualization can be found at: https://github.com/
fdoleireuquillas/AgingCerebellum.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender In HCP-Aging, Female = 400 (56.5%) (Table 1a); in UK Biobank, 52.9% were female (Table 1b); and ADNI sex counts are
provided for each diagnostic/amyloid cell (Table 1c). Clinically Normal Amyloid Negative, Female = 55.4%; Clinically Normal
Amyloid Positive, Female = 56.1%; Mild Cognitive Impairment Amyloid Negative, Female = 40%; Mild Cognitive Impairment
Amyloid Positive, Female = 36.6%; Alzheimer's Disease Dementia Amyloid Negative, Female = 37.5; Alzheimer's Disease
Dementia Amyloid Positive, Female = 45.2%. All participants provided informed consent, and each cohort adhered to
institutional review board guidelines.

Reporting on race, ethnicity, or Demographics

other socially relevant We included a racially diverse sample of participants with complete cerebellar coverage on MRl scans, as well as
corresponding cognitive testing. In the HCP-Aging cohort, there were 2 (0.28%) American Indian/Alaskan Native individuals,
52 (7.20%) Asian, 98 (13.84%) Black or African American, 506 (71.61%) White, 36 (4.38%) more than one race, and 14
(1.98%) individuals with unknown or unreported race, with 69 (9.75%) identifying as Hispanic or Latino, 632 (89.27%) not
Hispanic or Latino, and 7 (0.28%) of unreported ethnic group. We also sourced MRI data from the UK Biobank, but did not
have access to ethnic or racial status. Additionally, our ADNI cohort comprised of 2 (0.14%) American Indian or Alaskan
Native individuals, 7 (0.50%) Asian, 22 (1.55%) Black or African American, 1 (0.07%) Native Hawaiian or other Pacific Islander,
670 (47.08%) White, 11 (0.77%) individuals of more than one race, and 710 (49.89%) individuals of unknown or unreported
racial status, with 16 (1.12%) identifying as Hispanic or Latino, 694 (48.77%) not Hispanic or Latino, and 713 (50.11%) of
unreported ethnic group.
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Population characteristics The HCP-Aging cohort included 708 participants aged 36—100 years. The UK Biobank dataset provided 45,013 participants
aged 44-81 years, and the ADNI cohort included 1,423 participants aged 5695 years old.

Recruitment Human Connectome Project-Aging (HCP-Aging)
Participants were recruited as part of the Human Connectome Project in Aging, a multisite initiative supported by the NIH.
Recruitment targeted cognitively healthy adults aged 36-100 years. Individuals were identified through community outreach,
registries, family members of HCP participants, and institutional participant pools. Eligibility was determined through
structured screening that excluded major neurological or psychiatric iliness, contraindications to MRI, and significant
cognitive impairment. All participants provided written informed consent under protocols approved by the Washington
University in St. Louis Institutional Review Board.

UK Biobank

Participants were recruited through the UK National Health Service population registry. ~500,000 adults aged 40-69 years
were invited between 2006-2010 via mailed invitations; those who volunteered attended one of 22 assessment centers
throughout the United Kingdom. The neuroimaging subset was recruited from this broader cohort and invited back for MRl
scanning based on geographic proximity to imaging centers and willingness to participate in follow-up assessments.
Inclusion/exclusion criteria were minimal, consistent with UK Biobank's population-level design, but excluded individuals
unable to provide informed consent. Ethical approval was obtained from the UK Biobank Research Ethics Committee, and all
participants gave written informed consent.

Alzheimer's Disease Neuromaging Initiative (ADNI)

Participants were recruited across ~60 North American sites using a combination of clinician referral, community outreach,
memory clinics, and media advertisements. ADNI enrolls individuals spanning normal aging, mild cognitive impairment (MCl),
and Alzheimer's disease (AD) dementia, following prespecified diagnostic criteria based on clinical evaluation,
neuropsychological testing, and functional assessment. Key exclusion criteria included significant neurological disease other
than AD, major psychiatric disorders, MRI contraindications, and unstable medical illness. Participants provided written
informed consent, and study procedures were approved by local institutional review boards at all participating centers.

Princeton validation sample

The Princeton gMRI sample was recruited locally through campus and community advertisements. Eligible participants were
healthy adults with no history of neurological or major psychiatric illness and no MRI contraindications. All participants
provided written informed consent under a protocol approved by the Princeton University Institutional Review Board.

Ethics oversight All datasets received IRB/ethics approval and written informed consent (HCP-Aging, UK Biobank, ADNI, Princeton gMRI). Only
de-identified data were used.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size

Data exclusions

Replication

Randomization

Blinding

Behaviou

Sample sizes were determined by the availability of eligible participants within each cohort (HCP-Aging n=708, UK Biobank n=47,144, ADNI
n=1,423, Princeton Neuroscience Institute n=23). These are large, well-established neuroimaging studies with prespecified recruitment
targets and publicly defined protocols. No a priori power calculations were performed by the present study, as analyses used all participants
meeting inclusion/exclusion criteria, imaging quality thresholds, and data completeness requirements.

Participants were excluded only if imaging data did not meet quality-control criteria. MRI exclusions included scans with insufficient field of
view (e.g., incomplete coverage of the cerebellum), substantial motion or artifact, or failed preprocessing. For analyses using ACAPULCO
cerebellar parcellation, participants were additionally excluded if automated lobular segmentations did not meet visual quality-control
standards. Only individuals with complete demographic data and usable MRI after QC were included.

Key findings were replicated across independent datasets and imaging modalities. Primary analyses conducted in the HCP-Aging cohort were
conceptually and quantitatively replicated in the UK Biobank using analogous structural MRl measures and identical statistical models. We
further replicated the spatial pattern of age-related cerebellar differences in an independent quantitative MRI dataset collected at Princeton
University, demonstrating consistency across acquisition platforms and imaging modalities. All replication analyses were conducted
independently and reproduced the direction and spatial distribution of the original effects.

Participants were allocated to groups based on cohort-defined diagnostic or demographic categories rather than random assignment. Since
the study was observational, randomization was not applicable. Statistical models included Sex, total cranial/brain volume, and education
(when available) to control for systematic group differences.

Blinding was not applicable because this was an observational neuroimaging study with no experimentally assigned groups. Imaging
preprocessing and statistical analyses were performed using standardized, automatic pipelines. For steps requiring manual quality control
(e.g., verifying cerebellar field-of-view coverage or ACAPULCO cerebellar segmentation), raters were blinded to participants' demographic and
cognitive data.

ral & social sciences study design
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Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
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Research sample Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale | Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.
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Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes D No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI |:| ChlIP-seq
Eukaryotic cell lines IZI |:| Flow cytometry
Palaeontology and archaeology IZI |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

MXNXXNXNXX s
OoooooQ

Antibodies

Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pgme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
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Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

Ooodos

[] Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

~<
D
»

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Oooodoods
Oooogoogo

Any other potentially harmful combination of experiments and agents

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-authentication procedures for-each seed stock used-or novel-genotype generated. Describe-any-experiments usedto
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

ChlIP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.
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Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.
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Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Structural MRI (T1-weighted scans)
Design specifications NA

Behavioral performance measures ~ NA

Acquisition
Imaging type(s) https://www.humanconnectome.org/hcp-protocols-ya-3t-imaging, https://github.com/mezera/mrQ, https://
community.ukbiobank.ac.uk/hc/en-gh/articles/24618819821981-Imaging-Data
Field strength 3T
Sequence & imaging parameters See links above for parameters

Area of acquisition Head




Diffusion MRI [ ] Used X Not used

Preprocessing

Preprocessing software See links above in acquisition for pipeline information

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.
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Statistical modeling & inference

Model type and settings Offline models of volumetry and age, two sided.

Effect(s) tested Effect of Age on neocortical volume, cerebellar volume, and cognition. Moderation effect of cerebellar volume on age-
cognition associations.

Specify type of analysis: [ | whole brain || ROI-based  [X| Both

Statistic type for inference Both voxel-wise and cluster correction in VBM maps.

(See Eklund et al. 2016)

Correction FWE, FDR

Models & analysis

n/a | Involved in the study
IX’ |:| Functional and/or effective connectivity

IX’ |:| Graph analysis

IX’ |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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