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Abstract

Introduction:
Cerebellar Crus I/II gray matter volume (GMV) is a structural marker of cognitive aging, and motor
performance (grip strength and manual dexterity) predicts age-related cognitive decline. Whether these
motor measures dissociate in their cerebellar and cognitive correlates is unknown.

Methods
We examined Pearson partial correlations (age, sex, and race covaried) between grip strength, Nine-Hole
Peg Test (9HPT) dexterity, cerebellar Crus I/II GMV, and Montreal Cognitive Assessment (MoCA)
subscores in 304 healthy adults aged 20–79 from the University of South Carolina Aging Brain Cohort.
GMV was derived from T1-weighted magnetic resonance imaging using the Computational Anatomy
Toolbox (CAT12) with the Automated Anatomical Labeling 3 (AAL3) atlas.

Results
After false discovery rate (FDR) correction, dominant 9HPT time correlated with MoCA total score
(r=-.240, pFDR<.001) and memory index (r=-.220, pFDR<.001); no other MoCA subscores survived. Grip
strength was not associated with any MoCA measure but correlated bilaterally with Crus II GMV
(r=.156–.224, all pFDR≤.038). Bootstrapped mediation (5,000 iterations) revealed that dexterity partially

mediated age effects on cognition (28.8% mediated; 95% confidence interval [-0.022,-0.006]), and Crus II
volume partially mediated age effects on grip (34.4–41.4%).

Conclusion
A double dissociation emerged: Crus II GMV, but not dexterity, independently predicted grip strength,
whereas dexterity, but not grip, predicted cognition. Grip strength and dexterity are therefore not
interchangeable indices of motor function but map onto distinct substrates: posterior cerebellar integrity
tracks maximal-force capacity, whereas fine motor performance indexes memory-related cognitive
status independently of cerebellar volume.

Introduction
Alzheimer’s disease (AD) is the leading cause of dementia, accounting for an estimated 60–80% of
cases and producing characteristic neuropathological signatures including amyloid-β plaques,
neurofibrillary tau tangles, synaptic dysfunction, and progressive neurodegeneration (McKhann et al.
2011; Alzheimer’s Association 2023; Jack et al. 2018). Although clinical dementia is most prevalent in
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older adulthood, the structural and molecular changes that underlie AD emerge decades before the
onset of overt cognitive symptoms (Jack et al. 2018; Sperling et al. 2011), motivating a long-standing
search for scalable early indicators of brain vulnerability and resilience across the adult lifespan.
Established clinical instruments such as the Montreal Cognitive Assessment (MoCA) (Nasreddine et al.
2005) are well validated for detecting overt impairment but are insufficiently sensitive to the subtle
cognitive shifts that characterize this preclinical window (Lindvall et al. 2024). Because conventional AD
biomarker pipelines based on cerebrospinal fluid, positron emission tomography, and emerging plasma
assays remain costly or require specialized infrastructure (Jack et al. 2018), there is increasing interest
in functional phenotypes that can index brain integrity inexpensively and at population scale, with motor
performance emerging as a particularly promising candidate that explains substantial variance in global
cognition independent of demographic and health covariates (Schneider et al. 2025; Jost et al. 2025).

Within this functional-phenotype framework, grip strength has long been the most extensively studied
indicator of physical reserve in aging. Hand-grip dynamometry predicts incident frailty, disability, and
mortality in older adults (Bohannon 2008, 2019), and longitudinal evidence demonstrates a bidirectional
coupling between grip strength and cognitive performance such that stronger grip predicts slower
cognitive decline while higher cognition predicts better preserved grip (Cui et al. 2021; Cui et al. 2024).
Frailty itself is increasingly conceptualized as a multidimensional syndrome in which sarcopenia,
metabolic dysregulation, and cardiovascular processes jointly compromise nervous-system integrity
(Jost et al. 2025; Anderer 2025). However, when grip strength is modeled alongside more cognitively
demanding motor tasks, fine-motor measures such as the Nine-Hole Peg Test emerge as the dominant
independent predictors of global cognition (Schneider et al. 2025), suggesting that more complex motor
assessments may better capture the neural processes underlying age-related cognitive decline.
Dexterity-based tasks appear particularly sensitive to cognitive load: dual-task paradigms demonstrate
that adding a concurrent cognitive demand disproportionately degrades pegboard performance relative
to other motor tasks (Petrigna et al. 2020), and visuospatial memory exerts measurable mediating
effects on fine motor skill learning in older adults (Hooyman et al. 2023). Together, these findings raise
the possibility that grip strength and dexterity, although routinely grouped under “motor function,” capture
meaningfully different facets of central nervous system aging.

The cerebellum has emerged over the past three decades as a central structure that participates in both
motor control and higher-order cognition. Once viewed as a purely motor structure, the cerebellum is
now understood to support a broad range of functions including working memory, executive control,
attention, language, and social cognition (Buckner 2013; Stoodley and Schmahmann 2009). This
functional breadth reflects an anatomical division of labor within the cerebellum itself: anterior cerebellar
lobules participate primarily in sensorimotor processing, whereas the posterior cerebellum, particularly
the lateral hemispheres encompassing Crus I and Crus II, supports higher-order cognitive operations
(Stoodley et al. 2012; Stoodley and Schmahmann 2009). The cerebellum is also among the structures
most affected by normative aging, with substantial volumetric change observed across the adult lifespan
(Ramanoël et al. 2018). Within this organization, grip strength and fine motor dexterity engage cerebellar
circuitry in dissociable ways. Grip strength is determined by maximum voluntary force production and
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reflects a combination of central neural drive and substantial peripheral contributions including forearm
musculature, neuromuscular junction integrity, and overall muscle mass (Bohannon 2019; Ward et al.
2007). In contrast, fine motor dexterity, as indexed by the Nine-Hole Peg Test, depends on the
cerebellum’s contribution to error-based learning, online movement correction, and the temporal
coordination of sequential finger movements (Lemon 2008; Stoodley et al. 2012). Because much of the
existing literature has treated grip strength as a general proxy for neurological health without explicitly
accounting for these peripheral contributions (Bohannon 2019), the more specific cerebellum–behavior
associations afforded by fine motor measures may have been systematically obscured.

Among cerebellar regions, Crus I and Crus II warrant a particular a priori focus in the context of cognitive
aging. As the supramodal zone of the posterior cerebellar hemisphere, Crus I and Crus II are
anatomically and functionally distinguished from primary sensorimotor cerebellum (Buckner 2013;
Stoodley et al. 2012; Stoodley and Schmahmann 2009). Structural aging studies have identified the right
cerebellar Crus I/II region as showing reduced gray matter volume in older adults relative to younger
comparison groups (Ramanoël et al. 2018), supporting its sensitivity to normative neural aging. Across
the AD spectrum, voxel-based morphometry has revealed that Crus I atrophy emerges selectively at the
AD dementia stage (Toniolo et al. 2018), while Crus II atrophy is detectable across the continuum from
subjective cognitive decline through mild cognitive impairment (MCI) to AD dementia and tracks
neuropsychological performance (Van Rossem et al. 2025). Cerebellar functional connectivity work
converges on these regions, with progressive reductions in Crus I connectivity from MCI to AD tracking
memory, executive function, visuospatial ability, and global cognition (Zhou et al. 2021), and disrupted
Crus II–thalamic coupling linked to attention deficits in MCI and broader cognitive decline in AD (Tang et
al. 2021). Causal animal work further confirms that Crus II neurons directly modulate recognition and
spatial memory via a polysynaptic pathway through the cerebellar lateral nucleus and ventromedial
thalamus (Fan et al. 2025). Together, this convergent structural, functional, and causal evidence
positions Crus I and Crus II as cerebellar nodes that are particularly vulnerable in cognitive aging and
well suited to interrogating brain–behavior relationships in mixed motor–cognitive constructs.

The present study therefore examined associations between grip strength, Nine-Hole Peg Test dexterity,
cerebellar Crus I/II gray matter volume, and domain-specific cognitive performance assessed by the
MoCA in a cross-sectional lifespan sample of healthy adults aged 20–79. We tested whether grip
strength and dexterity dissociate in their cerebellar structural correlates and in their relationships to
global cognition and individual MoCA subdomains, and used bootstrapped mediation analyses to
evaluate whether dexterity and Crus II volume statistically account for portions of age-related variance in
cognition and grip strength, respectively. By distinguishing the cerebellar and cognitive signatures of
gross and fine motor performance, this work aims to clarify which motor measures are most informative
for indexing cerebellar integrity in normative cognitive aging.

Materials and Methods
Participants
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Data from the NIH Toolbox physiological measures were drawn from the University of South Carolina’s
Aging Brain Cohort Study Repository, a multimodal lifespan database for studying the relationship
between the brain, cognition, genetics, and behavior in healthy aging. As part of this study, T1-weighted
magnetic resonance imaging (MRI) images were collected, and participants also completed grip
strength and dexterity testing. Grip strength was tested using a Jamar Plus Dynamometer, with force
recorded in pounds (lb), and dexterity was tested using the Nine-Hole Peg Test for both dominant and
non-dominant hands. Grip strength and dexterity assessments were administered in accordance with
standardized NIH Toolbox motor function protocols (National Institutes of Health Toolbox 2012). From
September 2019 to December 2023, participants in the study underwent testing, filled out health-related
forms and cognitive tests, and underwent an MRI scan using the University of South Carolina T1-
weighted structural MRI scanner.

The University of South Carolina Institutional Review Board (IRB) approved this procedure. The 304
participants were between 20 and 79 years old (mean age = 46.74 years, SD = 19.38; 75 males, 229
females). By race, the sample comprised 251 White (82.6%), 32 Black or African American (10.5%), 12
Asian (3.9%), 8 Unknown or not reported (2.6%), and 1 participant reporting more than one race (0.3%).
Eligibility for MRI scanning required participants to tolerate lying supine for approximately one hour, have
a maximum girth below 60 inches, and weigh under 400 pounds. Participants did not have existing
medical conditions including, but not limited to: severe illnesses such as cancer, untreated and
unmanaged psychological conditions such as schizophrenia, and no current or past fatiguing illnesses.
The sample comprised all participants in the Aging Brain Cohort repository meeting inclusion criteria for
whom complete grip strength, dexterity, MoCA, and neuroimaging data were available. This dataset
specified the sex, age, socioeconomic status, and race of each individual as fixed variables.

Scanning Protocol

All participants underwent the same MRI scanning protocol at the University of South Carolina,
McCausland Center for Brain Imaging on a Siemens Trio 3T scanner with a 20-channel head coil. T1-
weighted images were used for volumetric analyses and were acquired using the following parameters:
T1-weighted magnetization-prepared rapid gradient-echo (MP-RAGE) sequence with 1 mm isotropic
voxels, 256×256 matrix size, 9° flip angle, and 192-slice sequence with repetition time = 2250 ms,
inversion time = 925 ms, and echo time = 4.11 ms.

Gray Matter Volume Extraction

To extract regional gray matter volumes, the Computational Anatomy Toolbox (CAT12) was employed
with default settings (Gaser et al. 2024). CAT12 for voxel-based morphometry (VBM) employs a fully
automated workflow that quantifies brain structure from MRI scans. The pipeline applies bias correction
to minimize MRI artifacts, segments the brain into gray matter, white matter, and cerebrospinal fluid via
tissue classification, spatially normalizes the images to a Montreal Neurological Institute (MNI)
template, corrects for local brain size, and modulates the segments to preserve volume information.
Cerebellar regions of interest (ROI) were defined using the Automated Anatomical Labeling 3 (AAL3)
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atlas (Rolls et al. 2020; Tzourio-Mazoyer et al. 2002) as bundled within the CAT12 pipeline. Four a priori
regions of interest were extracted: left and right Crus I and left and right Crus II. To control for individual
differences in head size, regional volumes were expressed as a proportion of each participant’s total
intracranial volume (TIV). A volumetric rendering of the four ROIs on the MNI152 template is shown in
Fig. 1.

Statistical Methods

All statistical analyses were conducted in Python (version 3.13) using the pandas, NumPy, SciPy, and
statsmodels libraries. Statistical significance was set at α = .05. Associations between variables were
assessed using Pearson partial correlations, computed via an ordinary least squares (OLS)
residualization approach: each variable of interest was regressed on the covariate set using OLS, and the
Pearson correlation was then computed between the resulting residuals. Age was entered as a
continuous covariate. Sex and race were treated as categorical variables and dummy-coded prior to
entry, with sex = 1 (male) and race = 2 (White) serving as reference categories, yielding four dummy-
coded race regressors and one dummy-coded sex regressor. This approach was used in preference to
treating sex and race as continuous numeric codes, which would impose an unwarranted ordinal
structure on nominal variables.

False discovery rate (FDR) correction was applied using the Benjamini–Hochberg procedure. For Crus I/II
(L and R) × motor measure associations (dominant and non-dominant, grip strength and dexterity),
correction was applied across the full family of 16 tests (four ROIs × four motor outcomes). For dexterity
× MoCA associations, correction was applied across eight tests (dominant dexterity × MoCA total score
and seven index subscores). Non-dominant dexterity and grip strength × MoCA associations were
examined separately and evaluated at uncorrected α = .05 given their exploratory nature; no associations
in these families survived even uncorrected thresholds. Two-tailed p-values were used for all FDR
corrections.

Bootstrapped mediation analyses were conducted to test indirect effects of age on grip strength (via
Crus II gray matter volume) and on MoCA total score (via dominant hand dexterity). For each model, age
served as the independent variable (X), the proposed mediator (M) was either Crus II volume or dexterity,
and the dependent variable (Y) was either grip strength or MoCA total score. Sex and race, coded
nominally, were entered as covariates in all paths. Path coefficients were estimated using OLS
regression. Indirect effects (a×b) were computed as the product of the path a coefficient (X→M,
controlling for covariates) and the path b coefficient (M→Y, controlling for X and covariates). Statistical
significance of indirect effects was evaluated using 5,000 bootstrap iterations with percentile 95%
confidence intervals (CI); an indirect effect was considered significant if the confidence interval excluded
zero. The proportion of the total effect mediated was computed as the indirect effect divided by the total
effect (c path).

To formally evaluate the proposed double dissociation, the strengths of competing overlapping partial
correlations were compared using the procedure of Meng et al. (1992) for dependent correlations that
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share a common variable. Two planned contrasts were tested: whether left Crus II volume was more
strongly associated with grip strength than with dexterity, and whether MoCA total score was more
strongly associated with dexterity than with grip strength. For these comparisons, motor measures were
sign-aligned so that higher values denoted better performance, and age, sex, and race were partialled
from all variables before comparison; two-tailed p-values are reported.

Analyses were conducted on all available complete cases for each specific analysis, with listwise
deletion applied per model. Sample sizes ranged from 297 to 304 across analyses, reflecting missing
values in grip strength (n = 5–6 missing) and dexterity (n = 6–7 missing) assessments. With a sample of
approximately 300 participants, the present study had approximately 80% power to detect partial
correlations of r≥.16 (two-tailed, α = .05).

Results
The final analytic sample comprised 304 participants (75 male, 229 female; mean age = 46.74 ± 19.38
years, range: 20–79). Descriptive statistics for all primary variables are presented in Table 1.

Table 1
Descriptive statistics for demographic, motor, cognitive, and cerebellar volume

measures. Sample size (N), mean, standard deviation (SD), minimum, and maximum
for each measure (N = 304). Grip strength is in pounds (lb); dexterity is Nine-Hole Peg

Test completion time in seconds (s). Cerebellar Crus I and Crus II gray matter
volumes (left and right) are expressed as a proportion of total intracranial volume. N
varies across measures owing to missing grip strength and dexterity assessments.
Variable N Mean SD Min Max

Age (years) 304 46.74 19.38 20.00 79.00

Grip strength − dominant (lb) 299 71.83 23.07 15.40 156.90

Grip strength − non-dominant (lb) 298 68.03 23.87 17.69 161.80

Dexterity − dominant (s) 298 19.24 3.56 12.55 37.66

Dexterity − non-dominant (s) 297 20.07 3.12 12.48 31.78

MoCA total 304 27.33 2.40 15.00 30.00

Crus I − left 304 0.0068 0.0007 0.0043 0.0086

Crus I − right 304 0.0059 0.0007 0.0018 0.0076

Crus II − left 304 0.0051 0.0006 0.0034 0.0068

Crus II − right 304 0.0045 0.0005 0.0020 0.0061

The bivariate distributions of grip strength, dexterity, and MoCA across age, sex, and race are shown in
Figs. 2–4. Grip strength and dexterity both varied with age, and grip strength differed markedly by sex,
whereas MoCA scores were comparatively stable across demographic groups.
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Relationships between Grip Strength and Dexterity

First, the study sought to understand the relationship between grip strength and dexterity. All four grip
strength × dexterity pairings across dominant and non-dominant hands were significantly negatively
correlated after controlling for age, sex, and race (dominant grip × dominant dexterity: r=-.241, p<.001;
dominant grip × non-dominant dexterity: r=-.154, p=.008; non-dominant grip × dominant dexterity: r=-.154,
p=.008; non-dominant grip × non-dominant dexterity: r=-.168, p=.004; all n = 296–299). Higher grip
strength was consistently associated with faster dexterity, confirming that the two measures are related
but not redundant motor constructs.

Cerebellar Crus I/II Volumes and Grip Strength

Having established that grip strength and dexterity represent related but distinct motor constructs, the
next aim was to determine whether variation in these behaviors corresponded to gray matter volume
differences within a priori cerebellar regions of interest. Partial correlations between cerebellar Crus I
and Crus II gray matter volumes and grip strength were computed with age, sex, and race entered as
covariates. FDR correction was applied across all 16 Crus I/II × motor measure associations.

Cerebellar Crus II volume was positively associated with grip strength following FDR correction. Crus II
left correlated significantly with non-dominant grip strength (r=.224, pFDR=.002, n = 298) and dominant
grip strength (r=.156, pFDR=.038, n = 299). Crus II right correlated significantly with non-dominant grip
strength (r=.198, pFDR=.005, n = 298). In all cases, larger Crus II volume was associated with stronger

grip. Cerebellar Crus I showed numerical trends in the same direction for non-dominant grip (Crus I left:
r=.140, pFDR=.063; Crus I right: r=.131, pFDR=.077) that did not survive FDR correction. Full results are
presented in Table 2.
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Table 2
Partial correlations between cerebellar Crus I/II gray matter volume and grip

strength. Partial correlation coefficient (r), uncorrected p-value, Benjamini–
Hochberg FDR-corrected p-value, and sample size (n) for each cerebellar

region of interest by grip strength outcome, controlling for age, sex, and race.
Rows are ordered by effect size. FDR correction was applied across the full

family of 16 Crus I/II by motor associations. Asterisks (*) denote associations
surviving FDR correction (FDR-corrected p < .05).

ROI Outcome r p (uncorr.) p (FDR) n

Crus II − left Grip non-dominant .224 < .001 .002* 298

Crus II − right Grip non-dominant .198 .001 .005* 298

Crus II − left Grip dominant .156 .007 .038* 299

Crus I − left Grip non-dominant .140 .016 .063 298

Crus I − right Grip non-dominant .131 .024 .077 298

Crus II − right Grip dominant .120 .038 .102 299

Crus I − left Grip dominant .065 .266 .472 299

Crus I − right Grip dominant .060 .302 .483 299

The full set of Crus I/II × motor partial correlations is displayed in Fig. 5, and the Crus II–grip
relationships that survived FDR correction are shown as residual scatterplots in Fig. 6.

Cerebellar Crus I/II Volumes and Dexterity

After comparing grip strength correlations to selected ROI GMV, dexterity was then correlated with the
same ROIs. No significant associations were observed between cerebellar Crus I or Crus II volumes and
Nine-Hole Peg Test dexterity performance after FDR correction (all pFDR>.16). The largest observed
uncorrected association was r=-.10 (Crus II right × dominant dexterity, p=.073, pFDR=.168). With the
present sample size (n ≈ 300), the study was adequately powered at approximately 80% to detect
correlations of r≥.16 (two-tailed, α = .05), indicating that these results constitute evidence against
moderate-to-large associations rather than a failure of statistical power.

Dexterity, Grip Strength, and Cognitive Performance

To further evaluate the clinical relevance of motor performance, the next study aim was to determine
whether grip strength and dexterity were viable markers of cognition. Partial correlations between motor
measures and MoCA total/subscores (memory, executive, visuospatial, orientation, language,
attention/concentration, and immediate recall) were conducted controlling for age, sex, and race, with
FDR correction applied across eight dexterity × MoCA comparisons. Dominant hand dexterity was
significantly associated with MoCA total score (r=-.240, pFDR<.001, n = 298) and the MoCA memory index

(r=-.220, pFDR<.001, n = 298; slower peg time = lower MoCA performance). No other MoCA subscores
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survived FDR correction (executive index: r=-.110, pFDR=.157; all others pFDR>.16). Non-dominant dexterity
did not survive FDR correction for MoCA total or any MoCA subscore. Grip strength, whether dominant or
non-dominant, was not significantly associated with any MoCA subscore after FDR correction (all
puncorr>.07). These dexterity–cognition associations are shown in Fig. 7.

Mediation of Age Effects on Cognition Through Dexterity

Because dominant hand dexterity was associated with both aging and cognitive performance, mediation
analyses were conducted to test whether dexterity statistically accounted for part of the age-related
decline in cognition. A bootstrapped mediation analysis (5,000 iterations) examined whether dominant
hand dexterity mediated the association between age and MoCA total score, with sex and race entered
as covariates. Age significantly predicted dexterity performance (path a: b = 0.080, standard error [SE] = 
0.010, p<.001), indicating that older age was associated with slower peg completion times. Dexterity in
turn significantly predicted MoCA score (path b: b=-0.166, SE = 0.039, p<.001). The total effect of age on
MoCA was significant (path c: b=-0.046, SE = 0.007, p<.001) and remained significant after accounting
for dexterity (direct effect c': b=-0.033, SE = 0.007, p<.001), indicating partial mediation. The indirect
effect was statistically significant (a×b=-0.013, SEBOOT=0.004, 95% CI [-0.022,-0.006]), with dexterity
accounting for approximately 28.8% of the total effect of age on MoCA performance. This mediation
model is illustrated in Fig. 8.

Mediation of Age Effects on Grip Strength Through Cerebellar Crus II Volume

Given that age was associated with reduced grip strength and that Crus II volume correlated with grip
performance, additional mediation analyses tested whether age-related reductions in cerebellar volume
partially explained declines in grip strength. Parallel bootstrapped mediation analyses (5,000 iterations)
tested whether Crus II gray matter volume mediated the relationship between age and grip strength, with
sex and race as covariates. Older age was significantly associated with smaller Crus II volume (Crus II
left, path a: b=-1.40×10− 5, SE = 1.52×10− 6, p<.001; Crus II right, path a: b=-1.19×10− 5, SE = 1.38×10− 6,
p<.001). Larger Crus II volume was in turn significantly associated with stronger non-dominant grip
strength (Crus II left, path b: partial r=.224, p<.001; Crus II right, path b: partial r=.198, p<.001).

Indirect effects through Crus II volume were significant for non-dominant grip: through Crus II left
(-0.102, 95% CI [-0.157,-0.048]), accounting for approximately 41.4% of the total age effect on non-
dominant grip; and through Crus II right (-0.085, 95% CI [-0.140,-0.037]), accounting for approximately
34.4%. Significant indirect effects were also observed for dominant grip through Crus II left (-0.064, 95%
CI [-0.114,-0.017], 23.3% mediated) and Crus II right (-0.047, 95% CI [-0.095,-0.006], 16.8% mediated). In
all models, total and direct effects of age on grip strength remained significant, confirming partial
mediation. Mediation results are summarized in Table 3. The two dominant-grip indirect effects (via left
and right Crus II) are reported for completeness but are best regarded as exploratory, because the
corresponding Crus II-dominant-grip partial correlations did not survive FDR correction (Table 2).
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Table 3
Bootstrapped mediation of age effects on grip strength and cognition. Indirect effects, 95%
percentile confidence intervals (5,000 bootstrap iterations), and proportion of the total age

effect mediated, for each mediator → outcome pathway. Sex and race were entered as
covariates in all paths. An indirect effect was considered significant when its 95% CI excluded

zero.
Mediator Outcome Indirect effect 95% CI % mediated

Crus II left Grip non-dominant −0.102 [− 0.157, − 0.048] 41.4%

Crus II right Grip non-dominant −0.085 [− 0.140, − 0.037] 34.4%

Crus II left Grip dominant −0.064 [− 0.114, − 0.017] 23.3%

Crus II right Grip dominant −0.047 [− 0.095, − 0.006] 16.8%

Dexterity (dom.) MoCA total −0.013 [− 0.022, − 0.006] 28.8%

The Crus II left → non-dominant grip mediation model is illustrated in Fig. 9.

Formal Test of the Double Dissociation

The hypothesized double dissociation was supported by direct comparison of the competing partial
correlations (Table 4). Left Crus II volume was associated with non-dominant grip strength significantly
more strongly than with dominant dexterity (Z = 2.33, p = .020) and with non-dominant dexterity (Z = 3.17,
p = .002). Conversely, MoCA total score was associated with dominant dexterity significantly more
strongly than with dominant grip strength (Z = 2.86, p = .004) and than with non-dominant grip strength
(Z = 2.35, p = .019). The corresponding right Crus II contrast (grip versus dexterity) was in the same
direction but did not reach significance (Z = 1.08, p = .280), consistent with the left-lateralized emphasis
of the primary findings.

Table 4
Formal tests of the double dissociation (Meng et al. 1992 comparison of overlapping partial

correlations). In each contrast the two partial correlations share a common variable (left or right Crus II
volume, or MoCA total score). The r values are partial correlations controlling for age, sex, and race, with

motor measures sign-aligned so that higher denotes better performance; Z and the two-tailed p-value
test whether the two correlations differ. Rows 1–4 establish the dissociation for left Crus II and for

cognition; the right Crus II contrast (row 5) is directional but non-significant. n = 296–297 per contrast.
Shared
variable

Comparison (stronger vs weaker) r
(stronger)

r
(weaker)

Z p

Left Crus II grip (non-dom) vs dexterity (dom) .223 .046 2.33 .020

Left Crus II grip (non-dom) vs dexterity (non-
dom)

.223 −.016 3.17 .002

MoCA total dexterity (dom) vs grip (dom) .240 .035 2.86 .004

MoCA total dexterity (dom) vs grip (non-dom) .227 .049 2.35 .019

Right Crus II grip (non-dom) vs dexterity (dom) .196 .115 1.08 .280
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Discussion
The present study examined associations between cerebellar Crus I/II gray matter volume, grip strength,
manual dexterity, and cognitive performance in 304 healthy adults, controlling for age, sex, and race.
Three primary findings emerged. First, bilateral Crus II volume was robustly associated with grip strength
and partially mediated the age–grip relationship. Second, neither Crus I nor Crus II volume was
significantly associated with dexterity, despite adequate power to detect moderate effects. Third,
dominant hand dexterity was selectively associated with MoCA total score and the memory index and
partially mediated the age–cognition relationship. Grip strength and dexterity, though related, thus have
dissociable cerebellar and cognitive correlates: posterior cerebellar structural integrity indexes grip
capacity, whereas dexterity captures cognitive aging independently of Crus I/II volume.

The finding that bilateral Crus II volume correlates positively with grip strength, surviving FDR correction
with partial correlations ranging from r=.156 to r=.224, represents the primary structural finding of this
study. Mediation further revealed that age-related reduction in Crus II volume accounts for 34.4–41.4%
of the total effect of age on non-dominant grip strength. These results align with converging evidence
implicating Crus I and Crus II in higher-order functions and identifying posterior cerebellar atrophy as a
sensitive indicator of neural aging (Ramanoël et al. 2018; Van Rossem et al. 2025). The present data
extend these observations to grip strength, identifying Crus II as a cerebellar marker of grip capacity.

The grip–Crus II association was most consistent for non-dominant grip across both hemispheres. One
interpretation is that non-dominant grip, being less influenced by task-specific practice and habitual hand
use, may more directly index central cerebellar integrity than dominant grip, which is more strongly
shaped by peripheral neuromuscular factors and lateralized skill. This interpretation is speculative and
warrants longitudinal or intervention-based study. Crus I showed numerical trends in the same direction
as Crus II that did not survive FDR correction, consistent with the two regions occupying adjacent
positions within the cognitive cerebellum but possibly reflecting greater statistical sensitivity for Crus II
in the present sample.

The Crus II–grip association was not paralleled by a Crus II–dexterity association. No Crus I or Crus II
region showed a significant relationship with Nine-Hole Peg Test performance after FDR correction, with
the largest uncorrected effect being r=-.10. The present study was powered to detect correlations of
r≥.16 at 80%, meaning that moderate-to-large effects of Crus I/II on dexterity can be excluded with
reasonable confidence, though small effects below this threshold cannot be ruled out. This dissociation
suggests that Crus II volume specifically reflects the motor capacity component captured by grip
strength rather than the fine coordinated movement captured by dexterity.

This dissociation was statistically reliable, not an artifact of comparing a significant with a non-
significant correlation: left Crus II volume was associated with grip significantly more strongly than with
dexterity, and MoCA with dexterity significantly more strongly than with grip (all p < .05; Table 4). Its
direction may initially seem counterintuitive, because Crus I/II are usually framed as cognitive regions
and dexterity is the more cognitively demanding task. Two considerations help reconcile this. First, Crus
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II volume is a slowly accruing structural index of neural integrity, whereas Nine-Hole Peg Test
performance is state-sensitive, shaped by attentional, peripheral, and practice factors; volume may
therefore track the stable, capacity-like component that grip also reflects, rather than the dynamic online-
control demands of pegboard performance. Second, the grip–Crus II association need not imply that
Crus II executes gross movement: posterior cerebellar volume covaries with global brain and
neuromuscular aging, so it may index a whole-organism integrity expressed more faithfully in maximal
force output than in a brief, ceiling-prone dexterity task. Dexterity thus carries cognitive information that
is not localized to Crus I/II volume, as evidenced by its selective link to the MoCA memory index,
whereas Crus II volume indexes a strength-relevant integrity that is cognitively non-specific. These
interpretations are post hoc and should be tested with task-based functional imaging and longitudinal
designs.

Dominant hand dexterity was selectively associated with MoCA total score and the memory index
following FDR correction, with no other subscores surviving. These findings are consistent with evidence
that dexterity-based measures are sensitive, independent predictors of cognition in older adults
(Schneider et al. 2025), and extend that work by demonstrating selectivity for the memory domain,
namely delayed recall and recognition, which are among the domains most sensitive to early
neurodegenerative change. Grip strength was not significantly associated with any MoCA subscore,
consistent with the hypothesis that dexterity, rather than gross strength, is the more sensitive motor
correlate of cognitive status.

Dexterity partially mediated the association between age and MoCA total score, with the indirect effect
accounting for 28.8% of age’s total effect. The direct effect remained significant after entering dexterity,
confirming partial rather than full mediation, consistent with age-related cognitive decline proceeding via
multiple pathways, of which declining fine motor performance is one.

Atlas Choice and Cerebellar Parcellation

The present analyses used the Automated Anatomical Labeling 3 (AAL3) atlas (Rolls et al. 2020; Tzourio-
Mazoyer et al. 2002) for cerebellar parcellation, as bundled within the CAT12 VBM pipeline (Gaser et al.
2024). We acknowledge that the Spatially Unbiased Infratentorial Template (SUIT) cerebellar atlas
(Diedrichsen et al. 2009) provides higher-resolution lobular boundaries and is widely used in cerebellum-
focused research. AAL3 was selected for three reasons. First, its Crus I and Crus II are anatomically
defined whole-lobule units whose boundaries correspond well to the same-named SUIT lobules. Second,
our a priori hypotheses concerned whole-lobule volumes rather than subregional gradients. Third, the
AAL family is among the most widely deployed atlases in neuroaging and dementia VBM, affording
direct comparability with prior cerebellar studies. We regard AAL3 as a conservative choice prioritizing
comparability and reproducibility; replication in SUIT-parcellated data is recommended.

Limitations and Future Studies
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Several limitations must be acknowledged. First, the cross-sectional design precludes causal inference;
all associations and mediation pathways described here are correlational. Second, MoCA total scores
exhibit a pronounced ceiling effect in this cognitively healthy sample, which likely attenuated cognitive
associations. Third, the sample was drawn from a single academic medical center, limiting demographic
and geographic generalizability. Fourth, while the study was adequately powered to detect moderate
effects (r≥.16), small true effects for Crus I/II and dexterity cannot be excluded. Fifth, the sample
comprised substantially more female (n = 229) than male (n = 75) participants, limiting the
generalizability of findings to men. Finally, all neuroimaging data were acquired at a single time point,
precluding assessment of trajectory-based associations.

Conclusion
This study provides cross-sectional evidence for a double dissociation in the cerebellar and cognitive
correlates of grip strength and manual dexterity. Cerebellar Crus II volume is robustly and bilaterally
associated with grip strength, surviving FDR correction, and partially mediates the effect of age on grip.
In contrast, manual dexterity is selectively linked to MoCA total score and the memory index, also FDR-
robust, and partially mediates the age–cognition relationship, while showing no significant structural
association with cerebellar Crus I/II. These findings underscore the importance of differentiating motor
measures in the study of cerebellum–behavior relationships in aging: grip strength and dexterity are
related motor constructs with distinct cerebellar and cognitive signatures, and treating them as
interchangeable risks obscuring both the cerebellar structural correlates of strength and the cognitive
relevance of fine motor coordination.
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Figure 1

A priori cerebellar regions of interest (AAL3 atlas). Cerebellar Crus I (red shades) and Crus II (blue
shades), left and right, rendered on the high-resolution MNI152 anatomical template. Top row: axial (z =
−35 mm) and coronal (y = −79 mm) slices at the level of maximum combined ROI coverage. Bottom row:
four sagittal slices (x = −46, −14, +15, +47 mm) stepping from lateral to medial across both hemispheres,
illustrating the depth distribution of each Crus ROI. Non-cerebellar tissue is masked

Figure 2
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Grip strength, dexterity, and cognition as a function of age. Scatterplots of dominant grip strength (lb),
dominant Nine-Hole Peg Test time (s; higher = slower), and MoCA total score against age, with points
colored by sex. Bivariate Pearson correlations, p-values, and n are inset. Grip strength declines and peg
time increases with age, whereas MoCA scores are comparatively stable

Figure 3

Distributions of grip strength, dexterity, and cognition by sex. Box-and-jitter plots of dominant grip
strength (lb), dominant peg time (s), and MoCA total score for male and female participants.
Independent-samples t statistics, p-values, and group sizes are inset. Grip strength differs markedly by
sex; dexterity differs modestly; MoCA does not

Figure 4

Distributions of grip strength, dexterity, and cognition by race. Box-and-jitter plots of dominant grip
strength (lb), dominant peg time (s), and MoCA total score across racial groups (Asian, Black/African
American, White, Unknown). One-way analysis of variance (ANOVA) F statistics, p-values, and group
sizes are inset. The single participant reporting more than one race is omitted from these panels
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Figure 5

Partial correlations between cerebellar Crus I/II volume and motor performance. Partial correlations
(controlling for age, sex, and race) between left and right Crus I and Crus II gray matter volume and four
motor outcomes: dominant and non-dominant grip strength and dominant and non-dominant dexterity.
The dashed reference line marks r = ±.16 (≈80% power at n ≈ 300). Asterisks mark associations
surviving Benjamini–Hochberg FDR correction across the 16-test family (* FDR-corrected p < .05)
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Figure 6

Cerebellar Crus II volume positively predicts non-dominant grip strength. Residual scatterplots of non-
dominant grip strength against left and right Crus II gray matter volume, after partialling age, sex, and
race from both variables. Partial r, uncorrected and FDR-corrected p-values, and n are inset; shaded
bands are 95% confidence intervals. The two strongest FDR-significant Crus II–grip associations are
shown here; the third FDR-significant association (left Crus II with dominant grip) is reported in Table 2.
FDR was applied within the 16-test grip family (Benjamini–Hochberg)
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Figure 7

Slower dominant-hand dexterity is associated with poorer cognition. Residual scatterplots of MoCA
total score (left) and MoCA memory index (right) against dominant Nine-Hole Peg Test time, after
partialling age, sex, and race. Higher peg time indicates slower (worse) dexterity. Partial r, uncorrected
and FDR-corrected p-values, and n are inset; shaded bands are 95% confidence intervals. FDR was
applied across the eight-test dexterity – MoCA family (Benjamini–Hochberg)

Figure 8

Dominant-hand dexterity partially mediates the effect of age on cognition. Mediation model with age as
the independent variable, dominant Nine-Hole Peg Test dexterity as the mediator, and MoCA total score
as the outcome; sex and race entered as covariates. Path coefficients (a, b, c, c′) with standard errors
and p-values are shown, together with the bootstrapped indirect effect (5,000 iterations, 95% CI) and the
proportion of the total effect mediated. Solid arrows denote significant paths
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Figure 9

Left Crus II gray matter volume partially mediates the effect of age on non-dominant grip strength.
Mediation model with age as the independent variable, left Crus II volume as the mediator, and non-
dominant grip strength as the outcome; sex and race entered as covariates. Path coefficients with
standard errors and p-values are shown, together with the bootstrapped indirect effect (5,000 iterations,
95% CI) and the proportion of the total effect mediated. Solid arrows denote significant paths

Page 23/23


