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Abstract
Alzheimer’s disease (AD) is a disease with dysfunctional brain network. Previous studies found the cerebellar volume changes
over the course of AD disease progression; however, whether cerebellar volume change contributes to the cognitive decline in
AD, or its earlier disease stage (i.e., mild cognitive impairment [MCI]) remains unclear. In ADNI, cognitive function was
assessed using Alzheimer’s Disease Assessment Scale-Cognitive Behavior section (ADAS-Cog). We used linear regression
and linear mixed effects models to examine whether cerebellar volume is associated with either baseline cognition or with
cognitive changes over time in MCI or in AD. We used logistic regression to assess the relationship between cerebellar volume
and disease progression toMCI and AD.We found that cerebellar volume is associated with cognition in patients with MCI, after
adjusting for age, gender, education, hippocampal volume, and APOE4 status. Consistently, cerebellar volume is associated with
increased odds of the disease stages of MCI and AD when compared to controls. However, cerebellar volume is not associated
with cognitive changes over time in either MCI or AD. In summary, cerebellar volume may contribute to cognition level in MCI,
but not in AD, indicating that the cerebellar network might modulate the cognitive function in the early stage of the disease. The
cerebellum may be a potential target for neuromodulation in treating MCI.
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Introduction

The cognitive function is a complex neural process, requiring
collaborative effects of different brain regions to operate as a
functional brain network [1, 2]. In the neurodegenerative dis-
eases, primary pathology could involve defined brain regions

with compensatory effects from other regions within the net-
work [3] to collectively influence the cognitive function. For
instance, tau- and beta-amyloid pathologies are primarily ob-
served in hippocampus and other associated brain regions in
Alzheimer’s disease (AD), yet other brain regions not in-
volved by these primary pathologies can also contribute to
clinical presentations [3].

Traditionally, the cerebellum is thought to be relatively
spared in AD [2]. However, a number of histopathological
studies have recently shown that the cerebellum might under-
go neurodegenerative and neuropathological changes in AD
[4], including amyloid plaques deposition in the cerebellar
cortex [5–7], Purkinje cellular density loss [8, 9], and the
atrophic change in the molecular and granular cell layers [9,
10]. In addition, microscopic changes have also been observed
in synaptic, dendritic, and axonal levels in the cerebellar neu-
rons of AD patients [11, 12].

The cerebellum has dense connections with other brain
regions involved in AD brain networks critical to cognitive
functions, such as dorsolateral prefrontal cortex and amygdala
complex [4, 13, 14]. The evidence of the cerebellar
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contribution to higher cognitive function was also recently
identified by positron emission tomography and functional
magnetic resonance imaging (fMRI) studies [15, 16]. In addi-
tion, patients with cerebellar damages may suffer from a vari-
ety of cognitive dysfunction, termed cerebellar cognitive af-
fective syndrome (CCAS)/Schmahmann syndrome, for which
patients might have dysfunction of execution, visual–spatial
function, linguistic processing abilities, and affect regulation
resulting from the disruption of the cerebellar modulation of
neural circuits linking to prefrontal, posterior parietal, superior
temporal, and limbic cortices [14, 17–25]. Structural or func-
tional lesions in the posterior cerebellum are usually identified
[14, 17–25].

Along these lines, the role of the cerebellum in AD has just
begun to be understood. The cerebellar volume was found to
be smaller in AD patients than controls on structural MRI [4].
And the rate of cerebellar atrophy was faster in AD when
compared to age-matched controls [26]. These findings are
consistent with the network degeneration hypothesis that the
clinical manifestation of neurodegenerative diseases could be
an overall result of the neuropathological spreading along the
disease-specific neuronal brain networks and the compensato-
ry effects of other brain regions [1, 2, 26]. However, how the
cerebellum could contribute to the cognitive function in AD
has not been extensively investigated. Therefore, our over-
arching goal is to identify the relationship between cerebellum
volume and cognition in AD and its earlier stage of the dis-
ease, mild cognitive impairment (MCI).

Methods

Study Design and Participants

The data of the present study are from AD Neuroimaging
Initiative (ADNI; http://adni.loni.usc.edu/). ADNI was
launched in 2003 with the primary goal of combining serial
neuropsychological assessment and neuroimaging to monitor
the disease progression ofMCI and AD. Our research is thus a
cohort study comprises of 822 participants in total (230
cognitive normal controls (NC), 399 MCI cases, and
193 AD cases) recruited at 57 sites in the United States and
Canada. All participants were between 55 and 90 years old,
had at least 6 years of education, had a study partner able to
provide an independent evaluation of functioning, and spoke
either English or Spanish. Participants’ age, gender, and years
of formal education were recorded at enrollment. APOE
genotyping was carried out at the Universi ty of
Pennsylvania ADNI Biomarker Core Laboratory. APOE4
carriers refer to the participants who had at least 1 APOE4
allele. Specifically, NC or MCI were followed up for 3 years
while AD for 2 years at maximum. Full inclusion and
exclusion criteria and detailed schedules of assessment for

NC, MCI, and AD are available in the general procedure
manual on the ADNI website.

Standard Protocol Approvals, Registrations,
and Patient Consents

The study procedures were approved by the institutional re-
view boards of all participating institutions. Written informed
consents of neuropsychological assessment and neuroimaging
were obtained from all study participants or their
representatives.

MRI and Brain Volume Standardization

The 1.5-T MRI was used with a standardized protocol across
all sites [27]. FreeSurfer software was used to obtain cerebel-
lar and hippocampal volumes in mm3 using volumetric anal-
yses. Cerebellar raw volume is the sum of bilateral cerebellar
gray and white matter volume. Hippocampal raw volume is
the sum of bilateral hippocampus volume. As gender and eth-
nicity affects the size of the brain, cerebellar and hippocampal
raw volume of each study subject were both divided by the
subject’s intracranial volume (ICV) as the adjusted cerebellar
and hippocampal volume [28, 29]. We then applied standard-
ization (i.e., mean = 0, standard deviation = 1) for each vari-
able and use the standardized values for analyses.

Cognitive Measures

AD Assessment Scale-Cognitive Behavior section (ADAS-
Cog) is the subscale of ADAS and has been widely used in
clinical trials of AD [30]. It was designed to elaborate ADAS
by including several cognitive measures, including attention,
concentration, nonverbal memory, and praxis, to reliably as-
sess the cognitive domains of AD with a higher score indicat-
ing greater cognitive impairment [31, 32]. A higher score de-
notes greater impairment. The ADAS-Cog from ADNI uses
two versions, ADAS-Cog11 and ADAS-Cog13 to represent
two different total scores of this neuropsychological measures
[33]: ADAS-Cog11 refers to the original 11 items of ADAS-
Cog with 70 points in total; ADAS-Cog13 refers to the mod-
ified ADAS-Cog 13-item scale, which was developed to in-
crease the sensitivity of detecting the cognitive change in early
stages of AD [32, 34] by adding question 4 (i.e., delayed word
recall task) and question 14 (i.e., number cancelation task)
with 85 points in total [33]. The ADAS-Cog was administered
at baseline and at 6-month follow-up visits.

In addition, we further performed the exploratory analysis
assessing the association between the cerebellar volume and
domain-specific cognition. We first focused on executive
function, a cognitive domain commonly impaired in CCAS/
Schmahmann syndrome [14, 17–25]. The executive function
was measured by the timing difference of completing trail
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making test A and B (TMTB - TMTA), and a higher TMTB-
TMTA score represents worse executive function [35].
Second, the cerebellum has recently been found to be the
location for “p factor,” an index for comorbidity of diverse
psychiatric symptoms [36]; therefore, we chose to use neuro-
psychiatric inventory (NPI) to assess the neuropsychiatric
symptoms [37]. The NPI score is divided into binary vari-
ables, with a score of 4–36 indicative of psychiatric symp-
toms, and score 0–3 representing no psychiatric symptoms
[38]. Both TMT and NPI were administered at baseline and
6-month follow-up visits.

Statistical Analysis

Shapiro-Wilk test was used to examine the normality of the data
distribution and one-way analysis of variance (ANOVA) or
Kruskal-Wallis one- way ANOVA were used to compare be-
tween normally and non-normally distributed variables across
groups (NC vs. MCI vs. AD), respectively, with post hoc analy-
sis. Chi-square tests were used to compare categorical variables,
such as APOE4 status and sex. The APOE4 carrier status was
divided into individuals with at least one copy of the ε4 allele of
APOE vs. individuals with no copies of the ε4 allele of APOE
[39–41]. In models, we centered age and divided by 10, as ap-
propriate for the entire sample of by diagnosis category; the
interpretation for age is for a change in decade. For the ADAS-
Cog outcomes, we created a z-score [41] as appropriate for the
entire sample or by diagnosis category.

We used linear regression models to examine the over-
all association and the diagnosis category-specific associ-
ation between baseline cerebellar volume and baseline
ADAS-Cog. To understand disease progression, we used
logistic regression models to examine the association be-
tween baseline cerebellar volume with MCI versus NC,
and separately with AD versus MCI. We used linear
mixed effects models to investigate the relationship of
baseline cerebellar volume with cognition at baseline (co-
efficient for cerebellar volume) and change in cognition
over follow-up (coefficient for interaction between base-
line cerebellar volume and follow-up time). Models are
accounted for individual variation in the estimated base-
line cognition level and the change in cognition over time
by specifying a random intercept and slope, respectively.
To assess the relationship between the cerebellum and
psychiatric symptoms, we used logistic regression. In the
aforementioned models, age is centered at the mean and
divided by 10 to interpret coefficient as change in decade
and education is a continuous variable. We used IBM
SPSS statistics software version 25 and Stata/MP version
15.1 for statistical analyses.

Data Availability Statement

Data on participant demographics are listed in Table 1.
Summary data of the statistical analyses are available in
Table 2 to Table 5. ADNI data are accessible and retrieved
from adni.loni.usc.edu/data-samples/ access-data/.

Table 1 Demographics and baseline imaging features of the participants

NC (SD)
(n = 230)

MCI (SD)
(n = 399)

AD (SD)
(n = 193)

p value

NC vs. MCI vs.
AD

NC vs.
MCI

NC vs.
AD

MCI vs.
AD

Age (years) 76.12 ± 5.02 74.94 ± 7.48 75.53 ± 7.48 0.470a

Female (%) 48 35 47 0.003b < 0.001 0.760 0.001

Education (years) 16.03 ± 2.85 15.67 ± 3.04 14.71 ± 3.13 < 0.001a 0.523 < 0.001 0.001

Follow-up (months) 34.36 ± 12.04 24.78 ± 12.50 17.56 ± 8.95

APOE4* (%) 2.6% 11.8% 18.7% < 0.001b < 0.001 < 0.001 0.001

ADAS-Cog13 9.49 ± 4.23 18.65 ± 6.27 28.90 ± 7.64 <0.001a < 0.001 < 0.001 < 0.001

ASAS-Cog11 6.19 ± 2.94 11.52 ± 4.43 18.62 ± 6.31 < 0.001a < 0.001 < 0.001 < 0.001

Intracranial volume** 152.04 ± 17.83 156.35 ± 19.71 155.17 ± 21.65 0.049a 0.046 1.000 0.655

Raw cerebellar volume** 12.11 ± 1.22 12.22 ± 1.36 11.93 ± 1.29 0.052a

Cerebellar volume#*** 8.02 ± 0.82 7.87 ± 0.83 7.77 ± 0.93 0.007c 0.081 0.005 0.450

Raw hippocampal
volume**

0.73 ± 0.09 0.65 ± 0.11 0.58 ± 0.10 < 0.001a < 0.001 < 0.001 < 0.001

Hippocampal volume##*** 0.48 ± 0.06 0.42 ± 0.07 0.38 ± 0.07 < 0.001a < 0.001 < 0.001 < 0.001

APOE apolipoprotein E gene; ADAS-Cog Alzheimer’s Disease Assessment Scale-cognitive subscale; MMSE mini-mental stats examination; ICV
intracranial cerebral volume; NC normal cognition, MCI mild cognitive impairment, AD Alzheimer’s disease

*One or two copies of E4; **Units: 10− 4 mm3 # cerebellar volume/intracranial volume; ## hippocampal volume/intracranial volume; ***original
value × 102 , representing as the percentage of the intracranial volume aKruskal-Wallis one-way ANOVA, bChi-square test, c One-way ANOVA
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Results

Baseline Demographics and MRI Features

Table 1 showed the age, gender, education, APOE4 positivity
(defined as 1 or 2 copies of APOE4 alleles), baseline scores of
ADAS-Cog13, ADAS-Cog11, ICV, cerebellar volume, and
hippocampal volume in each diagnostic group. As expected,
the mean hippocampal volume was significantly decreased in
a step-wise fashion in the three categories (NC vs. MCI vs.
AD = 0.48 ± 0.06 vs. 0.42 ± 0.07 vs. 0.38 ± 0.07, p < 0.001).
Interestingly, There was also a step-wise decrease in the mean
cerebellar volume across from NC to MCI and to AD (NC vs.
MCI vs. AD = 8.02 ± 0.82 vs. 7.87 ± 0.83 vs. 7.77 ± 0.93, p =
0.007), although the statistical significance only exists be-
tween cerebellar volume of NC and that of AD (p = 0.005).

Cerebellar Volume and Cognition

Since the cerebellum seems to be undergoing volume changes
during AD disease process, we next asked whether the cere-
bellar volume is associated with cognition by constructing
linear regression models to study the effect of the cerebellar
volume on ADAS-cog scores in all participants at the baseline
visit, taking into consideration of age, gender, APOE4 status
[39], and hippocampal volume [40] which are known factors
that might affect cognitive performance. Surprisingly, we
found that greater cerebellum volume is associated with worse
cognition, measured by ADAS-Cog13 (β = 0.05, p = 0.04,
Table 2), and there is a similar trend of association between
cerebellum volume and ADAS-Cog11, though not statistical-
ly significant (β = 0.04, p = 0.09, Table 2). The effect of

cerebellar volume on cognition is independent of hippocam-
pal volume, which also showed a strong negative effect on the
cognition in these models (β = − 0.22, p < 0.001 on ADAS-
Cog13, β = − 0.20, p < 0.001 on ADAS-Cog11) (Table 2).

We next explored whether the contribution of the cerebellar
volume to cognition differ in different disease stages by con-
structed linear regression models in each diagnostic group. We
found that greater cerebellum volume is associated with worse
baseline cognition in MCI (ADAS-Cog13, β = 0.13, p = 0.003;
ADAS-Cog11, β = 0.12, p = 0.003, Table 3) but not in NC
(ADAS-Cog13, β =−0.09, p = 0.26; ADAS-Cog11, β =−0.05,
p = 0.53,) or in AD (ADAS-Cog13, β = 0.01, p = 0.80; ADAS-
Cog11, β = −0.01, p = 0.64). On the other hand, hippocampus
volume was negatively associated with cognition in both MCI
(β =− 0.36, p < 0.001 on ADAS-Cog13, β =− 0.30, p < 0.001
on ADAS-Cog11) and AD (β = − 0.34, p < 0.001 on ADAS-
Cog13, β = − 0.29, p < 0.001 on ADAS-Cog11) (Table 3).

We next asked whether the association of the cerebellar
volume to cognition is primarily driven by the gray matter or
white matter. Our results exhibit that greater cerebellar gray
matter volume is associated with worse baseline cognition in
MCI (ADAS-Cog13, β = 0.14, p = 0.001, Supplemental
Table 1); however, the cerebellar white matter is not associat-
ed with baseline cognition in MCI (β = 0.03, p = 0.49;
Supplemental Table 1). These results demonstrated that the
subregion of the cerebellum (i.e., gray matter) is the main
contributor to the cognition in MCI.

We next assessed whether executive function is linked to
the cerebellar volume. Interestingly, we found that smaller
cerebellar volume was associated with worse executive dys-
function in AD (β = − 11.45, p = 0.045) but not in MCI (β =
4.17, p = 0.29), and this association in AD is primarily driven

Table 2 Linear regression models to study the associations between baseline cerebellar volume and covariates with baseline cognition

ADAS-Cog13 ADAS-Cog11

NC +MCI +AD (n = 802) NC+MCI +AD (n = 802)

Characteristics β p value β p value

Education (years) − 0.02 0.001 − 0.02 0.005

Female 0.001 0.97 0.007 0.87

Age (decades) − 0.07 0.02 − 0.06 0.03

APOE4 positivity a 0.004 0.94 0.003 0.97

MCI (vs. Normal) 0.62 < 0.001 0.46 < 0.001

AD (vs. Normal) 1.41 < 0.001 1.18 < 0.001

Cerebellar volume b 0.05 0.04 0.04 0.09

Hippocampal volume c − 0.22 < 0.001 − 0.20 < 0.001

APOE apolipoprotein E gene, ADAS-Cog Alzheimer’s Disease Assessment Scale-cognitive subscale, NC normal cognition, MCI mild cognitive
impairment, AD Alzheimer’s disease

Zero copy of E4 = 0, One or two copies of E4 = 1; b Standardized ratio of bilateral cerebellum/intracranial volume; c Standardized ratio of bilateral
hippocampal volume/intracranial volume

Age is lefted at the sample mean. Cognitive measures were transformed into z-scores
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by the cerebellar gray matter, rather than white matter
(Supplemental Table 2). On the other hand, neuropsychiatric
symptoms were not associated with cerebellar volume
(Supplemental Table 3), demonstrating the specificity.

Cerebellar Volume and Disease Evolution

We next investigated whether cerebellar volume could be as-
sociated with the disease evolution by comparing the odds
between MCI and NC and also between AD and MCI. To this
end, we constructed logistic regression models to study
whether baseline cerebellar volume is associated with the odds
between diagnostic groups, taking into account for age, gen-
der, APOE4 positivity, and hippocampal volume.
Consistently, we found that higher cerebellar volume is asso-
ciated with greater odds of MCI compared to NC (odds
ratio = 1.36, p = 0.01, Table 4), adjusting for age, sex,
APOE4 status, and baseline hippocampal volume. Cerebellar
volume is not associated with the odds of AD compared to
MCI. In these models, hippocampal volume was associated
with increased odds of both AD compared to MCI (odds
ratio = 0.45, p < 0.001, Table 4) and MCI compared to NC
(odds ratio = 0.23, p < 0.001, Table 4), which reflects that it
still remains an important factor to determine cognitive

function. Our results showed that cerebellar volume is associ-
ated with different odds in the different diagnostic groups and
thus might contribute to cognitive function, particularly in the
early stage of the disease.

Cerebellar Volume and Cognitive Changes
during Follow-Up

We next asked whether the baseline cerebellar volume could
be predictive of cognitive progression in MCI cases or in AD
cases in the longitudinal analyses. Therefore, we constructed
linear mixed models to determine whether cerebellar volume
is associated with the rate of cognitive decline, taking into
account for age, gender, baseline hippocampal volume,
APOE4 status, and the rate of cognitive decline associated
with baseline hippocampal volume. We found that baseline
cerebellar volume is not associated with disease progression
over 2 years in either MCI (ADAS-Cog13, β = 0.02, p = 0.29;
ADAS-Cog11, β = 0.01, p = 0.59, Table 5) or AD (ADAS-
Cog13, β = 0.02, p = 0.22, ADAS-Cog11, β = 0.02, p = 0.42,
Table 5). These results indicate that while cerebellar volume
may contribute to cognition in MCI, one snapshot of baseline
cerebellar volume is not associated with prospective disease
progression.

Table 3 Linear regression models to study the associations between baseline cerebellar volume and covariates with baseline cognition by diagnostic
category

ADAS-Cog13

NC (n = 226) MCI (n = 389) AD (n = 187)

Characteristics β p value β p value β p value

Education (years) − 0.03 0.16 − 0.05 < 0.001 0.02 0.34

Female 0.38 0.004 − 0.07 0.32 − 0.07 0.52

Age (decades) 0.10 0.44 − 0.05 0.29 − 0.22 0.007

APOE4 positivity a − 0.49 0.24 0.13 0.21 − 0.18 0.18

Cerebellar volume b − 0.09 0.26 0.13 0.003 0.01 0.80

Hippocampal volume c − 0.01 0.94 − 0.36 < 0.001 − 0.34 < 0.001

ADAS-Cog11

NC (n = 226) MCI (n = 392) AD (n = 191)

Characteristics β p value β p value β p value

Education (years) − 0.02 0.33 − 0.05 < 0.001 0.01 0.46

Female 0.24 0.09 − 0.02 0.77 − 0.04 0.70

Age (decades) 0.01 0.93 − 0.04 0.41 − 0.17 0.02

APOE4 positivity a − 0.32 0.47 0.13 0.19 − 0.15 0.22

Cerebellar volume b − 0.05 0.53 0.12 0.003 − 0.01 0.87

Hippocampal volume c − 0.05 0.64 − 0.30 < 0.001 − 0.29 < 0.001

APOE apolipoprotein E gene, ADAS-Cog Alzheimer’s Disease Assessment Scale-cognitive subscale, NC normal cognition, MCI mild cognitive
impairment, AD Alzheimer’s disease
a Zero copy of E4 = 0, One or two copies of E4 = 1; b Standardized ratio of bilateral cerebellum/intracranial volume; c Standardized ratio of bilateral
hippocampal volume/intracranial volume

Results are from separate linear regression models per diagnostic category. For disease classification, normal control is the reference. Age is lefted at the
diagnostic category mean. Cognitive measures were transformed into z-scores
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Discussion

The present study suggests cerebellar volume contributes to
cognitive function in the early stage of the disease (i.e., MCI)
but does not play an important role when the disease evolves
into AD. On the other hand, the hippocampal volume can
determine the cognitive function throughout the disease pro-
cess. These data suggest that cognitive function is determined
by the multiple regions within the brain network and could
change as the disease evolves.

We found that cerebellar volume decreases in a stepwise
fashion in three diagnostic groups: NC, MCI cases, and AD
cases, consistent with degenerative pathology of the cerebel-
lum observed in AD cases [4]. Interestingly, cerebellum vol-
ume is negatively associated with the cognitive function in
MCI, different from the association between hippocampal vol-
ume and cognitive function. In other words, our finding sug-
gests that larger cerebellar volume is associated with worse
cognitive outcome in MCI, and this association is specifically
prominent in the cerebellar gray matter. The cerebellar gray
matter constitutes mainly Purkinje cell dendritic trees, which
form excitatory synaptic connections with parallel fibers and
climbing fibers. Purkinje cell synapses are highly plastic and
can undergo tremendous reorganization in responses to adap-
tive learning [42, 43], various cerebellar injuries, and other
neurodegenerative diseases such as Parkinson’s disease [44].
On the other hand, the cerebellar volume seems to play a role
in executive function in AD, but not in MCI, demonstrating
the dynamic adaptation of the cerebellum during the dementia
process and might play roles in different clinical symptoms.
Our findings may imply that maladaptive reorganization
[45–49] of the cerebellum can lead to further dysfunctional
brain networks. The loss of the association between cerebellar
volume and cognitive function in AD might suggest that fur-
ther degenerative changes in the cerebellum lead to a damp-
ened maladaptive mechanism and/or disconnection of the

cerebellum within the dysfunctional network. The structural
neuroplasticity of the cerebellum, reflected on the cerebellar
volume change, has been shown in subjects who receive long-
term motor skill training [50]. Likewise, the plasticity-related
cerebellar volume change also occurs in subjects who have
different experiences in environmental deprivation leading to
different cognitive development [51]. It is plausible that our
study finding might be the result of neuroplasticity of the
cerebellum, in response to the more aggressive primary insults
of the cerebral cortex and hippocampus in the disease process.
The detailed neuropathological alterations of the cerebellum
in MCI and AD will need to be further investigated.

The cerebellum is known to modulate cognitive function
[52]. In particular, patients with ataxia can exhibit a variety of
cognitive symptoms, called CCAS/Schmahmann syndrome
[14, 17–19, 21–25]. Recently, a scale has been developed to
objectively measure CCAS/Schmahmann syndrome [23], and
many of the clinical symptomsmay overlap withMCI, includ-
ing executive dysfunction, work memory deficit, language
processing, and neuropsychiatric features as well as behavior-
al changes [14, 17–19, 21–25]. Therefore, it is possible that
some of the core cognitive symptoms of MCI can also be
modulated by the cerebellar pathology.

Of note, the CCAS/Schmahmann syndrome scale was
developed in 2018 [23], and ADNI1 data is from 2004 to
2010; therefore, CCAS/Schmahmann syndrome scale was
not incorporated as part of the cognitive assessment in
this present dataset. Interestingly, CCAS/Schmahmann
syndrome is primarily associated with the posterior lobes
of the cerebellum, whereas clinical ataxia has been local-
ized predominantly in the anterior lobes of the cerebel-
lum, suggesting that motor and non-motor function of
the cerebellum could be anatomically dissociated [14,
17–25]. Multiple imaging studies have demonstrated the
structural (e.g., gray matter loss) [53, 54] or functional
(e.g., network alteration) [55] across different cerebellar

Table 4 Logistic regression models to study the associations between baseline cerebellar volume and covariates with different diagnostic categories

MCI (n = 393) vs. NC (n = 228)a AD (n = 193) vs. MCI (n = 393)b

Characteristics Odds Ratio p value Odds Ratio p value

Education (years) 0.90 0.001 0.90 0.001

Female c 1.35 0.15 0.53 0.002

Age (decades) 0.47 < 0.001 0.87 0.33

APOE4 positivityd 3.84 0.009 1.46 0.15

Cerebellar volumee 1.36 0.01 1.06 0.50

Hippocampal volumef 0.23 < 0.001 0.45 < 0.001

Results from separate logistic regression models. Age is lefted at the sample mean

APOE apolipoprotein E gene, NC normal cognition, MCI mild cognitive impairment, AD Alzheimer’s disease
a NC = 0, MCI = 1; bMCI = 0, AD= 1; cMen = 0, Women = 1, d Zero copy of E4 = 0, One or two copies of E4 = 1
e Standardized ratio of bilateral cerebellum/intracranial volume; f Standardized ratio of bilateral hippocampal volume/intracranial volume
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lobules and regions in MCI and AD. Future studies
should focus on the association of topographical volume
changes of the cerebellum with cognitive performance in
MCI and AD, which will comprehensively help us to un-
derstand the cerebellar cognitive affective contribution in
the process of dementia. In addition, further studies on the
structural changes in the cerebellar gray matter in the
postmortem human pathology will enable us to pinpoint
the neuropathological substrates of such plastic changes.

The major strength of the current study is that we ex-
amined both cross-sectional and longitudinal effects of
cerebellar volume in cognitive function in both MCI and
AD using well-characterized ADNI dataset. There are lim-
itations of the present study. First, based on our imaging
processing pipeline, we do not have the repeated cerebel-
lar volume measures in our dataset to examine the

longitudinal, dynamic changes of cerebellar volume dur-
ing the conversion of NC to MCI (i.e., preclinical phase)
[56] and MCI to AD, which will be the important future
direction. As the segmentation of the cerebellum is not
part of the standard algorithm, the contribution of the
anterior and posterior cerebellum to cognition could not
be analyzed, either. Second, we did not study the micro-
scopic changes of cerebellar pathology in different diag-
nostic groups. Third, the sample size of the AD group is
smaller than NC and MCI, which might affect the conclu-
siveness of the study results, and also might contribute to
the negative results of longitudinal analyses. A study of a
larger sample size with longitudinal imaging analysis fo-
cusing on the differentiation of the anterior vs. posterior
cerebellum will be required to further determine the con-
tribution of the cerebellum throughout the disease course.

Table 5 Mixed effect models to study the associations between baseline cerebellar volume and covariates with cognition in longitudinal follow-up

ADAS-Cog13

NC (n = 227) MCI (n = 393) AD (n = 191)

Factors β p value β p value β p value

Education (years) − 0.06 0.004 − 0.05 < 0.001 0.01 0.73

Female 0.43 < 0.001 − 0.14 0.05 − 0.06 0.56

Age (decades) 0.29 0.009 − 0.02 0.76 − 0.16 0.05

APOE4 positivity a − 0.11 0.76 0.03 0.74 − 0.17 0.2

Cerebellar volume b − 0.10 0.19 0.10 0.01 0.02 0.41

Hippocampal volume c 0.002 0.02 − 0.29 < 0.001 − 0.33 < 0.001

Visit 0.02 0.26 0.13 < 0.001 0.29 < 0.001

Cerebellar volume x visit d 0.02 0.23 0.02 0.29 0.01 0.59

Hippocampal volume X visit e − 0.06 0.001 − 0.06 < 0.001 − 0.004 0.89

ADAS-Cog11

NC (n = 227) MCI (n = 393) AD (n = 191)

Factors β p value β p value β p value

Education (years) −0.04 0.03 − 0.04 < 0.001 0.004 0.81

Female 0.31 0.003 − 0.10 0.12 − 0.04 0.67

Age (decades) 0.20 0.05 0.01 0.81 − 0.1 0.14

APOE4 positivity a − 0.04 0.03 − 0.006 0.95 − 0.18 0.14

Cerebellar volume b − 0.08 0.30 0.08 0.04 − 0.008 0.89

Hippocampal volume c − 0.03 0.73 0.01 0.22 − 0.28 < 0.001

Visit − 0.01 0.42 0.12 < 0.001 0.27 < 0.001

Cerebellum volume X visit d 0.02 0.29 0.02 0.22 0.02 0.42

Hippocampal volume X visit e − 0.04 0.04 − 0.06 < 0.001 − 0.004 0.89

APOE apolipoprotein E gene, ADAS-Cog Alzheimer’s Disease Assessment Scale-cognitive subscale, NC normal cognition, MCI mild cognitive
impairment, AD Alzheimer’s disease
a Zero copy of E4 = 0, One or two copies of E4 = 1; b Standardized ratio of bilateral cerebellum/intracranial volume; c Standardized ratio of bilateral
hippocampal volume/intracranial volume; d Interaction effect between year and the cerebellar volume, e Interaction effect between year and the hippo-
campal volume

Results from linear mixed effects model specifying random intercept and random slope run separately by diagnosis category. Coefficients for variable
main effects represent relationship between variable and estimated baseline cognition level; coefficients interaction with time represent relationship
between variable and cognition slope. Age is lefted at the sample mean
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Conclusion

Our study indicates that the cerebellum might contribute to
cognitive function inMCI, which suggests its role in early stage
of AD disease process. Our findings are consistent with the
notion that AD is a dysfunction of brain network [1, 2], and
the dynamic interplay of network components will determine
the clinical presentations. Consistently, neuromodulation in the
cerebellar region has been demonstrated to improve cognitive
function in MCI and AD [57–60]. Future studies should focus
on the functional neuroimaging and neuropathological studies
to delineate the detailed functional and structural alterations in
the cerebellum in MCI and AD.
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