Received: 27 June 2023

Revised: 20 October 2023

Accepted: 23 October 2023

DOI: 10.1002/alz.13551

RESEARCH ARTICLE

Alzheimer’s &Dementia

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Pathology-specific patterns of cerebellar atrophy in
neurodegenerative disorders

Yu Chen!

| SalvatoreSpina® | Patrick Callahan® | LeaT. Grinberg’? |

William W. Seeley’? | Howard J.Rosen' | JoelH.Kramer' | Brucel.Miller! |

Katherine P.Rankin?

1Department of Neurology, Memory and
Aging Center, Weill Institute for
Neurosciences, University of California San
Francisco, San Francisco, California, USA

2Department of Pathology, University of
California San Francisco, San Francisco,
California, USA

Correspondence

Yu Chen, Memory and Aging Center,
Department of Neurology, University of
California San Francisco, 1651 4th Street, San
Francisco, CA 94158, USA.

Email: SherryYu.Chen@ucsf.edu

Funding information

National Institutes of Health, Grant/Award
Numbers: PO1AG019724, PS0AG023501,
P30AG062422,U01AG057195,
U19AG063911, U01AG045390,
U54NS092089, RO1AG029577; Larry L.
Hillblom Foundation, Grant/Award Number:
2014-A-004-NET; Rainwater Charitable
Foundation; Bluefield Project to Cure FTD

[Correction added on January 8, 2024, after
first online publication: The funding
information has been updated.]

Abstract

INTRODUCTION: Associations of cerebellar atrophy with specific neuropathologies in
Alzheimer’s disease and related dementias (ADRD) have not been systematically ana-
lyzed. This study examined cerebellar gray matter volume across major pathological
subtypes of ADRD.

METHODS: Cerebellar gray matter volume was examined using voxel-based mor-
phometry in 309 autopsy-proven ADRD cases and 80 healthy controls. ADRD
subtypes included AD, mixed Lewy body disease and AD (LBD-AD), and frontotemporal
lobar degeneration (FTLD). Clinical function was assessed using the Clinical Dementia
Rating (CDR) scale.

RESULTS: Distinct patterns of cerebellar atrophy were observed in all ADRD subtypes.
Significant cerebellar gray matter changes appeared in the early stages of most sub-
types and the very early stages of AD, LBD-AD, FTLD-TDP type A, and progressive
supranuclear palsy. Cortical atrophy positively predicted cerebellar atrophy across all
subtypes.

DISCUSSION: Our findings establish pathology-specific profiles of cerebellar atro-
phy in ADRD and propose cerebellar neuroimaging as a non-invasive biomarker for
differential diagnosis and disease monitoring.

KEYWORDS

Alzheimer’s disease, cerebellum, frontotemporal lobar degeneration, Lewy body disease, neu-
roimaging, neuropathology, tau, TDP-43

Highlights

» Cerebellar atrophy was examined in 309 patients with autopsy-proven neurodegen-
eration.

* Distinct patterns of cerebellar atrophy are found in all pathological subtypes of

Alzheimer’s disease and related dementias (ADRD).
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(FTLD-TDP).

1 | BACKGROUND

Alzheimer’s disease (AD), diffuse neocortical Lewy body disease (LBD),
and frontotemporal lobar degeneration (FTLD) are the most com-
mon neurodegenerative disorders leading to dementia.l** Patients
with these disorders frequently present with overlapping symptoms,
such as multi-domain cognitive deficits, behavioral changes, and move-
ment dysfunction. Although a substantial body of work has been
conducted to describe patterns of regional cerebral changes that are
associated with these disorders, as well as the brain-behavior rela-
tionships underlying specific dementia symptoms, much less attention
has been paid to the contributions of the cerebellum. Indeed, ~80%
of all neurons in the human brain are located in the cerebellum.® Pre-
liminary studies suggest that the cerebellum is differentially affected
in various neurodegenerative disorders®’ and is associated with their
clinical presentations®~19; however, the pattern and extent of cerebel-
lar structural changes in relation to the specific pathologies remain
understudied.

Neuropathological confirmation is the gold standard for identifying
the underlying dementia syndromes; however, syndrome-pathology
relationships are complex. The pathology underlying frontotempo-
ral dementia (FTD) syndromes, for example, is heterogeneous and is
not limited to FTLD. The pathologic consensus criteria proposed in
2010 classified FTLD into three major pathological subgroups: FTLD
with tau-positive inclusion (FTLD-tau), FTLD with ubiquitin-positive
and transactive response DNA binding protein of 43 kDa (TDP-43)-
positive, but tau-negative inclusions (FTLD-TDP), and FTLD with the
fused in sarcoma (FUS) protein-positive but tau-negative and TDP-43-
negative inclusions (FTLD-FUS).1! In addition, a small number of FTLD
cases with ubiquitin-positive, but tau-, TDP-43, and FUS-negative
inclusions are classified as FTLD-UPS. Based on the pathological
changes, the distribution of these changes, and the associated genetic
defects, TDP-43-positive cases can be divided further into five types
(A-E).1213 |t should be noted that patients with a clinical diagno-
sis of FTD can also have a primary pathological diagnosis of AD.141>
Furthermore, distinct neuropathologies often co-occur.16:7

Despite the importance of using neuropathology to define dis-
ease, previous imaging studies investigating cerebellar contributions
in dementia have been based on clinical rather than pathological
diagnosis.® Our previous work in the subtypes of FTD syndrome
has suggested that pathology is likely another relevant variable
when investigating cerebellar contributions to cognitive dysfunction.8
Careful separation of patients with dementia into pathologically homo-
geneous groups could provide important insight into the cerebellar

biology of each disease and help to further define neuroanatomic

» Cerebellar atrophy is seen in early-stage (Clinical Dementia Rating [CDR] <1)
AD, Lewy body dementia (LBD), frontotemporal lobar degeneration with tau-

positive inclusion (FTLD-tau), and FTLD-transactive response DNA binding protein

» Cortical atrophy positively predicts cerebellar atrophy across all neuropathologies.

correlations with clinical features and causative mutations. Distinct
patterns of whole-brain atrophy have been described in different
pathological subtypes of dementia,’?2° leading to questions about
whether the patterns of cerebellar atrophy may differ, whether they
could be detected in the early stage of the disease, and what the rela-
tionship is between cerebellar and cerebral atrophy in these diseases.
The large effect sizes of localized cerebral atrophy in a whole-brain
analysis, however, affect the statistical thresholds in a manner that
biases the detection of significant voxels toward cerebral regions,
washing out potentially significant associations in the cerebellum. To
fill these gaps, we used voxel-based morphometry (VBM) analysis
within a cerebellar region of interest (ROI) to identify patterns of
cerebellar atrophy in the major pathological subtypes of amnestic AD,
dementia with Lewy bodies (DLB), and FTD, and then showed the asso-
ciations of these cerebellar patterns with cerebral atrophy. In light
of the existing literature, we predicted that (1) distinct patterns of
regional cerebellar atrophy would be found in different pathologically
defined patient groups; (2) cerebellar atrophy could be found even in
the early stage of the disease; and (3) the degree of cerebellar atro-
phy would be associated with the degree of cerebral atrophy in all

pathological subtypes.

2 | METHODS

2.1 | Participants
A total of 309 patients with dementia were included through the
Memory and Aging Center (MAC) at the University of California, San
Francisco (UCSF). All patients had undergone postmortem examina-
tion and had structural magnetic resonance imaging (MRI) brain scans.
The pathological diagnosis was made based on current consensus cri-
teria including FTLD (n = 158),1%12 AD (n = 77),2! and LBD (n = 74).%2
The AD group consisted of 76 cases with AD neuropathological change
equal to or higher than intermediate.?® One case had low AD neu-
ropathological change (A1, B2, C0O) with Braak neurofibrillary tangle
stage 4.2324

We included cases with a single primary pathology (i.e., a single
pathological entity with severity and topographical distribution of
findings that are sufficient to explain the majority of the symptoms
experienced by the patient), and excluded those with comorbid pri-
mary pathologies, while retaining cases with contributing or incidental
copathologies.” The AD group consisted of patients with only AD
pathology, in the absence of LBD or FTLD copathologies. Limbic argy-

rophilic grain disease was allowed. Because our brain bank lacks a
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significant representation of pure LBD cases free of AD pathology, our
LBD group (n = 74) consisted of patients who also had some degree
of coexisting AD neuropathological changes (LBD-AD). Twenty-six
had diffuse neocortical LBD, 17 patients had limbic-transitional LBD,
4 patients had brainstem-only LBD, and 27 patients had amygdala-
predominant LBD. Patients with FTLD were further classified into
FTLD major molecular classes and subtypes: FTLD-TDP (FTLD-TDP
type A [TDP-A; n = 21], FTLD-TDP type B [TDP-B; n = 21], FTLD-TDP
type C [TDP-C; n = 26], and FTLD-tau Pick’s disease [n = 25], cor-
ticobasal degeneration [CBD; n = 32], and progressive supranuclear
palsy [PSP; n = 33]). Of note, the TDP-A group also included cases
with hippocampal sclerosis. The TDP-B group included cases with or
without motor neuron disease, as well as cases with comorbid atyp-
ical tauopathy. The TDP-C group included two cases with comorbid
motor neuron disease. Low AD neuropathologic changes (110/158),
and brainstem-only (19/158) or amygdala-predominant LBD pathol-
ogy (2/158) were allowed in the FTLD groups. Cases with other
primary pathological diagnoses (e.g., cerebrovascular disease, unclas-
sifiable FTLD-TDP, unclassifiable FTLD-tau, FTLD due to microtubule-
associated protein tau pathogenic variants (FTLD-MAPT), FTLD-FUS,
atypical FTLD with ubiquitinated inclusions (FTLD-U), argyrophilic
grain disease, Huntington’s disease, Parkinson’s disease, and globular
glial tauopathies type 1) were not included in the study because the
numbers were insufficient to support group analyses. We also iden-
tified the clinical diagnosis of patients, which had been determined
during life by an expert multidisciplinary team of neurologists, neu-
ropsychologists, and nurses according to current clinical diagnostic
criteria,2>33

The level of clinical functioning at the time of the structural MRI
scan was assessed with the Clinical Dementia Rating (CDR) scale343>
and/or Clinical Dementia Rating Scale plus National Alzheimer’s Coor-
dinating Center Behavior and Language Domains (FTLD-CDR),3¢ with
the global score ranging from O (normal), 0.5 (very mildly impaired),
1 (mildly impaired), 2 (moderately impaired), to 3 (severely impaired).
The FTLD-CDR includes the two additional behavior and language
domains that are predominantly affected in FTLD, and, therefore,
enhances the utility of the CDR in FTLD spectrum. In addition, 80
healthy adults were included as controls.

The study was approved by the UCSF Committee on Human
Research. All participants were recruited at the MAC of UCSF and
provided written informed consent or assent in accordance with
the Declaration of Helsinki. This study was performed in accor-
dance with the ethical standards as laid down in the 1964 Decla-
ration of Helsinki and its later amendments or comparable ethical

standards.

2.2 | Neuropathology

Pathological diagnosis was assessed for each case with autopsy. Neu-
ropathological assessments were performed at UCSF according to
published procedures and diagnoses were rendered according to

published criteria.3”~3?
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed studies on
cerebellar involvement in neurodegenerative disor-
ders and the syndrome-pathology relations underlying
dementia syndromes using PubMed. Previous stud-
ies, primarily based on clinical diagnosis, suggest that
cerebellar involvement varies across disorders and is
associated with clinical presentations. The cerebellar
structural changes specific to different pathologies
remain understudied.

2. Interpretation: Our findings reveal distinct patterns
of cerebellar atrophy in Alzheimer’s disease (AD) and
related dementias (ADRD) including AD, mixed Lewy
body disease and AD, and frontotemporal lobar degen-
eration, even in the early stages. Cerebellar atrophy
seems to directly reflect the degree of cerebral atrophy,
regardless of neuropathology.

3. Future directions: These findings suggest the potential
for cerebellar neuroimaging as a non-invasive biomarker
for differential diagnosis and monitoring. Clarification of
cerebellar involvement throughout disease progression
and longitudinal and individual studies examining patho-
logical burden and its association with cerebellar volume
loss are needed. Functional network studies will also
help understand the mechanisms behind these anatomic

changes.

2.3 | MRI acquisition and preprocessing

All participants underwent whole-brain structural MRI with 3T (252
cases), 1.5T (90 cases), or 4T (47 cases) with published acquisition
parameters.*2-42 |n patients with multiple MRI scans, only the earliest
scan was included in this study.

Three-dimensional (3D) T1-weighted images were preprocessed
using Statistical Parametric Mapping 12 (SPM; https://www.fil.ion.
ucl.ac.uk/spm). The images were inspected visually for artifacts and
underwent bias correction. Brain-extracted images were then seg-
mented into tissue compartments (gray matter, white matter, and
cerebrospinal fluid) and spatially normalized to the Montreal Neuro-
logical Institute standard space (MNI152) using a single generative
model with the default tissue probability maps from SPM12 (TPM.nii).
A template of older adults was generated from 300 confirmed neuro-
logically healthy older adults (ages 44-86 years, mean + SD: 67.2 + 7.3;
114 male, 186 female). To optimize inter-participant registration, each
image was concatenated into this template with affine and non-linear
transformation using the diffeomorphic anatomic registration through
exponentiated lie algebra (DARTEL) tools. The resulting spatially nor-
malized, segmented, and modulated gray matter images were then
smoothed with an 8-mm full-width half-maximum (FWHM) isotropic
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Gaussian kernel. In all preprocessing steps, default parameters of the
SPM12 toolbox were used. The total intracranial volume (TIV) for each
individual was derived by summing the total volume of gray matter,
white matter, and cerebrospinal fluid. An ROl mask of the cerebellum
was created based on the Cerebellar Atlas in MNI152 space after nor-
malization with FMRIB Nonlinear Registration Tool (FNIRT).#344 This
cerebellum mask was used in subsequent analyses.

2.4 | Voxel-based morphometry analyses

VBM analyses were conducted on the 3D T1-weighted sequences
using the FMRIB Software Library (FSL) package version 6.0.5
(https://fsl.fmrib.ox.ac.uk/fsl). Atrophy analyses were performed
to investigate between-group differences of gray matter volume.
Voxel-wise general models were applied using permutation-based non-
parametric testing®> with 5000 permutations per contrast. Age, sex,
TIV, and magnet strength were entered as covariates in these models.
Whole-brain VBM analyses between patient groups and controls were
first carried out to determine the patterns of brain atrophy specific
to each pathological subtype. Differences of cerebellar gray matter
volume were then assessed between patients and controls with the
ROI mask of the cerebellum. In addition, pairwise group contrasts were
conducted between patient groups and controls separately for CDR
0-0.5and CDR £1 toinvestigate atrophy patterns in the earlier clinical
stages.

Significant clusters were identified by employing the voxel-based
method with a threshold of p < 0.05 corrected for family-wise error
(FWE). Results are reported with a cluster extent threshold of 100 con-
tiguous voxels. Imaging results of cerebellar atrophy were overlaid on
cerebellar surface-based flatmaps provided by SUIT toolbox*¢ based
on Matlab, version R2021a (https://www.mathworks.com/products/
matlab.html) and SPM12.

2.5 | Relationship of cerebral to cerebellar volume

Individual-level sum intensity values were extracted from the signifi-
cant clusters of both cerebral and cerebellar atrophy from the VBM
analyses. We performed linear regression analyses to explore whether
the cerebellar intensity values were significantly predicted by the
cerebral intensity values, and we repeated this step by controlling
for age, sex, and TIV. R values of the correlations between patient
groups and controls were compared using the cocor package®’ of
RStudio 2021.09.0 (https://www.rstudio.com). Finally, we conducted a
slope difference test to examine whether the slopes of the regressions

differed between patient groups and controls.*84?

2.6 | Additional statistical analyses

Statistical analyses were conducted using RStudio 2021.09.0. Demo-
graphic (age and education) and clinical (CDR, FTLD-CDR) variables

were examined across groups via analysis of variance (ANOVA) with
post hoc comparison using the Dunnett-Hsu test. Sex was compared by
chi-square. A significance level of p < 0.05 was considered statistically

significant.
3 | RESULTS
3.1 | Demographics and clinical characteristics

Group differences were present for age (F (8, 380) = 2.8, p = 0.005) and
sex (2 (8, 389) = 25.9, p = 0.001) (Table 1). No statistically significant
group differences were found for education (F (9, 369) = 0.5, p = 0.87).
Therefore, only age and sex were included as confounding covariates
to be controlled for all imaging and statistical analyses. As expected,
patient groups scored significantly worse on CDR (F (8, 340) = 30.6,
p < 0.001) and FTLD-CDR (F (8,290) = 38.8, p < 0.001) compared with
the healthy controls.

3.2 | Clinicopathologic correlations
The association between pathological subtype and atrophy could be
influenced by the proportion of individuals in the group with particu-
lar clinical syndromes; thus we identified the clinical presentations of
the cases within each pathological group (Table 1). The most predom-
inant clinical syndromes in each group are as follows. In the TDP-A
group, 15 (71.4%) were diagnosed with behavioral variant frontotem-
poral dementia (bvFTD). In the TDP-B group, 9 patients (42.9%) were
diagnosed with bvFTD. In the TDP-C group, 24 patients (92.3%) were
diagnosed with semantic variant primary progressive aphasia (svPPA).
In the Pick’s disease group, 13 patients (52.0%) were diagnosed with
bvFTD. In the

CBD group, 13 patients (40.6%) were diagnosed with corticobasal
syndrome (CBS). In the PSP group, 25 patients (75.8%) were diagnosed
with PSP syndrome. In the AD group, 60 patients (77.9%) were diag-
nosed with amnestic AD or mild cognitive impairment (MCI) syndrome,
and 3 had atypical AD syndromes. Co-existing AD pathology was
observed in all patients with LBD. In the LBD-AD group, 58 patients
(78.4%) were diagnosed with AD syndrome.

3.3 | VBM results

3.3.1 | Pattern of cerebellar atrophy

Comparisons against controls were carried out for each patholog-
ical group with an ROl mask of the cerebellum (Figure 1, Table 2).
In addition, pairwise group contrasts were performed between
controls and patient groups for CDR 0-0.5 and CDR £1 sepa-
rately to investigate cerebellar atrophy in the earlier clinical stages
(Figure 2).


https://fsl.fmrib.ox.ac.uk/fsl
https://www.mathworks.com/products/matlab.html
https://www.mathworks.com/products/matlab.html
https://www.rstudio.com

1775

Alzheimer’s &Dementia’
THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

CHENET AL.

61°0
¢S0
[4409)
100
€50
€20
900

1000>
100°0>
1000>
¢/L80
1000
T100°0>
5000
d

‘TO0'0 > dyus ‘GO°0 > d,, 38 dNOUS |043UOD WO SIDYYIP dNOUD),,,

"anjeAatenbs-1yD

‘u1930.d Sulpulq YN 9suodsad aAloesue.} ddy -elseyde aAissau3oad Adewlad JuelieA J13UBWSS ‘YddAS ((JopJosip aAIssadap Jofew DOlurelydAsd a41j-93e| Uaplosip Jejodiq “9°1) S4opJosip
ola3eIY2Asd ‘HOAS ‘Asjed ueajpnueuadns aAIssai30.d dSd -eiseyde aAIssau30.d Asewlid JuelieA JuUsnjJuUoU ‘yYddAJu ‘quswdiedwl aA13u30d pliw ‘|DIN eiseyde aAlssaa304d Asewrad jueliea 21uado30| ‘YddA| oseasip
Apoq AMa7 ‘gg ‘sulewo a3en3ue pue Jolaeyag (DDVN) 491ua) Suljeulpioo) s Jawiayz|y [euolleN SNTd uawnaisu| 3uidels elnuaswaq ¥dd “¥AD-Ad1ld @sessip Apoq AMaT yum enuawap ‘g ‘8uniey en
-uswa [ea1ul]D “YdD dWOIPUAS |eSEQODI1I0D ‘SFD ‘UOIIEIaUSZIP |BSECOI310D ‘gD ‘elIUSWSP |eJodwa]0lu0.y JUBLIEA |BIOIABYS( ‘(L 4A] (SISOI3|DS [BJa)e| 21ydoujoAwe ‘S (9seasIp S, Jawiayz|y ‘QY :Suolielnaiqqy
‘sasoudelp |eaiul|d ulAjJapun sa13ojoyied pajeId0sse UOWWOD 3SOW Y3 91edIpUl SIaquInu plog "s1ayde.q ul S YHM UBSW 3Je SaN|eA :SaJoN

(8)ese
(8)8'8¢
(8)90¢
(8)s0
(8) .6'SC
()9zr
@)8c
(p) 4

gOmNOOO(‘?ﬁ
SHOONO\—‘I\O’)

" H o+ O N
o €< O ™M v O O

(5€)..TL (re) .8

(90 .21 (50),.T7T

(§0) .60 (50)...60
(re) L 9T (5€)99T

*xx

ze/es 6€/8¢
(Te)ss (re)Ls
(€0T)L¥9  (LOT)vP9
(bL=u) (LL=u)
av-aal av

<+ O O O O O O O « O

n
N

o O O ™ «

(¥€)..58

(90) .17
(#0) ...L0
(6€)€9T
LT/9T
(61)0°€
(¢2) 989
(ee=u)
dsd

el el el e|le | - @ @ @

(%]
-~

0 O O v

(8%),.€9
(£0) .21

(9°0)...80
(0€) 991
LT/ST
(91)97
(T9) 59
(ce=u)
aad

O « o N O O «« O O O o o o o o

(3]
-~

(€€)..0L
(£0) . ¥7T
(9°0) .60
(02) 66T
0T/ST
(0€)9'g
(59)eC9
(Sg=u)
sidid

@l o o|le e @ @ el @ @ = @

o <
N

(6€) .69
(£0) .27
(9°0)...820
(82)0LT
¥1/21
(L2)8L
(€L €€9
(9z=u)
J-daL

N O N 1 O O O O O O O o o o « o

(£9)..T1T
(80) .LT
(60) .97
(€€) 09T
11/0T
(L2)ze
(9'8) .1'85
(tg=u)
g-dal

©O & ®m ¢+ O <« O O O O O O o o o

wn
-~

(€€) .58
(60)..ST
(80),.TT
(s€) 9T
€1/8
(5€) S
(15)829
(tg=u)
v-ddl

o
(ee]

o O O O O O OO o o o o o o o o

(00)00

(00)00

(0000

(827) 59T
§5/5T

(68)8'59
(0g=u)
|o13u0)

uo|)ejuasald |eal

Jew.oN
IO
uolid
HOASd
VddAl
a1a/av
a1d
sdo/av
av
dSd/sdd
dSd

)
VddMu
VddAs
S1v-ald
aldnq

12

9J03§ X0g ¥ydD-ATlLd

¥do-aild
4ad
uoleonp3

(J/W)xes

(A) yzea@ 03 UEDG W04 Bl |

(A) ueag je 23y
@s)w

‘(68€ = u) syuedidirued ayj Jo S} NsaJ 9402s pue uoljewJojul dlydesdowag T 379VL



we | Alzheimer’s &Dementia

CHENET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

TDP-A < Controls
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AD < Controls

FIGURE 1 Voxel-based morphometry analyses showing regions of decreased cerebellar gray matter density in contrasts between patient
groups and controls. Each pathological subtype is coded with a distinct color. Colored voxels show regions that were significant in the analyses at
the threshold of p < 0.05 corrected for family-wise error with a cluster threshold of 100 contiguous voxels. AD, Alzheimer’s disease; CBD,
corticobasal degeneration; LBD, Lewy body disease; PSP, progressive supranuclear palsy.

FTLD < controls
Compared with controls, cerebellar atrophy was found in all FTLD

subgroups involving the bilateral hemispheres and the vermis.

FTLD-TDP < controls

In TDP-A, widespread cerebellar atrophy was observed bilaterally
affecting lobules I-VI, Crus |, Crus Il, lobules VIIb, Vllla, Vllib, IX, and
X, as well as the vermis. At CDR 0-0.5 (n = 8), only the left lobule VI
was affected. At CDR £1 (n = 12), the reduced gray matter intensity

was present bilaterally in lobules I-V, IX, left lobule VI, and Crus I.

In TDP-B, cerebellar atrophy was observed bilaterally in lobules
V-VI, Crus |, Crus Il, Vllb, Vllla, left I-1V, and right lobule VIlIb. No
significant cerebellar atrophy was found at CDR 0-0.5 (n = 4) or £1
(n=10).

In TDP-C, cerebellar atrophy was observed bilaterally in lobules 1-
VI, Crus |, Crus Il, and the vermis. At CDR £1 (n = 19), significant
cerebellar atrophy was observed bilaterally in lobules V, VI, Crus |, and
right Crus Il. No significant cerebellar atrophy was found at CDR 0-0.5
(n=15).

FTLD-tau < controls

In Pick’s disease, cerebellar atrophy was observed bilaterally in lob-
ules V, VI, Crus |, Crus Il, right lobules VIlIb, Vllla, and the vermis. At
CDR £1 (n=21), cerebellar atrophy was found bilaterally in lobules VI,

Crus |, Crus 1, right lobules VIIb, Vllla, and the vermis. No significant
cerebellar atrophy was found at CDR 0-0.5 (n = 9).

In CBD, cerebellar atrophy was observed in bilateral lobules V, VI,
left lobules I-1V, right Crus I, and the vermis. At CDR £1 (n = 28), focal
cerebellar atrophy was found in the left lobules I-VI, bilateral Crus I,
and the vermis. No significant cerebellar atrophy was found at CDR O-
0.5(n=15).

In PSP, cerebellar atrophy was found bilaterally affecting lobules |-
VI, Crus |, and the vermis. At CDR 0-0.5 (n = 19), cerebellar atrophy
was present bilaterally in lobules I-VI, Crus |, left Crus Il, and the ver-
mis. At CDR £1 (n = 27), atrophy extended more posterior affecting the
right Crus I1.

AD < controls

Compared with controls, widespread reduction in cerebellar gray mat-
ter intensity was found in all cerebellar lobules and the vermis in AD.
At CDR 0-0.5 (n = 31), only bilateral Crus | and right lobule VI were
affected. At CDR £1 (n = 50), widespread cerebellar atrophy was found
involving bilateral lobules I-VI, Crus |, lobule IX, left lobules Vllla, Vllib,

and the vermis.

LBD-AD < controls
In LBD-AD, widespread cerebellar atrophy was found in all cerebellar
lobules and the vermis. At CDR 0-0.5 (n = 24), focal cerebellar atrophy
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TABLE 2 Voxel-based morphometry results of significant cerebellar gray matter density decrease between patient groups and controls.

Cluster size MNI coordinates

Contrast (voxels) X y z Tvalue  Hemisphere Regions

TDP-A < Controls 13225 —-54 —-53 -32 3.664 Bilateral Left Crus | extending into bilateral lobules I-VI, Crus |, Crus |
Vermis
3623 -5 —-57 —65 3.664 Bilateral Left lobule IX extending into bilateral VIIB, Vllla, VIlib, IX, X
Vermis
TDP-B < Controls 514 —44  —-41 45 3.458 Left Left Crus Il extending into lobule VI, Crus |, lobules VlIb, Vllla
395 38 -39 —-47 3.458 Right Lobule Vllla extending into Crus |, Crus Il, lobule VlIb, VIIIb
207 -8 56 -3 3334 Left Lobule V extending into lobule -1V
137 47 —-45 =29 2470 Right Crus | extending into lobules V, VI
TDP-C < Controls 1240 21 -89 =27 3.658 Right Crus | extending into lobule VI, Crus Il
743 -41 -39 -32 3.658 Left Lobule VI extending into lobules |-V, Crus |
566 -33 —-83 -36 2.841 Left Crus | extending into lobule VI, Crus I
Vermis
459 44 -38 -33 3.658 Right Lobule VI extending into lobules I-V, Crus |
Pick’s < Controls 3373 45 -39 32 3.659 Bilateral Right Crus | extending into bilateral Crus |, Crus Il, right lobules
V, VI, Vb, Vllla
Vermis
740 -50 —-45 33 3.659 Left Crus | extending into lobules V, VI
170 -3 -62 -3 3.170 Bilateral Left lobule V extending into bilateral lobules V and left lobules
-1V
125 -38 78 24 2297 Left Crus |
CBD < Controls 920 -2 =75 -14 3081 Bilateral Vermis extending into bilateral lobules V, VI, left lobules |-V,
right Crus |
Vermis
PSP < Controls 1325 12 -68 —-12 3447 Bilateral Right lobule VI extending into bilateral lobules I1-VI
Vermis
183 -36 —-78 23 2486 Left Crus | extending into Crus I
117 -39 48 -27 2507 Left Lobule VI extending into Crus |
112 14 -83 -20 2380 Right Crus | extending into lobule VI
AD < Controls 10154 -26 41 -57 3.618 Bilateral Left VIIIb extending into bilateral lobules I1-VI, Crus I, Crus 1,
left lobules Vllla, Vb, IX, X
Vermis
887 0 -57 —-60 3.212 Bilateral Right lobule IX extending into bilateral lobules Vb, Vliia, IX,
right lobule VIlib
Vermis
144 -5 —-47 -33 3.037 Bilateral Vermis extending into bilateral lobules IX
Vermis
139 24 -36 525 2823 Right Lobule VIlIb extending into lobule X
LBD- 9612 3 -75 —-47 3.620 Bilateral Right lobule VIIb extending into bilateral lobules I1-VI, Crus I,
AD < Controls Crus I, Vlib, Vllia, VilIb, right lobules IX, X
Vermis
609 0 -48 -—-45 2995 Bilateral Right lobule IX extending into left lobule IX
Vermis
513 -29 -39 —-56 3.620 Left Lobule VllIb extending into lobules Vllla, X

Note: Clusters were thresholded at p < 0.05 corrected for family-wise error with a cluster extent threshold of 100 contiguous voxels.
Abbreviations: AD, Alzheimer’s disease; CBD, corticobasal degeneration; LBD, Lewy body disease; PSP, progressive supranuclear palsy.
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AD < Controls (n=50)

@®CDR<1
@®CDR<0.5
@ Overlaps

FIGURE 2 Voxel-based morphometry analyses showing regions of decreased cerebellar gray matter density in contrasts between patient
groups and controls at CDR stages 0-0.5 (navy), and <1 (red). Colored voxels show regions that were significant in the analyses at the threshold of
p < 0.05 corrected for family-wise error with a cluster threshold of 100 contiguous voxels. AD, Alzheimer’s disease; CBD, corticobasal
degeneration; CDR, Clinical Dementia Rating; LBD, Lewy body disease; PSP, progressive supranuclear palsy.

was found in bilateral lobules VI and Crus I. At CDR £1 (n = 57), cere-
bellar atrophy was observed involving the lobules I-VI, Crus I, Crus I,

bilaterally, and the vermis.

3.3.2 | Pattern of whole-brain atrophy

Whole-brain VBM analyses revealed the canonical patterns of atrophy
specific to each pathological subtype (Figures S1 and S2).

34 |
volume

Relationship between cerebral and cerebellar

We also performed an exploratory analysis to identify whether cere-
bellar atrophy can be predicted by cerebral atrophy in each pathologi-
cal subgroup (Figure 3), as represented by voxel intensity values. Linear
regression analyses revealed that cerebellar volume was predicted by
the cerebral volume in all pathological subgroups (all p < .05) when
controlling for age, sex, and TIV. In addition, we further explored the
differences of the r values of the correlations and the regression slopes
between patient groups and controls. A significant group difference
was found for the regression slope in LBD-AD compared with controls,
with LBD-AD showing a less steep slope than the controls, suggesting

greater cerebellar atrophy than predicted.

4 | DISCUSSION

This study established for the first time the patterns of cerebellar gray
matter changes in autopsy-confirmed neurodegenerative diseases.
Cerebellar atrophy is observed in all pathologies, and the cerebel-
lum is differentially affected, even in the earlier stage of the disease
before functional deficits consistent with dementia are present. These
cerebellar changes are highly correlated with the extent of cerebral
gray matter changes. These results indicate that the pathology-specific
involvement of the cerebellum in dementia may be more pronounced
earlier than previously thought.

All patient groups showed cerebellar atrophy localized bilater-
ally in cerebellar hemispheres. Cerebellar atrophy was particularly
widespread in AD, LBD-AD, and TDP-A, with all cerebellar lobules
and the vermis affected. This contrasted with the comparatively focal
atrophy found in other pathologies. Because our sample of LBD con-
sistently had AD co-pathology, the pattern of cerebellar atrophy in
LBD-AD may have been driven predominantly by AD. Atrophy patterns
of the pathologies were broadly in line with the combined patterns of
their most common associated clinical syndromes (Table 1).10.50.51

Itisimportant to note that these cerebellar atrophy patterns appear
to dovetail with characteristic symptoms in these diseases. For exam-
ple, the cerebellar regions involved in AD and LBD-AD are connected
with memory-specific structures in the cerebrum. Specifically, cerebel-

lar lobules VIIb and IX are a part of the default mode network>253;
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FIGURE 3 Relationship between cerebellar and cerebral intensity values of the significant clusters from the VBM analyses. Each pathological
subtype is coded with a distinct color. AD, Alzheimer’s disease; CBD, corticobasal degeneration; LBD, Lewy body disease; PSP, progressive

supranuclear palsy; VBM, voxel-based morphometry.

lobules 1-V, Vllla, and IX connect to the hippocampus®3; and Crus
I and 11°* have been associated with episodic and working memory
decline in AD.? Crus II; lobules VI, VIIb, Vllla; and the vermis involved
in LBD-AD, Pick’s, TDP-A, and TDP-B have been associated with neu-
ropsychiatric deficits in patients with DLB and bvFTD.>*-%¢ Crus |, Crus
11, lobules VI, VlIb, and IX impacted in Pick’s, TDP-A, and TDP-B are
connected with the adaptive executive network in the cerebrum, and
have been associated with deficits in executive function in FTD.18°2
Crus |, Crus I, lobules I-VI, and VIIb affected in Pick’s, TDP-A, and
TDP-B are connected with the cerebral salience network, which has
been associated with social cognition deficits in patients with FTD.>2>7
Lobule VI, Crus |, and Crus Il affected in TDP-C have been associated
with language deficits in svPPA.10:1854 Crus | and Crus Il involved in
Pick’s have been associated with speech production problems in non-
fluent variant PPA (nfvPPA).10.1854 | obules I-VI, Crus |, and the vermis
affected in CBD pathology have been associated with abnormal eye
movements, hyperreflexia, speech changes, and cognitive deficits in
patients with CBS.%%>* Finally, lobules -1V, VI, Crus I, and the ver-
mis impacted in the PSP pathology group have been associated with
phonological changes, ocular motor impairment, and cognitive deficits
in patients with PSP.50>4

An important question raised by these results is whether cerebel-
lar atrophy across multiple neurodegenerative diseases is simply the
result of Wallerian degeneration or pathological deposition directly

damaging cerebellar tissue. In addition, the stage of disease likely plays

a critical role in whether the cerebellum is infiltrated by pathology, but
studies describing cerebellar pathology early in the disease process
are uncommon. The degree to which pathological deposition is likely,
particularly at the early disease stages where we observed atrophy, is
largely dependent on the pathology in question.

The patterns of pathological infiltration into the cerebellum are
diverse; FTLD tauopathies do infiltrate the cerebellum, but AD amyloid
beta infiltrates the cerebellum only at the later stage of the disease,
whereas TDP-43 inclusions are never found in the cerebellum. In
patients with PSP and CBD pathologies, white matter degeneration has
been found in the cerebellar peduncles,”®>? and the degree of demyeli-
nation in this subregion correlates with tau burden in PSP.20 Although
cerebellar tau has been seen only in the middle and later stages in PSP
(i.e., stage 3 or later in the Kovacs staging schema),®! the timing of
onset of infiltration in CBD has not yet been precisely established.t?
Tau pathology in PSP begins with neuronal tau accumulation in the
pallido-nigro-luysian axis and propagates through the cerebro-ponto-
cerebellar tract rostrally to neocortical regions and caudally to the
cerebellum including the dentate nucleus.®X¢3 Cerebellar atrophy in
FTLD-tau subgroups, therefore, may reflect both Wallerian degenera-
tion and pathological deposition. The impact of FTLD-TDP pathology
on the cerebellum is more complex, however. Although frank TDP-
43 pathology has not been found in the cerebellum at any stage

64,65

of disease, increased RNA foci burden, toxic dipeptide protein

repeat inclusions,®® and p62/ubiquitin-positive but TDP-43-negative
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neuronal cytoplasmic inclusions®’~70 are all seen in the cerebellum in
C9orf72 repeat expansion-positive FTD/amyotrophic lateral sclerosis.
This abundance could create synaptic dysfunction and may contribute
to cerebellar neuron loss in C9-expansion positive cases of FTLD-
TDP.% However, regardless of C9orf72 status, our results suggest that
Wallerian degeneration of the cerebellum may also be occurring in
FTLD-TDP disease as a result of functional and structural disconnec-
tion from the cerebrum. Finally, given the diffuse-type amyloid beta
deposition found in the molecular layer of the cerebellar cortex in
AD,”! widespread cerebellar atrophy in AD and LBD-AD pathological
subgroups may be mediated by both pathological deposition and Wal-
lerian degeneration. The density of cerebellar amyloid beta, however,
does not correlate closely with cerebellar atrophy,? so the degree to
which cerebellar volume loss is related to cerebellar amyloid remains
unclear. Future research is warranted to clarify the spatial characteris-
tics and temporal order of neuropathological changes and their relation
to cerebellar atrophy in these diseases.

Our study attempted to disentangle the question of the degree
to which cerebellar atrophy is related to Wallerian degeneration by
directly examining the relationship between cerebellar and cerebral
atrophy. We saw that the degree of overall cerebral atrophy positively
predicted the degree of cerebellar atrophy in all subtypes, in the same
linear relationship observed in healthy controls, suggesting a picture
of co-atrophy in the cerebellum and cerebrum. Given the previously
established evidence of differential degrees of pathological infiltration
among the different pathologies, this suggests that the atrophy in the
cerebellumis likely largely a result of loss of cerebral tissue in function-
ally and structurally connected areas. Therefore, cerebellar atrophy
could be driven by diverse pathological mechanisms, and the penalty
mechanisms differ across pathological subtypes.

A key finding of this study is that the cerebellum was affected
even in the earlier stages of these diseases, contrary to the expecta-
tion derived from prior pathological studies that the cerebellum would
be affected only in the later stage of the disease.”2”3 All pathologies
other than TDP-B cases showed significant volume loss at the early
stage (CDR <1). Moreover, cerebellar involvement was also observed
in the earlier stage (CDR 0-0.5) in at least one pathology belong-
ing to all three larger pathological categories (i.e., AD, FTLD-TDP, and
FTLD-tau). As described earlier, pathological and imaging evidence
converge to suggest that cerebellar atrophy in FTLD-TDP cases may
be driven predominantly by Wallerian degeneration. Thus the limited
local cerebral atrophy found early in these TDP-B cases may explain
the absence of homologous cerebellar atrophy in the earlier clinical
stages of TDP-B. More generally, however, these results indicate that
cerebellar involvement in most neurodegenerative disorders is more
pronounced earlier than previously thought, and thus cerebellar vol-
ume has the potential to be an additional imaging biomarker for early
disease detection and disease monitoring.

Although this study provided the first detailed examination of
cerebellar involvement in pathological subtypes of dementia, many
questions warrant further investigation. First, despite recognizing the
traditional CDR’s limitations in reflecting disease severity in non-AD

pathologies,?® too small a proportion of our autopsy-proven sample

had received an FTLD-CDR during life. Consequently, we used the less-
precise CDR to stage our patients. Within any one condition, using a
more focal measurement of key symptoms affecting function (e.g., the
Progressive Supranuclear Palsy Rating Scale for PSP,’4 the Cortical
Basal Ganglia Functional Scale for CBS’>) might yield a more precise
estimate of cerebellar involvement in earlier clinical stages. Second, for
the cerebellum to be a useful diagnostic marker in any neurodegen-
erative syndrome, quantitative evaluation of pathological burden and
its association with cerebellar changes, together with longitudinal and
individual studies, will be the next logical steps to clarify the course of
cerebellar involvement throughout all stages of disease progression.
Finally, mapping the patterns of cerebellar and cerebral atrophy onto
known intrinsic connectivity networks is warranted to further under-
stand the mechanisms underlying these anatomic changes, although
the apparent co-atrophy of cerebellar and cerebral regions poses
methodologic obstacles to functional imaging analysis. Future seed-
based functional connectivity analysis in healthy brains using foci
of cerebellar atrophy observed in patients at earlier clinical stages
could establish a more integrated structure-function view of how the
cerebellum contributes to specific clinical symptoms in dementia.

In conclusion, this study identified for the first-time pathology-
specific profiles of cerebellar atrophy across all the major categories
of neurodegenerative diseases, and demonstrated cerebellar involve-
ment at significantly earlier clinical stages than has been recognized
previously. Our study further revealed that the degree of cerebral
atrophy positively predicted cerebellar atrophy in all subtypes, sug-
gesting that cerebellar volume loss may largely, although not entirely,
be secondary to degenerative damage to connected cerebral tissue,
rather than due to direct pathological deposition of the cerebellum.
These results underscore the potential for structural neuroimaging of
the cerebellum to be an additional non-invasive imaging biomarker
supporting both differential diagnosis among pathologies and more
precise monitoring of disease progression.
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