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Abstract
Frontotemporal dementia (FTD) is a neurodegenerative brain disorder primarily affecting the frontal and/or temporal lobes. Three
main subtypes have been recognized: behavioural-variant FTD (bvFTD), semantic dementia (SD), and progressive nonfluent
aphasia (PNFA), each of which has a distinct clinical and cognitive profile. Although the role of the cerebellum in cognition is
increasingly accepted, knowledge of cerebellar changes across neuroimagingmodalities and their contribution to behavioural and
cognitive changes in FTD syndromes is currently scant. We conducted an anatomical/activation likelihood estimation (ALE)
meta-analysis in 53 neuroimaging studies (structural MRI: 42; positron emission tomography: 6; functional MRI: 4; single-
photon emission computed tomography: 1) to identify the patterns of cerebellar changes and their relations to profiles of
behavioural and cognitive deficits in FTD syndromes. Overall, widespread bilateral cerebellar changes were found in FTD
and notably the patterns were subtype specific. In bvFTD, ALE peaks were identified in the bilateral Crus, left lobule VI, right
lobules VIIb and VIIIb. In SD, focal cerebellar changes were located in the left Crus I and lobule VI. A separate ALE meta-
analysis on PNFA studies was not performed due to the limited number of studies available. In addition, the ALE analysis
indicated that bilateral Crus I and Crus II were associated with behavioural disruption and cognitive dysfunction. This ALEmeta-
analysis provides the quantification of the location and extent of cerebellar changes across the main FTD syndromes, which in
turn provides evidence of cerebellar contributions to behavioural and cognitive changes in FTD. These results bring new insights
into the mechanisms mediating FTD symptomatology.
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Introduction

Frontotemporal dementia (FTD) is a neurodegenerative brain
disorder affecting primarily the frontal and temporal lobes
(Rascovsky et al., 2011; Gorno-Tempini et al., 2011). It is a
common cause of dementia in individuals aged 45–64 years
with a prevalence roughly equal to that of younger-onset
Alzheimer’s disease (10–15 per 100,000) (Ratnavalli,

Brayne, Dawson, & Hodges, 2002; Coyle-Gilchrist et al.,
2016). Patients with FTD present with personality and behav-
ioural changes, impairment of social cognition, or language
disturbances (Rascovsky et al., 2011; Gorno-Tempini et al.,
2011). Based on distinct clinical and cognitive profiles, three
subtypes of FTD have been recognised: behavioural-variant
FTD (bvFTD), semantic dementia (SD), and progressive
nonfluent aphasia (PNFA) (Rascovsky et al., 2011; Gorno-
Tempini et al., 2011).

It is now accepted that, beyond motor function, the cere-
bellum plays a role in cognition with contributions to execu-
tive function, visuospatial processing, language, and behav-
iour regulation. Human and animal research has shown that
the cerebellum receives projections from the cerebral cortex
(Ramnani, 2006; Schmahmann & Pandya, 1997a;
Schmahmann & Pandya, 1995; Strick, Dum, & Fiez, 2009;
Ramnani, 2012; Ramnani et al., 2006; Krienen & Buckner,
2009; Jissendi, Baudry, & Baleriaux, 2008; Schmahmann &
Sherman, 1998). Cerebellar Crus I and Crus II are subregions
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that connect to the prefrontal cortex (Kelly & Strick, 2003). In
healthy populations, these subregions have been associated
with cognitive abilities, including attention, visuospatial abil-
ity, memory, language, executive function, emotion process-
ing, and social cognition (Van Overwalle, D'Aes, & Marien,
2015; Stoodley & Schmahmann, 2009). Changes in these
subregions have also been reported in clinical populations,
such as developmental dyslexia (Gross-Tsur, Ben-Bashat,
Shalev, Levav, & Sira, 2006), autism spectrum disorder
(Laidi et al., 2017), alcohol-related brain damage (Cheng
et al., 2017), movement disorders (Dogan et al., 2016; Gao
et al., 2017; de Azevedo et al., 2017), dementia (Colloby,
O'Brien, & Taylor, 2014; Synn et al., 2018; Tan et al., 2015),
and psychiatric disorders (Andreasen & Pierson, 2008; Shinn
et al., 2017). Of note, many of the clinical features observed in
FTD syndromes overlap with cognitive processes that are in
part supported by the cerebellum.

In FTD, circumscribed atrophy (Tan et al., 2014; Guo et al.,
2016; Tan et al., 2015; Chen et al., 2018), disrupted functional
networks (Guo et al., 2016), as well as abnormal gene expres-
sion (Belzil et al., 2013) and pathological changes (Ferrer
et al., 2015) of the cerebellum have been reported. Focus on
the cerebellum has especially increased since recognition of
the C9orf72 gene expansion as the most common genetic
cause for FTD and amyotrophic lateral sclerosis (ALS)
(Belzil et al., 2013; Suarez-Calvet et al., 2015; Whitwell
et al., 2012). Specifically, some studies have suggested that
cerebellar abnormalities may be more common in individuals
with the C9orf72 gene expansion than in sporadic, non-genet-
ic, cases of FTD (Whitwell et al., 2012; Devenney et al., 2014;
Sha et al., 2012). Despite this, research on the clinical phe-
nomenology of FTD has generally been limited to cerebral
regions with scant attention to cerebellar contribution. Only
two studies to date have investigated cerebellar involvement
in cognition in FTD (Chen et al., 2018; Tan et al., 2015), both
of which found cerebellar grey matter atrophy and demon-
strated its relations with cognitive dysfunction.

Anatomical/Activation Likelihood Estimation (ALE) is a
widely used and accepted coordinate-based meta-analysis
technique which enables the synthesis of imaging findings
across studies. ALE aims to estimate the likelihood (but not
the effect size) that a peak change lies in any given voxel. As
such, the algorithm treats reported foci as spatial probability
distributions centred at the given coordinates (Eickhoff,
Bzdok, Laird, Kurth, & Fox, 2012; Eickhoff et al., 2009).
Applied to the cerebellum, this technique has demonstrated
cerebellar involvement in a range of cognitive domains in
healthy participants (Van Overwalle et al., 2015; Stoodley &
Schmahmann, 2009). Only one ALE analysis has investigated
cerebellar grey matter atrophy in FTD to date, and this study
was limited to bvFTD and structural neuroimaging studies
(Gellersen et al., 2017). Knowledge of affected cerebellar sub-
regions across neuroimaging modalities in FTD syndromes is

currently absent as is knowledge about how these cerebellar
changes relate to behavioural and cognitive dysfunction. To
address these questions, we conducted a meta-analysis of pub-
lished neuroimaging studies using an inclusive search strategy
to provide an overview of the current literature on cerebellar
changes across FTD syndromes. Furthermore, we investigated
the association between cerebellar changes and behaviour
and cognitive function in FTD syndromes. Based on previous
findings in both healthy adults and patients with FTD (Chen
et al., 2018; Stoodley & Schmahmann, 2009), we
hypothesised that cerebellar changes in both posterior and
anterior lobules would be found in FTD syndromes and would
be subtype-specific. In addition, we hypothesised that distinct
cerebellar changes would relate to specific behavioural
and cognitive changes (e.g., attention, visuospatial, memory,
language, executive function, emotion processing) in FTD
syndromes.

Methods

Systematic Literature Search

Neuroimaging studies (structural MRI, positron emission to-
mography (PET), functional MRI (fMRI) and single-photon
emission computed tomography (SPECT)) were identified
using PubMed, EMBASE and Web of Science databases.
The systematic literature search identified all relevant studies
published until 31st January 2019 according to the recommen-
dations for neuroimaging meta-analysis (Muller et al., 2018).
Given the potential under-reporting of cerebellar findings, the
search did not include the term ‘cerebellum’ but referred to
FTD and imaging, to ensure all potential eligible studies were
identified (Table 1). *Reference Lists of Eligible Articles and
Relevant Review Articles Were Also Screened for Potential
Additional Publications. The studies’ corresponding authors
were contacted for missing/uncertain information if the nec-
essary data were not available or unclear in the published
material. Studies were included based on the following
criteria:

i. Written in English;
ii. Studies compared FTD with a healthy control group;
iii. Correlations between neuropsychological or clinical per-

formance and cerebellar changes in the FTD patient
group or FTD and healthy controls combined were
included;

iv. FTD patients (i.e., bvFTD, FTD-ALS, SD, PNFA, un-
classified FTD) were diagnosed according to internation-
ally recognised clinical diagnostic criteria (Rascovsky
et al., 2011; Neary et al., 1998; Rascovsky et al., 2007;
Strong et al., 2009; Gorno-Tempini et al., 2011);
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v. The results reported cerebellar involvement (i.e., changes
in grey matter intensity, functional activation or metabo-
lism) and provided coordinates for the location of cerebel-
lar involvement in standard brain spaces (either Montreal
Neurological Institute (MNI) or Talairach & Tournoux).

The literature search identified 17,819 publications.
The studies were narrowed down in a four-step assess-
ment including literature identification, literature screen-
ing, eligibility assessment, and study inclusion (Fig. 1;
See Supplementary Fig. 1 for details). After initial exclu-
sion (i.e., duplicates, papers published prior to the Neary
FTD diagnostic criteria (Neary et al., 1998) and non-
English publications) 12,037 publications remained.
Based on article categories, 3875 publications of non-
original studies were excluded (i.e., reviews, practice
guidelines, editorials/commentaries etc.). Individual single
case studies were also excluded. Finally, assessment of
the methods and results was conducted on the remaining
8162 publications. Ninety-eight studies reported signifi-
cant clusters in the cerebellum. Of these, 45 could not
be included because the necessary information was not
available, even after contacting the study authors. In some
instances, the corresponding authors could no longer pro-
vide the requested data (n = 9). In many instances, how-
ever, the authors failed to reply (n = 36). Two studies used
the same participant cohort (Tan et al., 2015; Tan et al.,
2014). Only the study with the larger sample size was
included in the ALE analysis.

The primary outcome was the peak coordinates of cerebel-
lar changes in any modalities in the FTD group. In addition to
anatomical data, demographic characteristics (i.e., age, disease
duration, clinical diagnosis) and imaging processing informa-
tion (i.e., analysis type (whole-brain or region of interest anal-
ysis)) were obtained from the publications or from the authors
directly (see Supplementary Table 1).

Anatomical/Activation Likelihood Estimation
Meta-Analysis

Nine separate ALE analyses were conducted. First, an overall
ALE analysis with all available studies (n = 53; 156 foci) was
carried out. Six ALE analyses were then performed on specific
sub-datasets. Three analyses focused on methods of brain im-
aging acquisition: voxel-based morphometry (VBM) studies
(structural MRI studies) (n = 42; 135 foci), FDG-PET studies
(n = 6; 11 foci), fMRI studies (n = 4; 9 foci); two analyses
focused on clinical groups: bvFTD studies (n = 41; 91 foci),

Table 1 Search terms for the systematic literature search

Database Search terms Limits

PubMed All Fields (“frontotemporal lobar degeneration” OR “Pick disease of the brain”
OR “frontotemporal dementia” OR “semantic dementia” OR “primary
progressive nonfluent aphasia” OR “tau proteins” OR “TDP-43 proteinopathies”
OR “C9orf72” OR “GRN” OR “progranulin” OR “MAPT” OR “microtubule-associated
protein tau”) AND (“imaging” OR “neuroimaging” OR “functional imaging” OR
“magnetic resonance imaging” OR “positron-emission tomography” OR “single
photon emission computed tomography”)

Clinical Trial & Case
Report & Journal Article

EMBASE All Fields (“frontotemporal lobar degeneration” OR “frontotemporal dementia” OR
“Pick presenile dementia” OR “semantic dementia” OR “progressive nonfluent aphasia”
OR “tau protein” OR “TDP 43 proteinopathy” OR “C9orf72” OR “GRN” OR “progranulin”
OR “MAPT” OR “microtubule-associated protein tau”) AND (“imaging” OR “neuroimaging”
OR “functional imaging” OR “magnetic resonance imaging” OR “positron emission
tomography” OR “single photon emission computed tomography”)

–

Web of Science Same as PUBMED Article

17,819 publications identified through database searching

(PubMed, EMBASE, Web of Science)

Remove duplicates, 

non-English & < 1998

12,037 publications screened

Excluded:

Reviews (k = 2,170)

Books/book sections (k = 107)

Abstracts (k = 2,721)

Practice guidelines (k = 18)

Conference reports (k = 48)

Editorials/commentaries/

notes/letters (k = 660)

Excluded:

Unavailable coordinates data

(k = 45)

Studies included in ALE meta-analysis

(k = 53)

Structural MRI

(k = 42)

FDG-PET 

(k = 6)

fMRI

(k = 4)

SPECT

(k = 1)

Publications with significant clusters

located in the cerebellum

(k = 98)

Id
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Full text eligibility assessed

(k = 8,162)

Fig. 1 Flowchart of literature search and selection strategy. ALE =
Anatomical/Activation Likelihood Estimation; FDG-PET =
fludeoxyglucose-positron emission tomography; SPECT = single-
photon emission computed tomography
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SD studies (n = 9; 17 foci); and one analysis focused on task-
related correlation analyses regardless of methods of acquisi-
tion (n = 20; 43 foci). Finally, separate ALE analyses were
also conducted on VBM studies that included direct contrasts
between FTD and healthy controls (n = 29; 99 foci) and on
those that included task-related correlation analyses (n = 17;
36 foci). Separate ALE analyses on the SPECT (n = 1; 1 fo-
cus) and PNFA (n = 3; 8 foci) studies were not performed due
to the limited number of studies available.

Three region-of-interest (ROI) VBM studies were included
in this investigation. As such, we also repeated the ALE anal-
yses after including only the whole-brain studies in order to
determine the contribution of the ROI studies to the results.

ALE analysis was performed in MNI space using
GingerALE software V2.3.6 (http://www.brainmap.org/
ale/) (Turkeltaub et al., 2012; Eickhoff et al., 2012;
Eickhoff et al., 2009). Prior to the main analysis, any
coordinates (foci) that were reported in Talairach &
Tournoux space were converted to MNI standard space
using the GingerALE convert tool icbm2tal transforma-
tion (Lancaster et al., 2007). Then, MNI coordinates and
sample size for each study were entered into GingerALE
via text files. The full-width half-maximum value of
12 mm was used and the Gaussian function was calculat-
ed for each focus derived from the subject sample size,
with larger sample sizes allocated tighter and taller
Gaussian functions. Gaussian probabilities of each set of
foci were given to each voxel yielding a modelled activa-
tion map. The activation maps were subsequently com-
bined into one ALE-map by taking the union of the prob-
abilities. ALE values represent the differential likelihood
of brain changes in grey matter or brain activations at
each voxel. ALE values were then compared to a non-
linear histogram integration based on the frequency of
distinct modelled activation values (Eickhoff et al.,
2012). An algorithm was used to model the probability
distribution of each focus using an estimation of both
between-subject and between-experiment variability. This
algorithm limited the meta-analysis to an anatomically
constrained space specified by a grey matter mask and
calculated the above-chance clustering between experi-
ments (i.e., random-effect analysis) rather than between
foci (i.e., fixed-effects analysis) (Eickhoff et al., 2012,
Eickhoff et al., 2009). Then, a cluster analysis was per-
formed to localize peak voxels of significant clusters.

For all analyses, as recommended by the GingerALE man-
ual, the cluster-forming threshold was set at p < .001 uncor-
rected, and the cluster-level inference threshold was set at .05
(Eickhoff et al., 2012; Gellersen et al., 2017). Imaging results
were displayed on surface-based cerebellar flatmaps using the
SUIT toolbox (Diedrichsen & Zotow, 2015) from MATLAB
(https://au.mathworks.com/products/matlab.html) and
SPM12 (http://www.fil.ion.ucl.ac.uk/spm).

Results

Systematic Search

Fifty-three publications met criteria for inclusion in the ALE
meta-analysis: 42 structural MRI studies, 6 fludeoxyglucose-
PET (FDG-PET) studies, 4 functional MRI (fMRI) studies,
and 1 single-photon emission computed tomography
(SPECT) study (Fig. 1) (see Online Resource for the full list
of publications). These encompassed a total of 77 analysis
results which included 1261 FTD patients (bvFTD = 918;
SD = 184; PNFA = 94, FTD-ALS = 36; unclassified FTD =
29), and 974 healthy controls. Study information including
sample size, demographic characteristics of participants (i.e.,
age, disease duration if applicable), main instrument, assess-
ments of cognitive function/clinical performance, analysis
type (i.e., whole-brain or ROI analysis), and number of foci
are reported in the Online Resource (Supplementary Table 1).

ALE Meta-Analysis

(i) All Available Studies (156 Foci)

Widespread cerebellar changes were identified in the cerebel-
lar hemispheres bilaterally and parts of the vermis. Peak clus-
ters were found in the bilateral posterior, and the right anterior
cerebellum (bilateral Crus and lobules VIIb; right lobules I-V,
and VIIIb; left lobules VI and X). The peak coordinate of the
most significant cluster was centered in the right Crus (Fig. 2,
Table 2).

(ii) VBM Studies (135 Foci)

Regions identified from the analysis of VBM studies were
comparable with the analysis of all available studies.
Cerebellar grey matter changes were primarily found in the
posterior regions (bilateral Crus, lobules VI, VIIb and X; right
lobule VIIIb) with additional involvement of the right anterior
cerebellum (lobules I-V). The peak coordinate of the most
significant cluster was located in the left Crus I (Fig. 2,
Table 3).

(iii) FDG-PET Studies (11 Foci)

No convergent cerebellar subregions were identified across
FDG-PET studies from this ALE analysis.

(iv) Functional MRI Studies (9 Foci)

ALE analyses in fMRI studies revealed one focal cluster in the
left lobule VI and Crus I with the peak voxels located in the
left lobule VI (Fig. 2, Table 4).
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(v) bvFTD Studies (91 Foci)

Cerebellar changes spanned the bilateral cerebellar
hemispheres (bilateral Crus; left lobule VI; right lobules VIIb
and VIIIb) and parts of the vermis. Only the posterior cerebellum
was involved with the peak coordinates of the most significant
cluster located in the right lobuleVIIb andCrus II (Fig. 2, Table 5).

(vi) SD Studies (17 Foci)

The pattern of cerebellar changes in SD was quite distinct
from that found in bvFTD. Marked hemispheric asymmetry
with left predominance was observed. Only one significant
cluster was found in the left lobule VI and Crus I with the
peak coordinates located in the left Crus I (Fig. 2, Table 6).

Fig. 2 Cerebellar involvement in FTD (combining both whole-brain and
region-of-interest studies). Cerebellar flatmaps of significant clusters are
colour coded (cluster forming threshold p < .001 uncorrected, cluster-

level inference threshold at 0.05). VBM= voxel-based morphometry;
fMRI = functional magnetic resonance imaging; bvFTD = behavioural-
variant frontotemporal dementia; SD = semantic dementia

Neuropsychol Rev (2019) 29:450–464454



(vii) Task-Related Correlation Studies (43 Foci)

Cerebellar changes were associated with several cognitive do-
mains including attention (Chen et al., 2018), memory (work-
ing memory, episodic memory, emotional memory) (Irish
et al., 2013; Kumfor, Irish, Hodges, & Piguet, 2013b;
Seelaar et al., 2011; Henley et al., 2014; Bertoux et al.,
2018; Chen et al., 2018), visuospatial function (Chen et al.,
2018), language (Grossman et al., 2004; Chen et al., 2018),
executive function (Kloeters, Bertoux, O'Callaghan, Hodges,
& Hornberger, 2013; Strenziok et al., 2011; Laisney et al.,
2009), emotion processing (Kumfor, Irish, Hodges, &
Piguet, 2013a; Hutchings, Bruggemann, Hodges, Piguet, &
Kumfor, 2018; Kumfor et al., 2018a), face recognition (De
Winter et al., 2016; Hutchings et al., 2018), and social cogni-
tion (Kumfor et al., 2017; Synn et al., 2017; Wong et al.,
2017). In addition, cerebellar changes were also associated
with psychosis (Devenney et al., 2017) and behavioural
changes such as abnormal eating habit (Ahmed et al., 2016),
anosognosia (Amanzio et al., 2016), and loss of empathy

(Dermody et al., 2016). Regions identified from ALE analysis
of these studies spanned the bilateral Crus, with the peak
voxels located in the right Crus I (Fig. 2, Table 7).

(viii) VBM Studies – Direct Contrasts between FTD
and Healthy Controls (99 Foci)

The pattern of cerebellar grey matter changes from this sub-
group analysis was comparable with the analysis of all VBM
studies. Cerebellar changes spanned bilateral Crus, lobules
VI, VIIb, right lobules I-V, and left lobule X. The peak coor-
dinate of the most significant cluster was located in left Crus I
(Fig. 2, Table 8).

(ix) VBM Studies – Task-Related Correlation Studies (36 Foci)

In keeping with sub-dataset (vii), ALE analyses of only VBM
studies found correlations between cerebellar grey matter
changes and FTD symptomatology. Regions identified from
this analysis were remarkably consistent with findings from

Table 2 Peak ALE coordinates of
all available studies Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (0,-88,-62) to (58,-38,-20) centered at (32.6,-65.9,-39.3)

Right Crus I, Crus II 20 −72 −34 11,120 0.046042826

Right Crus I 52 −66 −36 0.024166528

Right Crus I 48 −52 −34 0.020772701

Right Crus I 28 −62 −38 0.020680897

Right lobule VIIb 44 −56 −58 0.019933205

Right lobule VIIb 36 −68 −58 0.017921649

Right Crus II, lobule VIIb 38 −64 −48 0.014643208

Right Crus II 42 −60 −46 0.014459331

Right Crus II 6 −78 −30 0.013974056

Right Crus I 52 −66 −24 0.013835791

From (−40,-80,-42) to (−6,-50,-18) centered at (−22.1,-67.4,-31.8)
Left Crus II, Crus I −20 −72 −36 8768 0.035806876

Left Crus I, lobule VI −24 −72 −28 0.030611152

Left lobule VI −26 −62 −28 0.02420393

Left lobule VI −22 −60 −28 0.024028912

Left lobule VI −10 −66 −26 0.01702343

Left Crus I, lobule VI −34 −56 −32 0.013376212

From (8,-52,−48) to (28,-32,-20) centered at (21.1,-42,-33.4)

Right lobule VIIIa 22 -48 −44 1568 0.016044289

Right lobules I-IV 10 −36 −22 0.014632501

Right lobules V, I-IV 22 −36 −24 0.012550315

Right lobule V 24 −40 −30 0.012421303

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space

ALE Anatomical/Activation Likelihood Estimation
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sub-dataset (vii), as only two studies were excluded (1 SPECT
study, 1 PET study). In brief, significant clusters were found
bilaterally in Crus I and Crus II with the peak voxels located in
the right Crus I (Fig. 2, Table 9).

(x) Whole-Brain Meta-Analysis

Separate analyses of only whole-brain studies were conducted
to assess the potential impact of the ROI approach on the
meta-analysis results (Supplementary Fig. 2). ROI-based stud-
ies (n = 3) were excluded from these analyses. From these
analyses, significant clusters were identified which were

broadly consistent with those combining whole-brain and
ROI-based studies. Notable differences from the combined
dataset analyses were the absence of right cerebellar cluster
in task-related correlation studies. In addition, no significant
clusters were observed in SD studies.

Discussion

This ALEmeta-analysis provides the first quantification of the
location and extent of cerebellar changes across FTD syn-
dromes using different imagingmodalities. Consistent clusters

Table 3 Peak ALE coordinates of
voxel-based morphometry studies
only

Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (−40,-80,-42) to (−8,-50,-24) centered at (−21,-68.4,-32.8)
Left Crus II, Crus I −20 −72 −36 7000 0.03579308
Left Crus I, lobule VI −24 −72 −28 0.029645205
Left lobule VI −20 −60 −28 0.022865655
Left lobule VI −12 −66 −26 0.01666895

From (0,-88,-60) to (50,-52,-26) centered at (23,-70,-37.5)
Right Crus I, Crus II 20 −72 −34 6192 0.04604283
Right Crus I 28 −62 −38 0.020678893
Right lobule VIIb 44 −56 −58 0.019774511
Right Crus II 6 −78 −30 0.013970773
Right Crus II 36 −66 −46 0.011775645
Right Crus II 48 −66 −48 0.011291356
Right Crus II 42 −60 −46 0.011038466
Right Crus II 18 −84 −46 0.010431599

From (44,-72,-42) to (58,-40,-28) centered at (50.5,-59.9,-34.8)
Right Crus I 52 −66 −36 2296 0.024146823
Right Crus I 48 −52 −34 0.019825626

From (26,-78,-62) to (40,-64,-54) centered at (33.4,-70.6,-58.2)
Right lobule VIIb 36 −68 −60 968 0.016979381

From (18,-50,-44) to (28,-32,-20) centered at (24.7,-41.4,-31.7)
Right Crus I 26 −46 −38 912 0.014701418
Right lobules V, I-IV 24 −38 −24 0.012517499
Right lobule V 24 −40 −30 0.012412731

From (10,-58,-68) to (20,-44,-58) centered at (15.4,-50.4,-62.8)
Right lobule VIIIb 14 −52 −66 848 0.017011557

From (−36,-86,-54) to (−22,-78,-44) centered at (−29.1,-81.5,-49.3)
Left Crus II −28 −82 −50 832 0.027974322

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space

ALE Anatomical/Activation Likelihood Estimation

Table 4 Peak ALE coordinates of
functional MRI studies only Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (−36,-82,-32) to (−20,-60,-14) centered at (−29.3,-70.6,-22.4)
Left Crus I −26 −76 −18 1712 0.011013831

Left Crus I, lobule VI −32 −66 −26 0.010917673

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space

ALE Anatomical/Activation Likelihood Estimation
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of cerebellar atrophy, activation and metabolic changes were
identified. Our results revealed distinct patterns of cerebellar
changes in the two most common FTD subtypes (bvFTD vs.
SD) reflecting syndrome-specific cerebellar involvement. In
addition, we also uncovered associations between these cere-
bellar abnormalities and changes in behaviour and cognition.
Although previously found in other neurological disorders,
such associations have not been systematically reported in
FTD. We discuss these findings in detail below.

Our meta-analysis revealed widespread cerebellar changes
in FTD bilaterally involving most lobules with additional
changes in parts of the vermis. Importantly, regions identified
in the analysis restricted to the VBM studies were comparable
with the all-studies analysis. This finding indicates that the
results of all-studies analysis were primarily driven by the
VBM studies, which is not unexpected given the limited num-
ber of studies using FDG-PET, fMRI and SPECT. The small
number of studies prevented separate analyses for the func-
tional imaging techniques using SPECT (n = 1). Surprisingly,

despite relatively limited number of studies available, focal
clusters were found in fMRI studies (n = 4, 9 foci) primarily
located in the left lobule VI and Crus I, suggesting convergent
cerebellar findings across fMRI studies. This difference in the
topography of changes between VBM and fMRI is likely ex-
plained by the different methodologies (structural vs. func-
tional imaging) and the limited number of studies of fMRI
studies. In bvFTD, cerebellar changes were pronounced, span-
ning bilateral posterior and the right inferior cerebellum. Focal
changes were also present in SD localized in the left lobule VI
and Crus I. The patterns of cerebellar changes in bvFTD and
SD are consistent with a recent ROI-based structural neuroim-
aging study (Chen et al., 2018). These findings demonstrate
the heterogeneous patterns of cerebellar changes across FTD
subtypes that may be specific to the underlying pathological
processes and reflect the specific clinical profiles manifested
by different phenotypes. Cerebellar atrophy was also observed
in PNFA, localized bilaterally in the lobules VI, Crus and VIIb
(Sturm et al., 2015; Guo et al., 2016; Chen et al., 2018). Due to

Table 5 Peak ALE coordinates of
behavioural-variant
frontotemporal dementia studies
only

Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (26,-78,-62) to (52,-44,-28) centered at (41.1,-61.7,-50.5)

Right lobule VIIb 44 −56 −58 3936 0.019933078

Right lobule VIIb 36 −68 −58 0.01787766

Right Crus I 48 −52 −32 0.016442165

Right Crus I, Crus II 44 −58 −44 0.014148136

From (−2,-88,-46) to (30,-62,-26) centered at (17.3,-74.3,-35.2)
Right Crus II 20 −70 −36 2640 0.01850615

Right Crus II 6 −78 −30 0.013881652

Right Crus II 28 −64 −42 0.012281639

Right Crus II 26 −80 −40 0.01189486

Right Crus II 26 −84 −38 0.011452802

Right Crus I, lobule VI 12 −72 −28 0.011392617

From (−42,-78,-44) to (−16,-64,-24) centered at (−24.1,-71.9,-34.1)
Left Crus I, Crus II −22 −72 −36 2256 0.019778134

Left Crus II, Crus I −32 −68 −40 0.012550566

Left Crus I, Crus II −38 −68 −42 0.010715586

From (48,-72,-42) to (58,-60,-30) centered at (52.9,−66.2,−36.1)
Right Crus I 52 -66 -36 1144 0.023216639

From (−28,-70,-30) to (−8,-58,-22) centered at (−14.8,-64.5,-26.3)
Left lobule VI −12 −66 −26 800 0.016135342

Left lobule VI −20 −60 −26 0.011170035

Left lobule VI −26 −62 −26 0.010596783

From (10,-62,-68) to (20,-44,-58) centered at (16.2,-50,-63.3)

Right lobule VIIIb 14 −52 −66 792 0.01642279

Right lobule VIIIb 18 −48 −62 0.015001545

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space
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the small number of available studies (n = 3, 8 foci), however,
separate ALE analyses could not be conducted for this FTD
subtype.

Left-lateralised asymmetry was observed in SD. Based on
the cross-hemispheric cerebro-cerebellar connections
(Schmahmann & Pandya, 1997b), this asymmetry likely re-
flects right cortical changes in SD. Inspection of the publica-
tions involving SD cases, however, indicated that mixed sam-
ples containing both right- and left- predominant SD were
included in these studies. Indeed, left and right SD represent
distinct clinical entities at baseline but evolve into a similar
clinical profile with disease progression despite showing di-
vergent patterns of cortical thinning progression (Kumfor
et al., 2016). Clearly, the patterns of cerebellar changes in
these phenotypes warrant further investigations.

The C9orf72 gene expansion (Renton et al., 2011;
DeJesus-Hernandez et al., 2011) is now considered the most
common genetic cause of FTD and accounts for a high pro-
portion of familial FTD cases (Boeve et al., 2012). Structural
and functional cerebellar abnormalities in individuals
harbouring the C9orf72 gene expansion have been reported
(Whitwell et al., 2012; Savica et al., 2012; Boeve et al., 2012;
Suarez-Calvet et al., 2015). Importantly, however, the existing
literature has also identified cerebellar changes in sporadic
cases that are even greater than in C9orf72 expansion carriers,

even in the presence of a shorter disease duration, (Lee et al.,
2014; Devenney et al., 2014; Irish et al., 2013). Here, we were
unable to compareC9orf72 carriers vs. sporadic cases because
this information is not routinely reported in clinical studies.
How C9orf72 interacts with cerebellar changes in FTD re-
mains a challenge for future research.

Resting-state functionalMRI studies have identified abnor-
mal network connectivity between the cerebellum and cortical
regions in FTD (Farb et al., 2013; Meijboom et al., 2016).
These studies suggested that the observed cerebellar changes
may be mediated by structural cerebral damage interfering
with cortico-cerebellar loops, and reflecting functional
reorganisation in FTD. The findings from the VBM studies,
however, indicate the presence of local structural changes as
well. How disruption of the cerebellar networks impacts cog-
nitive function, independently from those arising from the
cerebral functional network disturbances in FTD, still needs
to be established.

Similar cerebellar regions implicated in cognition and be-
havioural changes arising from the analyses on task-related
correlation studies and VBM task-related correlation studies
were identified. Significant clusters were found in the bilateral
Crus. These regions have been considered as the “cognitive
cerebellum” (Van Overwalle et al., 2015; Stoodley &
Schmahmann, 2009; Petacchi, Laird, Fox, & Bower, 2005)

Table 6 Peak ALE coordinates of
semantic dementia studies only Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (−30,-76,-32) to (−22,-68,-24) centered at (−25.6,-72.1,-27.5)
Left Crus I −26 −72 −28 632 0.01562541

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space

ALE Anatomical/Activation Likelihood Estimation

Table 7 Peak ALE coordinates of
correlation analyses Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (44,-68,-46) to (58,-42,-30) centered at (50.3,-54.8,-36.5)

Right Crus I 54 −64 −38 2064 0.01621537

Right Crus I 48 −50 −36 0.015940774

From (4,-84,-42) to (26,-66,-26) centered at (14.3,-73.6,-32.1)

Right Crus I, lobule VI 14 −72 −30 1824 0.01748178

Right Crus II 8 −80 −32 0.012947307

From (−30,-74,-38) to (−14,-66,-32) centered at (−21.4,-70.4,-34.7)
Left Crus I, lobule VI −20 −68 −34 512 0.01087771

Left Crus I, Crus II −28 −72 −36 0.010341066

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space

ALE Anatomical/Activation Likelihood Estimation
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and their contribution to cognitive processes have been previ-
ously demonstrated in FTD (Chen et al., 2018). The inclusion
of studies examining multiple cognitive domains using differ-
ent experimental paradigms in the present ALE analysis indi-
cates a fundamental role of the bilateral Crus in cognition,
irrespective of the processes.

Associations between cognition and both anterior and pos-
terior cerebellar regions have been reported in healthy partic-
ipants (Stoodley & Schmahmann, 2009; Van Overwalle,
Baetens, Marien, & Vandekerckhove, 2014). While typically
considered as a motor centre, in FTD the anterior cerebellum
has been associated with eating behaviours (Ahmed et al.,
2016), instrumental activities of daily living (Amanzio et al.,
2016), decision making (Strenziok et al., 2011), and theory of
mind (Synn et al., 2018). Task-based fMRI studies in mild
cognitive impairment and Alzheimer’s disease have also
found reduced activation in the anterior cerebellar regions as
disease progresses suggesting a posterior-to-anterior involve-
ment with disease progression (for review see Jacobs et al.,
2017). Cerebellar changes are probably related to disease se-
verity in FTD (Seeley et al., 2008), but whether the anterior

cerebellar involvement reflects increasing disease severity is
unknown. No studies to date have examined changes in cere-
bellar integrity and their relations to cognition with disease
progression in FTD. Longitudinal studies are needed to un-
derstand the timeframe for the progressive cerebellar patho-
logical expansion in FTD syndromes and how such changes
relate to cognitive dysfunction.

In addition, separate analyses of whole-brain studies were
performed to assess the specific effect of ROI methodology on
resultant ALE findings. In brief, the patterns of results were
mostly similar to those arising from the analyses combining
all available studies (i.e., where both whole-brain and ROI-
based studies were included), but notable differences were
found in the analyses of task-related correlation studies.
Significant clusters were found bilaterally spanning cerebellar
hemispheres when all available studies were included. In con-
trast, significant clusters were found only in the left hemi-
sphere when only whole-brain studies were included.
Similarly, smaller clusters in the right cerebellar hemisphere
were also observed in the analysis of VBM task-related cor-
relation studies when only whole-brain studies were included.

Table 8 Peak ALE coordinates of
VBM studies of direct contrasts
between patients with
frontotemporal dementia and
healthy controls

Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (−40,-80,-42) to (−8,-50,-24) centered at (−22.2,-67.1,-32.9)
Left Crus II −20 −72 −38 5232 0.029366927

Left Crus I, lobule VI −24 −72 −28 0.025781462

Left lobule VI −20 −60 −28 0.022449885

Left Crus I, Crus II −30 −66 −38 0.014550786

Left Crus II, Crus I −38 −68 −42 0.010431402

From (14,-86,-48) to (32,-58,-28) centered at (22.3,-71.8,-36.9)

Right Crus I, Crus II 20 −72 −34 2992 0.035623137

Right Crus II 26 −64 −42 0.015227625

Right Crus II 18 −84 −46 0.010273452

From (34,-68,-62) to (50,-52,-44) centered at (43.8,-59.3,-52.2)

Right lobule VIIb 44 −56 −58 1208 0.019774511

Right Crus II 36 −66 −46 0.011566442

Right Crus II 48 −66 −48 0.011196542

Right Crus II 42 −60 −46 0.011022932

From (26,-78,-62) to (40,-64,-52) centered at (33.3,-70.6,-58)

Right lobule VIIb 36 −68 −60 1136 0.016979381

From (20,-50,-40) to (30,-32,-20) centered at (24.6,-40.8,-30.4)

Right lobule VI 26 −44 −36 912 0.013966357

Right lobules V, I-IV 24 −38 −24 0.01249635

Right lobule V 24 −40 −30 0.012409609

From (−56,-76,-42) to (−48,-56,-34) centered at (−52.8,-64.1,-38.4)
Left Crus I −54 −62 −38 712 0.017438238

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space
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These findings, however, should be interpreted with caution as
the number of studies is indeed reduced in the whole-brain
analysis leading to reduced power to detect significant voxels.
Future ALE analyses may need to consider including both
ROI and whole-brain studies, and conduct separate analyses.

Our results likely underestimate the extent and severity of
cerebellar changes in FTD. For instance, the cerebellum is still
considered the brain region least affected in FTD (Dukart
et al., 2010; Dukart et al., 2011) and is often used as a refer-
ence region for PET and SPECT measurements. In addition,
the cerebellum is often not included in standard scanning or
analysis protocols (e.g., Vemuri et al., 2011; Jiskoot et al.,
2019). Studies also occasionally report large clusters that en-
compass both cerebral and cerebellar regions where the peak
change is located in the cerebral cortex and not in the cerebel-
lum (e.g., Bertoux et al., 2018). These studies were excluded,
increasing the risk of under-estimation of cerebellar changes
in FTD. Importantly, the relations between cerebellar changes
and clinical features in FTD have received little attention to
date despite being present in many studies (e.g., Ahmed et al.,
2016; Kumfor, Zhen, Hodges, Piguet, & Irish, 2018b), possi-
bly because they have been previously thought to be artefacts.
Notably, our literature search uncovered cerebellar changes in
the figures of numerous studies. These changes were, howev-
er, not routinely reported in tables or discussed, demonstrating
how the involvement of the cerebellum has been downplayed
(e.g., Rosen et al., 2002;Whitwell et al., 2010). Expanding the
search by removing the ‘cerebellum/cerebellar’ limit search
terms and visually inspecting all relevant papers for incidental
cerebellar findings identified approximately three times as
many publications. Unfortunately, coordinates of incidental,
but not discussed, cerebellar changes were unavailable for 45
studies, either because the original data were no longer avail-
able or because the authors did not reply to our requests. These
limitations suggest that cerebellar changes in FTD may be

more common than previously reported and more extensive
than our results indicate. The results of this meta-analysis
provide a strong argument that the cerebellum should be rou-
tinely included in neuroimaging data acquisition protocols and
systematically reported in future studies investigating FTD in
order to gain a full picture of the role of the cerebellum.

Although our meta-analysis findings have provided novel
insights into the cerebellar involvement in FTD syndromes,
several caveats should be considered. First, ALE analysis has
the limitation of representing activation/anatomical peaks
weighted only by sample size. As such, other measurements
such as the cluster size (i.e., the spread of changes) and the
statistical thresholds set for group-level comparisons cannot
be adequately examined. This limitation, however, is ad-
dressed by the ALE algorithm by treating each focus as the
centre of probability distributions and using an algorithm that
takes into account both between-subject and between-
experiment variability (Eickhoff et al., 2009). This approach
achieves a good balance between potential Type I and Type II
errors (Bossier et al., 2017). In this way, it is able to deal with
the inter-study differences in scanning parameters and imag-
ing analysis methods (Bossier et al., 2017; Turkeltaub, Eden,
Jones, & Zeffiro, 2002). It should be noted that it is not tech-
nically possible to include studies without any peak coordi-
nates in the ALE algorithm (Acar, Seurinck, Eickhoff, &
Moerkerke, 2018). Thus, we restricted our investigations to
studies reporting cerebellum findings only, in line with previ-
ous ALE meta-analyses (Gellersen et al., 2017; Bernard &
Mittal, 2015; Stoodley & Schmahmann, 2009). As such, this
meta-analysis did not include negative findings. These nega-
tive findings may have arisen for a variety of reasons such as
limited statistical power or group differences (e.g., disease
duration). Future original research (including both structural
and functional imaging studies) with larger sample sizes will
be needed to confirm the robustness of our findings. A second

Table 9 Peak ALE coordinates of
VBM studies of task-related cor-
relation analyses

Location Local extrema (x, y, z) Volume (mm3) Extrema ALE value

From (4,-84,-42) to (26,-66,-26) centered at (14.3,-73.6,-32.1)

Right Crus I, lobule VI 14 −72 −30 1842 0.01748178

Right Crus II 8 −80 −32 0.012947002

From (44,-68,-42) to (58,-46,-30) centered at (50.9,-57.3,-36.2)

Right Crus I 54 −64 −38 1560 0.016215298

Right Crus I 48 −52 −34 0.015313339

From (−30,-74,-38) to (−14,-66,-32) centered at (−21.4,-70.4,-34.7)
Left Crus I, lobule VI −20 −68 −34 512 0.010877576

Left Crus I, Crus II −28 −72 −36 0.010341067

Clusters are thresholded at cluster forming threshold p < .001 uncorrected, cluster-level inference threshold at
0.05. Coordinates are given in MNI152 space. “Local extrema” refers to the coordinates of the location of the
maximumALE value; “ExtremaALE value” refers to the maximumALE value observed in the cluster. Locations
are reported based on the Cerebellar Atlas in MNI152 space
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limitation is that we included studies with participants at dif-
ferent disease stages, which may have influenced results.
Some studies included individuals at a relatively early stage
of around 1 year after disease onset (e.g., Cistaro et al., 2014)
while the longest disease duration was approximately 8 years
(e.g., Lee et al., 2014). In some instances, because of technical
difficulties or medical contraindications, imaging analyses
were conducted in a subset of the study sample only, of which
the demographics were not reported. In addition, our meta-
analysis may be limited by the small number of available
studies, although the number of studies included is acceptable
in the context of a relatively rare disorder. Indeed, the number
of studies in our meta-analysis is comparable to most prior
cerebellar meta-analyses (Addis, Moloney, Tippett, & Hach,
2016; Riedel et al., 2015; Lange et al., 2015; Bernard &
Mittal, 2015; Stoodley & Schmahmann, 2009; Petacchi
et al., 2005; Gellersen et al., 2017) and larger than a recent
meta-analysis in bvFTD (Gellersen et al., 2017). Third, only
studies with explicit diagnostic criteria were included.
According to current FTD diagnostic criteria, three levels of
diagnostic certainty are proposed: possible (based on clinical
evidence only), probable (with additional presence of change
on neuroimaging), or definite (with pathological confirma-
tion). Studies considered in this meta-analysis included partic-
ipants meeting “probable” disease certainty; as such, in the
absence of pathological confirmation, the diagnosis may be
incorrect in some cases. This risk is mitigated by the fact that
most studies were conducted by research groups with exten-
sive experience in FTD investigations. Future neuroimaging
studies in pathologically confirmed FTD are however needed.
Finally, the present findings were derived from studies of cog-
nition in FTD that employed many different tasks. Future
studies using common experimental paradigms/cognitive tests
will be helpful to determine the regions supporting specific
cognitive processes that are affected in FTD.

In conclusion, the comprehensive literature search for ALE
meta-analysis summarizes extensive evidence of structural
and functional cerebellar changes in FTD syndromes and as-
sociations with behavioural and cognitive dysfunctions. Our
findings confirm that the cerebellum is affected in FTD with
patterns of cerebellar changes that are phenotype-specific and
that relate to behavioural and cognitive changes. We hope our
findings can draw attention to cerebellar contributions in fu-
ture investigations in FTD. More research is needed to under-
stand how these changes progress over time, how the cerebel-
lum contributes to cognition, and how the cerebellum interacts
with other brain regions in this disorder and related conditions.
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