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Abstract

Recent studies have reported early cerebellar and subcortical impact in the disease

progression of genetic frontotemporal dementia (FTD) due to microtubule-associated

protein tau (MAPT), progranulin (GRN) and chromosome 9 open reading frame

72 (C9orf72). However, the cerebello-subcortical circuitry in FTD has been understu-

died despite its essential role in cognition and behaviors related to FTD symptom-

atology. The present study aims to investigate the association between cerebellar

and subcortical atrophy, and neuropsychiatric symptoms across genetic mutations.

Our study included 983 participants from the Genetic Frontotemporal dementia Ini-

tiative including mutation carriers and noncarrier first-degree relatives of known

symptomatic carriers. Voxel-wise analysis of the thalamus, striatum, globus pallidus,

amygdala, and the cerebellum was performed, and partial least squares analyses (PLS)
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were used to link morphometry and behavior. In presymptomatic C9orf72 expansion

carriers, thalamic atrophy was found compared to noncarriers, suggesting the impor-

tance of this structure in FTD prodromes. PLS analyses demonstrated that the

cerebello-subcortical circuitry is related to neuropsychiatric symptoms, with signifi-

cant overlap in brain/behavior patterns, but also specificity for each genetic mutation

group. The largest differences were in the cerebellar atrophy (larger extent in

C9orf72 expansion group) and more prominent amygdalar volume reduction in the

MAPT group. Brain scores in the C9orf72 expansion carriers and MAPT carriers dem-

onstrated covariation patterns concordant with atrophy patterns detectable up to

20 years before expected symptom onset. Overall, these results demonstrated the

important role of the subcortical structures in genetic FTD symptom expression, par-

ticularly the cerebellum in C9orf72 and the amygdala in MAPT carriers.

K E YWORD S

frontotemporal dementia, genetics, magnetic resonance imaging, neuropsychiatry

1 | INTRODUCTION

Frontotemporal dementia (FTD) is the second most common form of

neurodegenerative dementia in people under 65 years of age (Coyle-

Gilchrist et al., 2016). Behavioral and personality alterations encompass-

ing “negative” symptoms (apathy, loss of empathy) and “positive” symp-

toms (disinhibition, inappropriate behavior) are symptoms of behavioral

variant FTD (Mendez et al., 2008; Santamaría-García et al., 2017; Sturm

et al., 2017) and also commonly encountered in primary progressive

aphasia. While most FTD cases are sporadic, 10%–30% of cases are

caused by three well known autosomal dominant full penetrance muta-

tions: microtubule-associated protein tau (MAPT) and progranulin (GRN)

and the hexanucleotide expansion of chromosome 9 open reading frame

72 (C9orf72) (Greaves & Rohrer, 2019a). Studying presymptomatic

mutation carriers can provide valuable insight into the neuroanatomical

changes that occur during the preclinical phase of FTD. Mounting evi-

dence has demonstrated that FTD-related pathophysiology starts sev-

eral years before the clear onset of the disease (Bertrand et al., 2018;

Rohrer et al., 2015). Furthermore, psychosis-related symptoms can con-

stitute the prodrome of genetic FTD (Ducharme et al., 2017), as evi-

denced by findings demonstrating that presymptomatic carriers have

subtle increases in neuropsychiatric symptoms (Tavares et al., 2020).

To date, FTD studies have related cognitive and behavioral

impairment with cortical atrophy (Du et al., 2007; J. D. Rohrer

et al., 2009; Hartikainen et al., 2012; Blanc, Gabriella, et al., 2020;

Borrego-�Ecija et al., 2021; Ratti et al., 2021), white matter abnormali-

ties (Dadar et al., 2022; Zhang et al., 2009), subcortical structures and

with the cerebellum (Bocchetta et al., 2021). Further, atrophy of the

cerebellum and subcortical structures in genetic FTD appears earlier

than the cortical atrophy in the disease progression and therefore

may provide important biomarkers at the earliest stages of disease

onset (Cash, 2018). Moreover, numerous studies in healthy controls

indicate that these structures have a central role in cognitive and

behavioral processes (attention, mood, language and memory)

(Balleine et al., 2007; Klostermann et al., 2013; Packard &

Knowlton, 2002; Sherman, 2016). Thus, this study aims to examine

association between the atrophy of the cerebello-subcortical struc-

tures and diverse FTD-specific cognitive and behavioral metrics across

genetic mutations and whether this association starts during the pre-

clinical phase of the disease.

We included 983 participants from the Genetic Frontotemporal

dementia Initiative (GENFI [Jonathan D. Rohrer et al., 2015]). Voxel-

wise analysis in a region of interest encompassing the thalamus, stria-

tum, globus pallidus, amygdala, and the cerebellum was performed

using deformation-based morphometry (DBM). These regions were

selected because of their implication in cerebello-subcortical circuitry

(Palesi et al., 2017) and for their potential implication in psychiatric

symptoms (Blithikioti et al., 2022; Phillips et al., 2015). We first exam-

ined the relationship between voxel-wise measures and FTD-relevant

demographic and clinical data, namely: genetic mutation group, age,

estimated years before the age of symptom onset (EYO; calculated as

the difference between the parental age of symptom onset and the

individual's current age) and symptomatic status (symptomatic or pre-

symptomatic). Next, a multivariate technique was used to derive

linked dimensions of covariation between voxel-wise morphometry

with cognitive and behavioral symptoms for each mutation group. We

finally investigated if these brain/behavioral patterns could be

explained by different demographic and clinical information.

The issue of heterogeneity in clinical presentations of FTD muta-

tion is complex and we believe that our approach can help us under-

stand this heterogeneity by approaching brain-behavior relationships

in a data driven way. Instead of selecting only subjects with FTD

symptoms or neuropsychiatric symptoms for example, we attempt to

find those relationships across all disease stages and clinical manifes-

tation to identify why some patients develop these symptoms while

others do not. We believe that the selected structures of interest

could play an important role in neuropsychiatric phenotype, explaining

some of the different phenotypic expressions.
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2 | METHODS

2.1 | Participants

The 983 participants were included from the GENFI2 dataset data

release five which includes data from participants across multiple

research sites. The participants were either known carriers of a patho-

genic mutation in MAPT (n = 104), GRN (n = 243), C9orf72 (n = 256),

TANK-binding kinase 1 (TBK1; n = 5) or first-degree relatives of known

symptomatic carriers (“noncarriers” group; n = 375). TBK1 carriers were

excluded because of the low number of carriers of this mutation. Inclu-

sion and exclusion criteria are detailed in the Supplementary material

and information on the participants selected for further analyses can be

found in Table 1. The protocol was approved by each participating cen-

ters' research ethics board and informed written consent was obtained

from each participant or an approved surrogate decision maker.

2.2 | Cognitive, behavioral and symptom
assessments

All participants underwent clinical, cognitive and behavioral assess-

ments. A “symptomatic status” binary variable was defined by clinicians

(based on the clinician assessment at the time of the participant's first

GENFI visit), where the individuals were either assigned as “presympto-

matic” if they did not demonstrate overall symptoms, or “symptomatic”
if they expressed FTD symptoms. The Cambridge Behavioral Inventory

Revised version (CBI-R; a validated scale for FTD behavioral assess-

ment), was completed by an informant to evaluate memory (memory,

attention and orientation), everyday skills, self-care, abnormal behavior

(challenging behavior and disinhibition), mood (depression and agita-

tion), beliefs (auditory and visual hallucinations; considered to be psy-

chotic symptoms), eating, sleep, stereotypic behavior (repetitive

behavior and motor movement) and motivation. The CBI-R question-

naire also rates the frequency of any particular behavior on a scale of

0–4. A score of 0 denotes no impairment, a score of 1 an occasional

occurrence defined as a few times per month, 2 a repeated occurrence

defined as a few times per week, 3 a daily occurrence, and 4 a constant

occurrence. Scores of three or four are indicative of a severe behavioral

deficit. The rating of each question is summed to give a final score per

CBI-R category and these itemized scores were used in subsequent

analyses (see supplementary methods for more details).

2.3 | Image analysis

2.3.1 | Image acquisition

All participants were recruited and scanned at one of the 34 GENFI2

sites. T1-weighted (T1w) images were acquired using an MPRAGE

sequence (for parameters https://www.genfi.org/study). The 724 par-

ticipants were included in the statistical analyses (see 2.3.2 and 3.1

sections). Acquisition parameters (median and ranges) included slice

thickness 1.1 mm (1–1.2 mm), repetition time 2.0 ms (6.6–2.4), echo

time 2.9 ms (2.2–9 ms), flip angle 8 (8–11), and number of slices

208 (140–208).

2.3.2 | Preprocessing

Preprocessing steps were performed on the raw T1 images to stan-

dardize images being input into the deformation-based analysis (see

2.3.3 section; Figure 1). Motion quality control and the minc-bpipe-

library pipeline (https://github.com/CobraLab/minc-bpipe-library)

were used to perform standard preprocessing steps (described in the

Supplementary methods).

2.3.3 | Deformation based morphometry

We used the two-level deformation-based morphometry (DBM) python

pipeline developed in the CoBrA Lab (https://github.com/CoBrALab/

twolevel_ants_dbm and described in more details in the Supplementary

methods) to investigate voxel-wise morphometry (Figure 1). Each indi-

vidual image was warped using affine and nonlinear registration to cre-

ate an unbiased average using ANTs tools and a group-wise

registration strategy (Avants et al., 2011). Relative voxel volume

increases and decreases were determined from the deformation fields

by estimating the Jacobian determinant at each voxel (Chung

et al., 2001). This mathematical transformation allows easier statistical

analyses and interpretation: positive values indicate that the voxel in

template space must be expanded to get to the subject space, and neg-

ative values indicate that the voxel in template space must be reduced.

Importantly, Relative Jacobian determinants explicitly model only the

nonlinear part of the deformations and remove residual global linear

transformations (attributable to differences in total brain size).

2.3.4 | Mask creation

In order to focus our voxel-wise analysis within our regions of interest

(ROI), a mask of the subcortical structures (striatum [caudate and

putamen], globus pallidus, thalamus), the amygdala and the cerebellum

was manually created on the average brain obtained from DBM ana-

lyses. This mask will have the goal to restrict our analyses to the

3,609,356 voxels of interest within those structures (note that all our

analyses throughout the paper are voxel-wise and never based on a

unitary measure of those ROIs).

2.4 | Statistics

2.4.1 | Linear mixed effect models

Vertex-wise linear mixed-effects models (vertexLmer from

RMINC_1.5.2.2 package in R 3.6.3) were used to test the
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significance of our relative Jacobians within our mask (Figure 1).

This model included one group variable assigning the FTD genetic

mutation carrier and their clinical status (referred to hereafter as

genetic mutation group) of each individual (seven groups; noncar-

riers, presymptomatic C9orf72, symptomatic C9orf72, symptom-

atic GRN, presymptomatic GRN, symptomatic MAPT or

presymptomatic MAPT carriers), sex (females as reference), educa-

tion, age at visit and EYO as fixed effects and, scanner and family

ID as random effects (to control for potential relatives). A 5%

false-discovery rate (FDR) correction was applied to correct for

the potential proportion of false positives at a given FDR thresh-

old (Benjamini & Hochberg, 1995) (FDR correction applied to all

predictors). In this analysis, we were specifically interested by the

genetic mutation group predictor (different mutation carriers

vs. noncarriers), age at visit, and sex (females vs. males). The

model equations can be found in the Supplementary methods.

Similar linear models were tested including voxels of the whole

brain to test whether our results in the subcortical and cerebellar

regions were still significant when including the entire brain (see

supplementary Figure 1).

2.4.2 | Partial least squares

Partial least squares (PLS) correlation, a multivariate technique, was used to

detect covariance patterns across two matrices (Figure 1). The goal of PLS

is to identify a set of orthogonal latent variables (LVs) that explain patterns

of covariance between brain (relative Jacobians) and behavior data (CBI-R

scores). Theoretically, each LV depicts a linear combination of the brain and

behavior matrices. Here, one PLS analysis was run for each group (C9orf72,

GRN, MAPT and noncarriers separately; four total), to examine if distinct

brain/behavior patterns are present in each mutation group. Our brain data

included the relative Jacobian of each voxel for each subject (matrix size

3609356 � 184 for C9orf72; 3609356� 185 for GRN, 3609356 � 80 for

MAPT and 3609356 � 281 for noncarriers). Our behavior data contained

10 CBI-R scores for each subject. The values in the behavior matrices were

z-scored along each column prior to performing PLS (i.e., z-score the values

of each behavior score across all subjects). Each LV was tested statistically

using permutation testing and bootstrap resampling following a similar pro-

tocol (detailed in the Supplementary methods) as in previous studies

(Anthony Randal McIntosh & Lobaugh, 2004; Zeighami et al., 2017; Patel

et al., 2020; Bussy et al., 2021).

F IGURE 1 Chart flow of the step by step methods and analyses used in this paper. 1-Green: Raw inputs (2.3.1. Image acquisition); 2-Gray:
preprocessing (2.3.2 Preprocessing); 3-Orange: Deformation based morphometry (2.3.3. Deformation based morphometry); 4-Purple: Mask
creation (2.3.4. Mask creation); 5-Turquoise: linear mixed effect models (2.4.1. Linear mixed effect models); 6-Pink: Partial least squares (2.4.2.
Partial least squares analysis). DBM, deformation based morphometry; LMER, linear mixed effect models; PLS, partial least squares;
Preprocessing, minc-bpipe-library; QC, quality control; SVD, singular value decomposition.
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2.4.3 | Post-hoc analyses of PLS outputs

Once the PLS results were obtained and tested for significance, the

brain and behavior scores were further analyzed to determine if they

were associated with key demographic and clinical variables. Linear

mixed effect models including age, EYO, sex, education and symptom-

atic status as fixed effects and scanner and family ID as random

effects to examine the brain or the behavior scores (see equations in

Supplementary methods). FDR correction was applied to correct for

multiple comparisons. The goal of these analyses is to see if the LVs

found from PLS capture patterns of brain and behavior which are spe-

cific to disease-related demographics and symptomatic status. Indeed,

PLS was blind to the EYO, sex, education and to the symptomatic sta-

tus. These models were also tested on the presymptomatic carriers

only (Supplementary Figure 2).

2.5 | Flat map visualization

Matlab (version R 2014b) and SUIT toolbox were used to display lmer

and PLS results into a surface-based flatmap representation of the

cerebellum (Jörn Diedrichsen, 2006; Jörn Diedrichsen et al., 2009;

J. Diedrichsen et al., 2011; Jörn Diedrichsen & Zotow, 2015). Details

on the commands used are described in the supplementary methods.

3 | RESULTS

3.1 | Demographic and clinical information

After motion quality control (criteria described in the supplementary

methods), from 983 initial scans, 130 scans were excluded (supple-

mentary Table 1). From 853 scans, 8 failed our preprocessing and

121 individuals were excluded due to missing CBI-R information.

Table 1 describes the demographic and clinical information of the

724 individuals used in subsequent analyses (184 C9orf72 [122 pre-

symptomatic and 62 symptomatic], 179 GRN [135 presymptomatic

and 44 symptomatic], 80 MAPT [56 presymptomatic and 24 symptom-

atic] carriers and 281 controls).

3.2 | Linear mixed effect model

3.2.1 | Genetic mutation group

Figure 2 a2 illustrates the brain regions showing significant volume

differences between genetic mutation groups versus noncarrier par-

ticipants. When controlling for variables including sex, age and EYO,

presymptomatic C9orf72 expansion carriers demonstrated significant

volume decrease in the bilateral thalamus. No significant differences

were found between presymptomatic GRN carriers and presympto-

matic MAPT carriers versus noncarriers. All symptomatic groups dem-

onstrated significant volume decrease compared to noncarriers.

Symptomatic C9orf72 expansion carriers demonstrated the largest

volume decrease, in the thalamus, striatum, globus pallidus, amygdala

and a large extent of the cerebellum including lobules Crus I, Crus II,

IX and X. Symptomatic GRN carriers mostly expressed decreased vol-

ume in the striatum and thalamus and symptomatic MAPT carriers

demonstrated decreased amygdalar volumes compared to controls.

Figure 2b illustrates four peak voxels for each group in the left thala-

mus, striatum, amygdala and cerebellum.

Our whole brain analyses (Supplementary Figure 1) demonstrated

that presymptomatic C9orf72 carriers have a specific significant vol-

ume reduction in the thalamus, putamen and globus pallidus, demon-

strating that those structures are the first (before the cortex or other

regions) to be impacted in C9orf72 mutation carriers. Further, symp-

tomatic carriers revealed frontal and temporal atrophy in C9orf72 and

GRN carriers and mostly temporal atrophy in MAPT carriers. In addi-

tion to this global atrophy, significant volume reductions were also

found in the subcortical and cerebellar regions, showing that those

structures are impacted even when whole brain atrophy is accounted

for in our statistical analyses.

3.2.2 | Age and sex

In Figure 3 a2 and a3, the brain maps exhibit the voxels demonstrating

significant second order volume decrease with age, independently of

mutation status. These voxels are mostly situated in the thalamus and

in the cerebellum, particularly in lobule IX. Figure 3 a4 highlights the

differences of volume between men and women, demonstrating lower

cerebellar WM and thalamic volumes in men. Figure 3b exhibits three

peak voxels of the right thalamus, left cerebellum lobule IX and left

cerebellum white matter, highlighting a second order volume decrease

with advanced age and a sex effect. Interestingly, the pattern of

decrease with age is present for the entire age range and not only for

the symptomatic participants.

3.3 | PLS results

3.3.1 | Latent variables

PLS results demonstrate one significant LV per genetic group, except

for the noncarriers PLS which had no significant LVs (Figure 4a). For

all mutation groups, we found consistent brain regions associated with

behavior scores, such as the thalamus, striatum and globus pallidus.

However, C9orf72 and GRN groups demonstrated large cerebellar

reduction while MAPT individuals expressed very local cerebellar atro-

phy but larger amygdalar volume reduction. Interestingly, all the PLS

runs exhibited almost similar worsen behavior scores in all CBI-R cate-

gories (Figure 4b).

Chromosome 9 open reading frame 72

C9orf72 LV explained 91.8% of the variance. C9orf72 brain map dem-

onstrates a pattern of volume reduction in the thalamus, globus
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F IGURE 2 (a) Brain slices of the brain highlighting significant group differences from the lmer analyses. t-value maps correspond to significant
p-values between 5% and 1% after FDR correction. Axial slices represented from left to right and coronal slices represented from posterior to
anterior. The t-statistics color maps for the significant expansion are in yellow to red and for the significant contraction are in turquoise to blue.
Yellow arrows were used to highlight the peak voxels selected for the plots in Figure 2b. A1. Sagittal and coronal slices of the mask used to focus
the analyses in the regions of interest. Slices of the brain showing significant differences between the relative Jacobians of the A2.
presymptomatic (P) C9orf72 carriers; A3. symptomatic (S) C9orf72 carriers; A4. symptomatic GRN carriers and A5. MAPT carriers versus the
relative Jacobians of the noncarrier participants. (b) Examples of peak voxels from lmer analyses. White horizontal line highlights the mean
relative Jacobian of the reference group (i.e., noncarrier participants). Violin plots illustrate the group difference of a peak voxel in the i. left
thalamus, ii. left striatum, iii. left amygdala and iv. left cerebellum.
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F IGURE 3 (a) Brain slices of the brain highlighting significant age effects from the lmer analyses. t-value maps of the age variable
corresponding to significant p-values between 5% and 1% after FDR correction. Axial slices represented from left to right and coronal slices
represented from posterior to anterior. The t-statistics color maps for the significant expansion are in yellow to red and for the significant
contraction are in turquoise to blue. Yellow arrows were used to highlight the peak voxels selected for the plots in Figure 3b. A.4. Map of the
relative Jacobians difference between males versus females. (b) (i) and (ii) second order relationships between the relative Jacobians and age,
using the predicted Jacobians between age 19 and 85 for a subject of mean EYO and unweighted averages over the levels of sex and group.
These plots highlight a second order volume decrease with advanced age in two peak voxels of the left cerebellum lobule IX and right thalamus.
(iii) peak voxel from the white matter cerebellum showing sex difference atrophy between males and females.
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pallidus, striatum and in a large area in the cerebellum, including supe-

rior posterior lobules, and lobules IX associated with higher behavior

scores (worse cognition and behavior symptoms).

Progranulin

GRN LV explained 93.2% of the variance and the GRN map illustrates

a volume reduction of the thalamus, globus pallidus, striatum and very

F IGURE 4 PLS analyses between the voxel-wise relative Jacobians and the CBI-R variables for each mutation group separately. (a) Brain
scores of each latent variable (LV) were plotted using the vertex wise BSR thresholded at 2.58 (p < .01). The range of BSR values was (�12.4,
11.7) for C9orf72, (�14.8, 14.5) for GRN and (�8.4, 9.1) for MAPT LV. A common minimum/maximum BSR threshold was selected (�15, 15) to
have a similar color scale between each brain map. Each group demonstrated one significant LV except the noncarriers group (not shown). The LV
explained 91.8% of the variance for C9orf72, 93.2% of the variance for GRN and 84.4% of the variance for MAPT. (b) Bar plots describe the
correlation of each CBI-R variable with each LV, with error bars denoting the 95% confidence interval. Orange color represents CBI-R variables
that significantly participate in the LV while grey color represents nonsignificant CBI-R variables.
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subtle parts of the cerebellum, mostly in lobules Crus I-II. The GRN

behavior scores plot demonstrates significantly worse behavior scores

being linked to a volume reduction in the structures described above.

Microtubule-associated protein tau

Finally, the MAPT LV explained 84.4% of the variance and its map dem-

onstrates a volume reduction in the thalamus, globus pallidus, striatum,

larger reduction in the amygdala and very subtle volume decrease in

the cerebellum. The MAPT behavior scores plot demonstrated signifi-

cantly worse behavior scores in all CBI-R categories, except for the

abnormal beliefs.

3.3.2 | Post-hoc analyses of PLS results

Brain and behavior scores from PLS analyses were analysed to exam-

ine if they could be explained by the demographic and clinical infor-

mation of the participants.

Chromosome 9 open reading frame 72

Figure 5a demonstrates that C9orf72 brain scores were significantly

reduced with increased age and EYO (p = 8.7 � 10�8 and

p = 9.2 � 10�5 respectively); however, it was not significantly differ-

ent between presymptomatic and symptomatic carriers. Age is not

related to behavior scores while increasing EYO and being symptom-

atic are linked to higher behavior scores in all subcategories

(p = 3.9 � 10�2 and p = 4.7 � 10�22 respectively).

Progranulin

In Figure 5b, GRN brain scores are reduced with increasing age and being

symptomatic (p = 6.8 � 10�3 and 5.0 � 10�16 respectively), while EYO

is not related to the brain scores. GRN behavior scores are only related

to being presymptomatic or symptomatic (p = 2.6 � 10�19).

Microtubule-associated protein tau

Finally, the brain scores of MAPT are significantly reduced with

increased EYO and for symptomatic individuals (p = 3.6 � 10�3 and

F IGURE 5 Plots describing the relationship of the brain and behavior scores for (a) C9orf72, (b) GRN and (c) MAPT mutation carriers with
demographic and clinical information such as age, EYO, and symptomatic status. The plots for age and EYO either demonstrate the second order
relationships between the relative Jacobians and age using the predicted Jacobians between age 19 and 85 for a subject of mean EYO or using
the predicted Jacobians between EYO-50 and 30 for a subject of mean age, respectively. These models were computed using the unweighted
averages over the levels of sex, education and symptomatic status. Turquoise is used to highlight the presymptomatic (P) individuals while gold is
used to highlight the symptomatic (S) individuals. * is used to show significant variables (p < .05 after FDR correction) and ** to show significant
variables (p < .01 after FDR correction. The age and EYO relationships were plotted based on the lmer model. White horizontal lines highlight the
mean relative Jacobian of the presymptomatic individuals (reference group).
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p = 6.0 � 10�7 respectively), while the behavior scores are only

increased for the symptomatic individuals compared to presympto-

matic individuals (p = 4.3 � 10�5). Interestingly, for both C9orf72 and

MAPT, the brain scores are starting to decrease up to 20 years before

the expected symptom onset, when most of the individuals are still

presymptomatic (see supplementary Figure 3).

3.4 | Cerebellar contribution

In order to discuss our cerebellar results, we used well-defined and

previously published anatomical and functional maps of the cerebel-

lum. Anatomically, we can see that our C9orf72 map is principally

located on lobules Crus I-II, VIIIB and IX (Figure 6a). The GRN map is

mainly localized in lobules Crus I-II while the MAPT map only includes

a very small part of lobule VI (Jörn Diedrichsen, 2006; Jörn

Diedrichsen et al., 2009). Interestingly, when looking at a simplified

resting-state network atlas (Buckner et al., 2011) and a simplified task

processing atlas (Guell et al., 2023), we observe that the C9orf72 map

overlaps mostly with the default mode network (Figure 6b), and corre-

sponds with the working memory, language, and social tasks

(Figure 6c). On the other hand, the GRN map overlaps mostly with the

frontoparietal network and the working memory task.

4 | DISCUSSION

This paper confirms the role of subcortical brain atrophy in behavioral

symptoms in each of the main genetic forms of FTD. We used DBM,

univariate voxel-wise analyses and multivariate techniques to identify

these relationships. First, we demonstrated that in presymptomatic

participants, only C9orf72 expansion carriers demonstrated significant

atrophy in the thalamus compared to noncarriers. However, all the

genetic mutation groups demonstrated brain atrophy compared to

noncarriers in the symptomatic group. Differences in atrophy patterns

were found; C9orf72 expansion carriers have largest volume decrease

F IGURE 6 Flatmaps of the (a) cerebellar anatomical atlas Diedrichsen et al., 2009), (b) simplified resting-state network atlas Buckner
et al., 2011), (c) simplified task processing atlas (Guell et al., 2023) and (d) LV1 brain map results from PLS analyses for each mutation group.
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in the thalamus, striatum, globus pallidus, amygdala and a large extent

of the cerebellum including lobules Crus I, Crus II, IX and

X. Symptomatic GRN carriers mostly expressed decreased volume in

the striatum and thalamus while symptomatic MAPT carriers mainly

demonstrated decreased amygdalar volumes compared to controls.

Further, second order age atrophy was found in the cerebellum in the

thalamus and cerebellum (IX). We also found significantly lower vol-

umes in the thalamus and white matter of the cerebellum in the men

compared to the women. Overall, these univariate analyses demon-

strate direct effects of age, gene expansion and symptomatic status

on the subcortical volumes.

The PLS analyses demonstrated overlapping gene-specific associ-

ations between brain and behavior. While all groups' brain maps

included the thalamus, globus pallidus and striatum, the C9orf72

expansion carriers had specific atrophy of a large area of the cerebel-

lum, which is in agreement with a recent study showing preferential

cerebellar involvement in C9orf72 expansion carriers (Bocchetta

et al., 2021). GRN cerebellum map demonstrated more restricted atro-

phy of the cerebellar lobules Crus I-II. MAPT LV included a very limited

atrophy of the cerebellum but a larger atrophy of the amygdala com-

pared to the other two genetic groups. These findings are in line with

previous studies showing thalamic and cerebellar symmetrical and

widespread patterns of atrophy in C9orf72 expansion carriers

(Bocchetta et al., 2016; Sha et al., 2012), while amygdalar atrophy

seemed to be more related to MAPT carriers (Bocchetta et al., 2021;

Cash et al., 2018).

While we saw brain map differences between mutation groups,

the PLS behavioral results did not demonstrate gene-specific effects.

Therefore, the variations in atrophy observed across genetic groups

were not associated with different symptom profiles. This is consis-

tent with clinical observations which suggest that different mutations

have major overlap in their clinical presentations, despite regional

specificity in atrophy profiles (Jonathan D. Rohrer et al., 2015). Addi-

tionally, our PLS analysis on the noncarrier group did not lead to a sig-

nificant LV demonstrating that these patterns of brain/behavior are

specific to mutation carriers, as opposed to normative anatomical cor-

relates of behavioral traits in healthy adults. Given the significant

prevalence of psychotic symptoms in C9orf72 and to a lesser extent in

GRN, we would have expected to find a specific latent variable for

psychosis-related categories. However, the absence of such results

could be explained by the relatively small number of symptomatic car-

riers with psychotic symptoms. Of note, this lack of brain/behavior

differences between genetic groups, contrasts with some previous

reports that link specific symptoms to specific anatomical correlates

(Benussi et al., 2021; Sellami et al., 2018). However, while these previ-

ous studies have found significant association between behavior

symptoms and genetic groups, they ran a series of ANOVA or linear

models for each symptom. On the contrary, here we used PLS ana-

lyses which is a recommended technique when the number of explan-

atory variables is high, and likely correlated (Anthony R. McIntosh &

Miši�c, 2013), which is the case in our study.

As expected, the presence of symptoms was consistently a strong

predictor of the PLS-derived brain and behavior scores. However,

while C9orf72 and MAPT brain scores were related to EYO and

expressed a second order relationship highlighting a more rapid brain

score decline in the 20 years before symptom onset, GRN brain scores

were related to age and not EYO. These results are consistent with

previous reports that GRN mutation carrier symptom onset is only

weakly predictable using parental age of onset (Moore et al., 2020).

Also, while variant-specific grey matter atrophy (mostly in the thala-

mus) has been shown to be detectable up to 20 years before EYO in

C9orf72 expansion carriers, atrophy is detectable 15 years before

EYO for MAPT carriers (mostly fronto-parietal) and only 10 years

before EYO for GRN carriers (mostly medial-temporal) (Greaves &

Rohrer, 2019b). Further, EYO was a better predictor at explaining the

covariance between morphometry and CBI-R variables (at least for

C9orf72 expansion carriers and MAPT carriers), but it was not directly

associated with morphometry. These results suggest that future clini-

cal and research studies might benefit from using brain atrophy and

behavior variables simultaneously to identify subjects at higher risk of

short-term clinical conversion to the dementia stage. In addition, our

results suggest that the brain regions that we found to be significantly

associated with the CBI-R scores could be particularly sensitive to

changes related to EYO.

While we identified a similar behavioral cluster in all the genetic

mutation groups, we hypothesize that different patterns of cerebellar

and amygdalar atrophy could be responsible for symptomatic differ-

ences in each mutation group later in the disease progression. For

example, pronounced psychotic symptoms in C9orf72 expansion car-

riers (potentially linked to the preferential cerebellar lobule Crus I-II

and lobule IX atrophy) while MAPT carriers demonstrate more depres-

sion and anxiety (potentially linked to the preferential amygdalar

atrophy).

Of interest, the cerebellar structures found to be associated with

the CBI-R variables (Crus I-II and IX) correspond to the ones associ-

ated with frontoparietal and default mode networks (DMN; (Guell

et al., 2018)). In our results, cerebellar atrophy in C9orf72 expansion

carriers was predominantly related to the DMN, which relates to pre-

vious findings (Lee et al., 2014), while in GRN carriers, cerebellar

regions were primarily functionally correlated to the fronto-parietal

network, which ties in to the well documented component of parietal

involvement in this disease (Cash et al., 2018). Interestingly, reduction

of Crus I-II volumes has previously been associated with behavioral

and cognitive deficits in FTD (Chen et al., 2018; Chen et al., 2019).

These results suggest that while our study focused on the anatomical

changes in FTD in relation with behavior, we demonstrated that the

structures covarying the most with behavioral changes colocalize spe-

cifically with the DMN and fronto-parietal networks, motivating the

relevance of using fMRI techniques to study brain/behavior changes

in familial FTD.

Some limitations in our study need to be highlighted and dis-

cussed. Biases in our results may arise from the limited number of

MAPT mutation carriers in the GENFI dataset, explaining the apparent

reduced brain involvement in this group. Only about 18% of our muta-

tion carriers wereMAPT carriers. However worldwide, MAPT mutation

is the least frequent (23.2%), followed by GRN mutation (34.6%) and
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C9orf72 expansion (42.1%) (Moore et al., 2020). Therefore, our data-

set was representative of the general mutation distribution in FTD.

Further, while GENFI is the largest dataset of carriers for FTD-linked

mutations to date and offers a sufficient number of participants to

conduct complex statistical analyses, only 18% of those participants

were symptomatic mutation carriers.

Secondly, this study aims to understand the brain and CBI-R vari-

ables impairment during the presymptomatic phase of the disease,

and uses EYO as an estimator of age of symptom onset. However, as

discussed above, EYO accuracy is limited and varies between genetic

mutation groups (Moore et al., 2020). Therefore, to better character-

ize the association between brain and behavior during this presympto-

matic phase, longitudinal data with documentation of the actual age

at onset is necessary. This will eventually be available from GENFI

from ongoing follow-up brain imaging and CBI-R assessments. Finally,

it is important to note that while our results allowed straightforward

qualitative comparisons between each PLS findings, no test has been

performed to quantitatively compare the different brain maps. To ver-

ify that our differences in brain maps were not driven by a threshold

effect, we also plotted the different brain maps using a less stringent

significant threshold (Supplementary Figure 1), demonstrating that

even with a more lenient threshold, different parts of the cerebellum

were associated with the behavior scores for each genetic mutation

group.

To conclude, our study shows that the subcortical and cerebellar

circuitry is involved in the relationship between FTD pathology and

the emergence of neuropsychiatric symptoms, even in the presympto-

matic stage. Furthermore, while all brain maps included the thalamus,

globus pallidus and striatum, C9orf72 expansion demonstrated a spe-

cific involvement of a large area of the cerebellum. Variations in atro-

phy across genetic groups did not explain symptomatic profile

differences, suggesting that these differences in cerebellar and amyg-

dalar atrophy pattern only lead to behavioral differences later in the

disease progression.

Our study suggests the importance of cerebellar and subcortical

involvement during the earliest stage of FTD progression and a rela-

tionship to the appearance of neuropsychiatric symptoms. Clinically,

this can help clinicians provide an explanatory model to patients and

their family for their behavioral symptoms. It further highlights the

importance of these structures in early disease stages. The longitudi-

nal follow-up of these volumes factoring differences across mutation

subtypes could provide useful biomarker information on disease pro-

gression in future clinical trials.
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