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Abstract 

Recent studies have suggested that cerebellar and subcortical structures are impacted early 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 clinical contribution of the structures involved in the cerebello-

subcortical circuitry has been understudied in FTD given their potentially central role in 

cognition and behaviour processes. The present study aims to investigate whether there is an 

association between the atrophy of the cerebellar and subcortical structures, and 

neuropsychiatric symptoms (using the revised version of the Cambridge Behavioral 

Inventory, CBI-R) across genetic mutations and whether this association starts during the 

preclinical phase of the disease. Our study included 983 participants from the Genetic 

Frontotemporal dementia Initiative (GENFI) including mutation carriers (n=608) and non-

carrier first-degree relatives of known symptomatic carriers (n= 375). Voxel-wise analysis of 

the thalamus, striatum, globus pallidus, amygdala, and the cerebellum was performed using 

deformation based morphometry (DBM) and partial least squares analyses (PLS) were used 
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to link morphometry and behavioural symptoms. Our univariate results suggest that in this 

group of primarily presymptomatic subjects, volume loss in subcortical and cerebellar 

structure was primarily a function of aging, with only the C9orf72 group showing more 

pronounced volume loss in the thalamus compared to the non-carrier individuals. PLS 

analyses demonstrated that the cerebello-subcortical circuitry is related to all neuropsychiatric 

symptoms from the CBI-R, with significant overlap in brain/behaviour patterns, but also 

specificity for each genetic group. The biggest differences were in the extent of the cerebellar 

involvement (larger extent in C9orf72 group) and more prominent amygdalar contribution in 

the MAPT group. Finally, our findings demonstrated that C9orf72 and MAPT brain scores 

were related to estimated years before the age of symptom onset (EYO) in a second order 

relationship highlighting a steeper brain score decline 20 years before expected symptom 

onset, while GRN brain scores were related to age and not EYO. Overall, these results 

demonstrated the important role of the subcortical structures and especially of the cerebellum 

in genetic FTD symptom expression. 
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1. Introduction 

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

neurodegenerative dementia in people under 65 years of age 1,2. Behavioural and personality 

alterations encompassing ‘negative’ symptoms (apathy, loss of empathy) and ‘positive’ 

symptoms (disinhibition, inappropriate social behaviour) are among the most prominent 

symptoms of FTD 3,4. While most FTD cases are sporadic, 10-20% of cases are caused by 

three well known autosomal dominant full penetrance mutations: microtubule-associated 

protein tau (MAPT), progranulin (GRN) and chromosome 9 open reading frame 72 (C9orf72) 

mutations 5–7. Studying presymptomatic mutation carriers can provide valuable insight into 
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the neuroanatomical modifications that occur during the preclinical phase of FTD. Indeed, 

there is mounting evidence demonstrating that FTD-related pathophysiology starts several 

years before the clear onset of the disease 8–10. Furthermore, psychosis-related symptoms can 

constitute the prodrome of genetic FTD 11, and emerging evidence suggests that 

presymptomatic carriers have a subtle increase in neuropsychiatric symptoms 9,12.  

To date, most FTD studies have predominantly tried to relate cognitive and 

behavioural impairment with cortical atrophy 10,13–17. However, there is a growing number of 

papers demonstrating that the atrophy of the cerebellum and subcortical structures in genetic 

FTD (particularly in the C9orf72 expansion carriers) appears earlier than the cortical 

impairment in the disease progression. Indeed, a previous study has shown that 

presymptomatic FTD mutation carriers demonstrate atrophy in subcortical regions such as in 

the thalamus, striatum and amygdala, as well as in the cerebellum, preceding larger cortical 

atrophy, compared to non-carriers individuals 18. Moreover, we know from numerous studies 

in healthy controls that these structures have been characterized for their central role in 

various cognitive and behavioural processes such as arousal, attention, mood, motivation, 

language, memory, abstraction, and visuospatial skills 19–23. Therefore, we could expect that a 

disruption of these structures in FTD could affect many of these cognitive and behavioural 

functions.  Indeed, a recent study examined the distinct relationships between subcortical 

structures and neuropsychiatric symptoms (hallucinations, delusions, depression and anxiety) 

in the three main forms of genetic FTD and demonstrated that cerebellar atrophy was 

correlated with anxiety in C9orf72 carriers, further implicating the cerebellar structure in 

FTD symptomatology 24. Therefore, the goal of this study is to further investigate whether 

there is an association between the atrophy of the regions of the cerebello-subcortical 

circuitry and diverse FTD-specific cognitive and behavioural metrics across genetic 

mutations and whether this association starts during the preclinical phase of the disease. 

The present study used a dataset gathering 983 participants from the Genetic 

Frontotemporal dementia Initiative [GENFI; 9], a unique sample given that most FTD studies 
25,26 have often been limited by a small number of individuals (<100). Here we focus 

specifically on a voxel-wise analysis in a region of interest encompassing the thalamus, 

striatum, globus pallidus, amygdala, and the cerebellum using deformation-based 

morphometry (DBM). Of note, these regions have been selected because of their implication 

in the cerebello-subcortical circuitry and for their potential implication in psychiatric 
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symptoms. We first examined the relationship between voxel-wise measures and FTD-

relevant demographic and clinical data, such as: genetic mutation status, 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 27) and symptomatic status (symptomatic 

or non-symptomatic). Next, a multivariate technique (Partial least squares analyses [PLS]) 

was used to derive linked dimensions of voxel-wise morphometry with cognitive and 

behavioural symptoms and extract different patterns specific to each mutation group. We 

finally investigated if these brain/behavioural patterns could be explained by different 

demographic and clinical information listed previously.  

2. Methods 

2.1. Participants 

983 participants were selected from the GENFI2 dataset data release 5 which includes data 

from participants across multiple research sites in the UK, the Netherlands, Belgium, France, 

Spain, Portugal, Italy, Germany, Sweden, Finland and Canada. The participants were either 

known carriers of a pathogenic 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 

(“non-carriers” group; n= 375). TBK1 carriers were excluded because of the low number of 

carriers of this mutation. Details on the participants selected for further analyses (see 2.3.2 

Raw quality control, 2.3.3 Preprocessing sections and 3.1. Demographic and clinical 

information) can be found in Table 1. 

2.2. Cognitive, behavioural and symptom assessments 

All participants underwent clinical, cognitive and behavioural assessments. A “symptomatic 

status” binary variable was defined by clinicians (based on the clinician judgement at the time 

of the participant’s first GENFI visit), where the individuals were either assigned as “non-

symptomatic” if they did not demonstrate overall symptoms, or “symptomatic” if they 

expressed FTD symptoms (this variable is not used in PLS analyses, but used in lmer and 

PLS post-hoc analyses; see 2.4.1. Linear mixed effect models and 2.4.3. Post-hoc analyses of 

PLS outputs).  
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Further, a validated scale for FTD behavioural assessment, the Cambridge Behavioural 

Inventory Revised version (CBI-R; 28), was performed to evaluate and quantify 10 specific 

cognitive, behavioural and affective symptoms as well as activities of daily living 28 and was 

used in PLS analyses (see  2.4.2. Partial least squares analysis). This assessment evaluates 

categories such as memory (memory, attention and orientation), everyday skills, self care, 

abnormal behaviour (challenging behaviour and disinhibition), mood (depression and 

agitation), beliefs (auditory and visual hallucinations; considered to be psychotic symptoms), 

eating, sleep, stereotypic behaviour (repetitive behaviour and motor movement) and 

motivation. The CBI-R test rates the frequency of any particular behaviour 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 3 or 4 are indicative of a severe 

behavioural 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; memory is rated on 32 

points, abnormal behaviour on 24 points, everyday skills and motivation on 20 points, self 

care, mood, eating and stereotypic behaviour on 16 points, beliefs on 12 points and sleep on 8 

points. 

2.3 Image processing 

2.3.1. Image acquisition 

 

All participants were recruited and scanned in a GENFI2 site. T1-weighted (T1w) images 

were acquired using an MPRAGE sequence (for parameters https://www.genfi.org/study/). 

Of the 730 participants included in the statistical analyses  (see 2.3.2 Raw quality control, 

2.3.3 Preprocessing sections and 3.1. Demographic and clinical information), 248 were 

scanned on a Philips 3T, 192 on a Siemens Trio 3T, 111 on a Siemens Skyra 3T, 32 on a 

Siemens 1.5T, 107 on a Siemens Prisma 3T, 3 on a Siemens 3T, 31 on a GE 3T and 6 on a 

GE 1.5T scanners. Scan protocols were designed at the outset of the study to ensure adequate 

matching between the scanners and image quality control.  

2.3.2 Raw quality control 

Motion artifacts caused by involuntary movements such as cardiac, respiratory motion or 

drift over time are common in structural magnetic resonance (MR) images and negatively 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 16, 2021. ; https://doi.org/10.1101/2021.11.12.468429doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.12.468429
http://creativecommons.org/licenses/by-nc/4.0/


 

impact the quality of the data 29–31. In order to control for these artifacts, rigorous quality 

control (QC) of all raw images was performed (Figure 1) by two raters (JL, TB). The QC 

guidelines developed in the Computational Brain Anatomy (CoBrA) Laboratory (32; 

https://github.com/CoBrALab/documentation/wiki/Motion-Quality-Control-Manual) were 

followed and 130 scans were excluded due to motion artifacts. 

2.3.3 Preprocessing 

Preprocessing steps were performed by two authors (JL, TB) on the raw T1 images in order 

to standardize images being input into the deformation-based analysis (see 2.3.4. 

Deformation based morphometry; Figure 1). The minc-bpipe-library pipeline 

(https://github.com/CobraLab/minc-bpipe-library) was used to perform the following steps: 

N4 bias field correction 33, registration to the Montreal Neurological Institute (MNI) space 

using bestlinreg 34,35, field-of-view standardization and brain orientation to MNI space using 

an inverse-affine transformation of a MNI space head mask, and brain extraction using 

BEaST technique 36. Additionally, minc-bpipe-library pipeline allows rapid supervision of 

these steps by providing quality control images of the various preprocessing stages. 

 
Figure 1: Chart flow of the step by step methods and analyses used in this paper. 1-
Green: Raw inputs (2.3.2. Raw quality control) ; 2-Gray: preprocessing (2.3.3 
Preprocessing); 3-Orange: Deformation based morphometry (2.3.4. Deformation based 
morphometry); 4-Purple: Mask creation (2.3.5. Mask creation); 5-Turquoise: linear mixed 
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effect models (2.4.1. Linear mixed effect models); 6-Pink: Partial least squares (2.4.2. Partial 
least squares analysis). Abbreviations: QC: quality control; Preprocessing: minc-bpipe-
library; DBM: deformation based morphometry; SVD: singular value decomposition; PLS: 
partial least squares; LMER: linear mixed effect models. 
 

2.3.4. Deformation based morphometry 

First, the skull-stripped preprocessed brains from minc-bpipe-library were used as inputs and 

were registered using a non-resampling rigid registration (6-parameters) to the MNI space. 

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

the CoBrA Lab (https://github.com/CoBrALab/twolevel_ants_dbm) to investigate voxel-wise 

morphometry (Figure 1). Each individual image was warped using affine and non-linear 

registration to create an unbiased average using ANTs tools using a group-wise registration 

strategy 37. Relative voxel volume increases and decreases were determined from the 

deformation fields by estimating the Jacobian determinant at each voxel. This measure 

represents the relative difference at each voxel (as a proportion) relative to the group average 

(the residual affine components present in the nonlinear deformation field are also removed). 

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

The relative Jacobians were blurred with a 2 mm full-width-at-half-maximum 3D Gaussian to 

approximate the Gaussian assumptions required for the statistical field. 

2.3.5. Mask creation 

In order to focus our voxel-wise analysis on the regions of interest (ROIs), a mask of the 

subcortical structures (striatum, globus pallidus, thalamus), the amygdala and the cerebellum 

was manually created on the average brain obtained from DBM analyses. 

 

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 significance of our relative Jacobians within our mask (Figure 1). 

This model included genetic mutation status (non-carriers, C9orf72, GRN or MAPT carriers), 

sex, education, symptomatic status (symptomatic/non-symptomatic), age at visit and EYO as 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 16, 2021. ; https://doi.org/10.1101/2021.11.12.468429doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.12.468429
http://creativecommons.org/licenses/by-nc/4.0/


 

 

fixed effects and, scanner and family ID as random effects (to control for potential relatives). 

Age and EYO were modeled as linear, second or third order using natural splines (ns from 

splines package) and Akaike information criterion [AIC; 38] was used to investigate the most 

appropriate relationships. The model with the lowest AIC was selected and was considered to 

best fit the data 39; see also previous work from our group 32,40,41. AIC results demonstrated 

that a second order relationship was the best fit for our analyses and therefore the model (eq. 

1) was selected for the lmer analyses. An interaction between genetic mutation status and age 

was also tested in the model but was excluded due to high AIC values. A 5% false-discovery 

rate (FDR) correction was applied to control for the expected proportion of "discoveries" that 

are false 42,43.  

 

Relative Jacobians ~ Genetic mutation status + Sex + Education + Symptomatic status +  

ns(Age,2) + ns(EYO,2) + (1|Scanner) +(1|Family ID) (eq. 1) 

 

Here, given that the optimal model based on AIC excluded the interaction between genetic 

mutation status and age, we did not look at each mutation individually but rather we looked at 

the overall pattern of change with age and EYO. This approach is more stringent and gives us 

high confidence in the effects that we found, but consequently we do not test for relationships 

between specific mutations and age /EYO relationships. Of note, given our primary objective 

to look at mutation specific relationships between cerebral changes and psychiatric 

symptoms, our partial least squares analyses (2.4.2. Partial least squares) did test for each 

mutation brain and behaviour changes with age and EYO.  

 

 

2.4.2. Partial least squares 

Partial least squares (PLS) correlation is a multivariate technique that is used to detect 

covariance patterns across two matrices via matrix decomposition techniques (Figure 1). The 

goal of PLS is to identify a set of latent variables (LVs) that explain patterns of covariance 

between brain data (here relative Jacobians) and behaviour data (here CBI-R scores) with the 

constraint that LVs explain as much of the covariance between the two matrices as possible. 

Theoretically, each LV depicts a linear combination of the brain and behaviour matrices. 

Here, four PLS analyses were run, one for each mutation group (C9orf72, GRN, MAPT and 

non-carriers separately), in order to be able to examine whether each mutation group would 
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be associated with distinct brain/behaviour patterns. Our brain data included the relative 

Jacobian of each voxel for each subject (matrix size 3609356x184 for C9orf72; 3609356x185 

for GRN, 3609356x80 for MAPT and 3609356x281 for non-carriers). Our behaviour data 

contained 10 CBI-R scores for each subject (matrix size 10x184 for C9orf72; 10x185 for 

GRN, 10x80 for MAPT and 10x281 for non-carriers). Note that this matrix does not contain 

any information on symptomatic vs presymptomatic, age or EYO. 

 

Each LV was tested statistically using permutation testing following a similar protocol 

(detailed in the Supplementary methods) as in previous studies 44–49. Secondly, the degree to 

which each brain and behaviour variable contributes to these LVs was tested using a 

bootstrap resampling technique detailed in the Supplementary methods (BSR threshold of 

2.58 = p-value of 0.01; Krishnan et al., 2011; McIntosh and Lobaugh, 2004; Nordin et al., 

2018; Persson et al., 2014; Zeighami et al., 2017). Supplementary figure 1 displays the PLS 

brain scores using a less stringent threshold (BSR threshold of 1.96 = p-value of 0.05). 

 

2.4.3. Post-hoc analyses of PLS outputs 

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

behaviour 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 symptomatic status as fixed effects and scanner and family ID as random 

effects to examine the brain scores (eq. 2) or the behaviour scores (eq. 3). False discovery 

rate (FDR) correction was applied to correct for multiple comparisons. We corrected for the 

eight p-values (one per predictor) x six models (one brain score (2) and one behaviour score 

(3) models per mutation group (C9orf72, GRN and MAPT). The goal of these analyses is to 

see if the LVs found from PLS capture patterns of brain and behaviour which are specific to 

disease-related demographics and symptomatic status. Indeed, PLS was blind to the EYO, 

sex, education and to the fact that some individuals were presymptomatic or symptomatic. 

These models were also tested on the presymptomatic carriers only (therefore without the 

“symptomatic status” variable). These results can be found in the supplementary figure 2. 

 

Brain score ~ ns(EYO,2) + ns(Age,2) + Sex + Symptomatic status + education + (1|Scanner) 

+(1|Family ID) (eq. 2) 
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Behaviour score ~ ns(EYO,2) + ns(Age,2) + Sex + Symptomatic status + education + 

(1|Scanner) +(1|Family ID) (eq. 3) 

 

2.4.4. Age and EYO model visualization 

To visualize the significant age effects (effects package in R 3.6.3), we used the model 

coefficients to create the predicted Jacobians (in Figure 2) or the brain/behaviour scores (in 

Figure 4) every one year between age 19 and 85  for a subject of mean EYO with 

symptomatic status, sex and education as fixed effects and scanner and family ID as random 

effects. Inversely, to plot significant EYO effects, we used the model coefficients to create 

the predicted Jacobians (in Figure 2) or the brain/behaviour scores (in Figure 4) every one 

year between EYO -50 and 30 for a subject of mean age with symptomatic status, sex and 

education as fixed effects and scanner and family ID as random effects. The models were 

therefore computed using unweighted averages over the levels of non-focal factors such as 

sex, education, genetic mutation status and symptomatic status (See code example in the 

Supplementary methods). The advantage of this visualization process is to properly visualize 

the "significant" effects found in a model when there are multiple covariates also included in 

the model. 

 

2.5. Flat map visualization 

Matlab (2014b) and SUIT toolbox were used to display lmer and PLS results into a surface-

based flatmap representation of the cerebellum 50–53. We used suit_isolate_seg, 

suit_normalize_dartel and suit_reslice_dartel functions to transform our template brain and 

our statistical maps into SUIT space. Then, we used suit_map2surf and suit_plotflatmap 

functions to obtain our statistical maps in a cerebellar flatmap representation. Simplified 

atlases of the resting-state networks and of the task processing were summarized from 

previous results 54,55. 

 

3. Results 

3.1. Demographic and clinical information 
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After motion quality control (see 2.3.2. Raw quality control), 130 scans were excluded 

(supplementary table 1). From 853 participants, 8 failed our preprocessing and 115 

individuals were excluded due to missing CBI-R information. Table 1 describes the 

demographic and clinical information of the 730 individuals used in subsequent analyses for 

which the preprocessing and processing steps passed our quality control (QC). These 

participants included 184 C9orf72 carriers, 185 GRN carriers, 80 MAPT carriers and 281 

controls.  

Table 1. Complete demographic and clinical information of the 730 individuals who passed 
motion QC   

 Non carriers 
(n=281) 

C9orf72 carriers  
(n=184) 

GRN carriers 
(n=185) 

MAPT carriers 
(n=80) 

Total  
(n=730) 

Age at visit 
     Mean (SD) 
     Median [Min, Max] 

 
46.1 (13.5) 

44.6 [19.4, 85.0] 

 
50.6 (14.1) 

51.4 [20.1, 77.9] 

 
50.5 (13.3) 

51.5 [20.2, 77.0] 

 
44.8 (13.9) 

43.4 [20.5, 74.0] 

 
48.2 (13.8) 

47.5 [19.4, 85.0] 

EYO 
     Mean (SD) 
     Median [Min, Max] 

 
-13.1 (14.1) 

-15.3 [-50.0,27.6] 

 
-8.0 (14.0) 

-6.53 [-47.4, 1.3] 

 
-10.1 (13.2) 

-8.83 [-39.0, 19.1] 

 
-7.94 (13.7) 

-6.82 [-39.4, 15.7 

 
-10.6 (13.9) 

-11.4 [-50.0,27.6] 

Gender 
     Female 
     Male 

 
164 (58.4%) 
117 (41.6%) 

 
96 (52.2%) 
88 (47.8%) 

 
119 (64.3%) 
66 (35.7%) 

 
40 (50.0%) 
40 (50.0%) 

 
419 (57.4%) 
311 (42.6%) 

Genetic status  
     Non-symptomatic 
     Carrier presymptomatic 
     Carrier symptomatic 

 
281 (100%) 

0 (0%) 
0 (0%) 

 
0 (0%) 

122 (66.3%) 
62 (33.7%) 

 
0 (0%) 

137 (74.1%) 
48 (26.0 %) 

 
0 (0%) 

56 (70.0%) 
24 (30.0 %) 

 
281 (38.5%) 
315 (43.1%) 
134 (18.4%) 

Memory 
     Mean (SD) 
     Median [Min, Max] 

 
1.1 (2.15) 

0.0 [0.0, 15.0] 

 
5.9 (7.8) 

2.0 [0.0, 28.0] 

 
3.6 (6.2) 

1.0 [0.0, 32.0] 

 
5.0 (7.6) 

1.0 [0.0, 30.0] 

 
3.42 (6.1) 

0.5 [0.0, 32.0] 

Everyday skills 
     Mean (SD) 
     Median [Min, Max] 

 
0.1 (0.7) 

0.0 [0.0, 9.0] 

 
2.8 (5.0) 

0.0 [0.0, 20.0] 

 
2.0 (4.8) 

0.0 [0.0,20.0] 

 
1.5 (3.4) 

0.0 [0.0, 14.0] 

 
1.4 (3.8) 

0.0 [0.0, 20.0] 

Self care 
     Mean (SD) 
     Median [Min, Max] 

 
0.0 (0.1 

0.0 [0.0, 1.0] 

 
1.5 (3.6) 

0.0 [0.0, 16.0] 

 
1.0 (3.1) 

0.0 [0.0, 16.0] 

 
0.5 (1.6) 

0.0 [0.0, 8.0] 

 
0.7 (2.5) 

0.0 [0.0, 16.0] 

Abnormal behaviour 
     Mean (SD) 
     Median [Min, Max] 

 
0.5 (1.1) 

0.0 [0.0, 7.0] 

 
3.2 (4.7) 

1.0 [0.0, 19.0] 

 
1.7 (3.6) 

0.0 [0.0, 23.0] 

 
2.8 (4.8) 

0.5 [0.0, 20.0] 

 
1.8 (3.6) 

0.0 [0.0, 23.0] 

Sleep 
     Mean (SD) 
     Median [Min, Max] 

 
0.4 (1.0) 

0.0 [0.0, 6.0] 

 
1.2 (1.9) 

0.0 [0.0, 8.0] 

 
1.0 (1.7) 

0.0 [0.0, 8.0] 

 
1.4 (1.9) 

1.0 [0.0, 8.0] 

 
0.9 (1.6) 

0.0 [0.0, 8.0] 

Eating 
     Mean (SD) 
     Median [Min, Max] 

 
0.2 (0.9) 

0.0 [0.0, 12.0] 

 
2.2 (4.1) 

0.0 [0.0,16.0] 

 
1.3 (2.9) 

0.0 [0.0, 14.0] 

 
2.0 (4.0) 

0.0 [0.0, 15.0] 

 
1.2 (3.0) 

0.0 [0.0, 16.0] 

Mood 
     Mean (SD) 
     Median [Min, Max] 

 
0.9 (1.6) 

0.0 [0.0, 9.0] 

 
2.2 (2.8) 

1.0 [0.0, 16.0] 

 
1.5 (2.5) 

0.0 [0.0, 12.0] 

 
2.4 (2.9) 

1.5 [0.0, 13] 

 
1.6 (2.4) 

0.0 [0.0, 16.0] 
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Beliefs 
     Mean (SD) 
     Median [Min, Max] 

 
0.0 (0.1) 

0.0 [0.0, 1.0] 

 
0.4 (1.4) 

0.0 [0.0, 12.0] 

 
0.2 (1.1) 

0.0 [0.0, 10.0] 

 
0.1 (0.6) 

0.0 [0.0, 4.0] 

 
0.2 (1.0) 

0.0 [0.0, 12.0] 

Stereotypic behaviour 
     Mean (SD) 
     Median [Min, Max] 

 
0.4 (1.2) 

0.0 [0.0, 8.0] 

 
2.6 (3.8) 

1.0 [0.0, 16.0] 

 
1.2 (2.4) 

0.0 [0.0, 12.0] 

 
2.7 (4.7) 

0.0 [0.0, 16.0] 

 
1.4 (3.0) 

0.0 [0.0, 16.0] 

Motivation 
     Mean (SD) 
     Median [Min, Max] 

 
0.5 (1.7) 

0.0 [0.0, 16.0] 

 
3.9 (5.7) 

0.0 [0.0, 20.0] 

 
2.3 (4.5) 

0.0 [0.0, 20.0] 

 
3.0 (4.9) 

0.0 [0.0, 19.0] 

 
2.1 (4.4) 

0.0 [0.0,20.0] 

 

 

3.2. Linear mixed effect model  

Figure 2.A demonstrates the brain areas showing significant effect with some of the 

demographic and clinical information of interest (genetic group, age and symptomatic status). 

EYO was not significant and is therefore not included in the figure. Figure 2.B shows 

representative significant peak voxels (highlighted in white boxes and orange arrows in the 

brain maps of Figure 2.A) to visualize several key regions of interest. In Figure 2.A1, the first 

two columns highlight the mask used for the Lmer analyses on the sagittal and coronal slices. 

3.2.1. Genetic group variable 

Figure 2.A2 illustrates the brain areas showing significant volume differences between 

C9orf72 carriers (including a majority of presymptomatic subjects) versus non-carrier 

participants. C9orf72 carriers demonstrate significant volume decrease in the bilateral 

thalamus. No significant differences were found between GRN carriers and MAPT carriers 

versus non-carriers (meaning that age was the primary driver of volume change in this 

predominantly asymptomatic group). Figure 2.B1 illustrates two peak voxels in the right and 

left thalamus, demonstrating an approximate 20% volume decrease in the C9orf72 carriers 

compared to non-carriers individuals. 

3.2.2. Age 

In Figure 2.A3, the brain map exhibits 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 2.B2 exhibits two 

peak voxels of the right thalamus and left cerebellum lobule IX, highlighting a second order 

volume decrease with advanced age. Interestingly, the pattern of decrease with age is seen for 
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the entire age range and not only for the symptomatic participants (especially in the 

cerebellum). Also, larger relative Jacobian variability in the cerebellum was observed 

compared to the thalamus. 

3.2.3. Symptomatic status 

In Figure 2.A4, the brain map shows a significant volume reduction in the bilateral thalamus, 

striatum (mainly accumbens nucleus, putamen and ventral caudate), globus pallidus and 

amygdala in the symptomatic participants (from all mutation groups) compared to the non-

symptomatic participants (non-carriers + presymptomatic mutation carriers individuals). Of 

note, no volume difference was found between symptomatic and non-symptomatic 

participants in the cerebellum. Further, from the lmer results, no significant relationship was 

found between the relative Jacobians and EYO. Finally, figure 2.B3 illustrates the reduced 

volume of the symptomatic individuals, in two peak voxels of the right thalamus and left 

striatum, compared to the non-symptomatic participants. 
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Figure 2: A. Brain slices of the brain highlighting significant voxels 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. White boxes and orange 
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. A2.  Slices 
of the brain showing significant differences between the relative Jacobians of the C9orf72 
carriers versus the relative Jacobians of the non-carriers participants. A3. Slices of the brain 
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map exhibiting significant second order volume decrease with age. A4. Brain map showing a 
significant volume reduction in the symptomatic participants compared to the non-
symptomatic participants (non-carriers + presymptomatic). B. Examples of peak voxels 
from lmer analyses. White horizontal line highlights the mean relative Jacobian of the 
reference group (either non-carriers or presymptomatic). B1. Violin plots illustrate the 
relative Jacobians difference of two peak voxels in the right and left thalamus between the 
C9orf72 carriers and the non-carriers individuals. B2. Best fit models showing 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 and  unweighted averages over the levels 
of sex, genetic mutation and symptomatic status. These plots highlight a second order volume 
decrease with advanced age in two peak voxels of the right thalamus and left cerebellum 
lobule IX. B3. Violin plot of two peak voxels illustrating volume reduction in the right 
thalamus and left striatum of the symptomatic individuals compared to the non-symptomatic 
participants. 

3.3. PLS results 

3.3.1. Latent variables 

PLS results demonstrate one significant LV per genetic group, except for the non-carriers 

PLS run which had no significant LVs. Figure 3 illustrates these LVs, for which we can see 

the brain score maps (A) and their corresponding behaviour scores (B) for each mutation 

group. Supplementary figure 1 demonstrates that even with a more lenient threshold 

(p<0.05), each genetic group appeared to still have a different pattern of cerebellar atrophy. 

Overall, all the genetic groups demonstrated a volume reduction in the thalamus, striatum and 

globus pallidus being (to a lesser extent in the MAPT mutation group) associated with lower 

behaviour scores. The main difference between the maps was from the cerebellum, which 

displayed a large volume reduction in the C9orf72 carriers, a moderate volume reduction in 

the GRN mutation groups and a much lesser volume reduction in the MAPT mutation group. 

3.3.1.1. C9orf72 

C9orf72 LV explained 91.8 % of the variance. C9orf72 brain map demonstrates a pattern of 

volume reduction in the thalamus, globus pallidus, striatum and in a large area in the 

cerebellum, including superior posterior lobules, and lobules IX associated with higher 

behaviour scores (worse cognition and behaviour symptoms). 

3.3.1.2. GRN 
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GRN LV explained 93.2 % of the variance and the GRN map illustrates a volume reduction of 

the thalamus, globus pallidus, striatum and very subtle parts of the cerebellum, mostly in 

lobules Crus I and Crus II. The GRN behaviour scores plot demonstrates significantly worse 

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

3.3.1.3. MAPT 

Finally, the MAPT LV explained 84.4 % of the variance and its map demonstrates a volume 

reduction in the thalamus, globus pallidus, striatum, larger effects in the amygdala and very 

subtle effects in the cerebellum. The MAPT behaviour scores plot demonstrated significantly 

worse behaviour scores in all CBI-R categories, except for the beliefs. 
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Figure 3: 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<0.01). 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 non-carriers 
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 non-significant CBI-R variables. 

3.3.2. Post-hoc analyses of PLS results 
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Brain and behaviour scores from PLS analyses were analysed to examine if they could be 

explained by the demographic and clinical information of the participants.  

Overall, C9orf72 and MAPT brain scores were mostly related to EYO and expressed a second 

order relationship showing a steep brain score decline up to 20 years before symptom onset. 

However, GRN brain scores were not related to EYO but age. Additionally, symptomatic 

participants were showing  worse brain and behaviour scores  (except for the brain scores of 

C9orf72 carriers) compared to the pre-symptomatic participants. 

3.3.2.1. C9orf72 

Figure 4A demonstrates that C9orf72 brain scores were significantly reduced with increased 

age and EYO (p=8.7x10-8 and p=9.2x10-5 respectively); however it was not significantly 

different between presymptomatic and symptomatic carriers. Age is not related to behaviour 

scores while increasing EYO and being symptomatic are linked to higher behaviour scores in 

all subcategories (p=3.9x10-2 and p=4.7x10-22 respectively).  

3.3.2.2. GRN 

In figure 4B, GRN brain scores are reduced with increasing age and being symptomatic 

(p=6.8x10-3 and 5.0x10-16 respectively), while EYO is not related to the brain scores. GRN 

behaviour scores are only related to being presymptomatic or symptomatic (p=2.6x10-19).  

3.3.2.3. MAPT 

Finally, the brain scores of MAPT are significantly reduced with increased EYO and for 

symptomatic individuals (p=3.6x10-3 and p=6.0x10-7 respectively), while the behaviour 

scores are only increased for the symptomatic individuals compared to presymptomatic 

individuals (p=4.3x10-5). 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 (turquoise color; also seen in supplementary figure 1 

where only presymptomatic individuals were tested).  
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Figure 4: Plots describing the relationship of the brain and behaviour 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<0.05 after FDR 
correction) and ** to show significant variables (p<0.01 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). 

3.4. Cerebellar contribution 

Figure 5 summarizes our main cerebellar results transformed into flat maps and compares 

them with simplified atlases of cerebellar anatomy (Figure 5A), resting-state network (Figure 

5B) and task processing (Figure 5C), created based on previous findings 50,54,55. Figure 5D 

demonstrates the different brain maps extracted from PLS analyses for each mutation group. 

Of note, the C9orf72 map is principally located on lobules Crus I, Crus II, VIIIB and IX. The 

GRN map is mainly localised in lobules Crus I and Crus II while the MAPT map only 

includes a very small part of lobule VI. Interestingly, we observe that the C9orf72 map 

overlaps mostly with the default mode network, and corresponds with the working memory, 
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language and social tasks. On the other hand, the GRN map overlaps mostly with the 

frontoparietal network and the working memory task.  

 

Figure 5: Flatmaps of the A) cerebellar anatomical atlas (Diedrichsen, 2006; Diedrichsen et 
al., 2009), B) simplified resting-state network atlas (Buckner et al., 2011), C) simplified task 
processing atlas (Guell, Gabrieli and Schmahmann, no date) and D) LV1 brain map results 
from PLS analyses for each mutation group. 

Discussion 

The objective of this paper was to further our understanding of the role of subcortical 

brain atrophy in behavioural symptoms in the genetic forms of FTD. Here, we used DBM, 

univariate voxel-wise analyses and multivariate techniques to disentangle these relationships. 

First, all the individuals (mutation non-carriers and carriers) had progressively lower volume 

in the cerebellar lobule IX and in the thalamus throughout the adult lifespan. Second, when 

pooling at-risk and symptomatic subjects, we found a significantly smaller volume in the 

thalamus of C9orf72 carriers compared to non-carriers. However, no significant differences 

were found between GRN or MAPT carriers (including presymptomatic and symptomatic) 
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and non-carrier individuals. Third, we found that symptomatic individuals demonstrated 

smaller volumes in the thalamus, striatum, globus pallidus and amygdala compared to non-

symptomatic individuals (either non-carriers or asymptomatic carriers). Overall, these 

univariate analyses demonstrate direct effects of age, C9orf72 expansion and symptomatic 

status on the subcortical volumes.  

Our PLS analyses demonstrated overlapping association between brain and behaviour, 

but with specificity corresponding to each genetic group. While all brain maps included the 

thalamus, globus pallidus and striatum, C9orf72 demonstrated a unique atrophy of a large 

area of the cerebellum including lobules Crus I, Crus II, VIIIB and IX, which is in agreement 

with a recent study showing preferential cerebellar involvement in C9orf72 carriers 56. GRN 

cerebellum map demonstrated more restricted atrophy of the cerebellar lobules Crus I and 

Crus II. MAPT LV included a very limited atrophy of the cerebellum but a larger atrophy of 

the amygdala compared 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 57,58, while amygdalar atrophy seemed to be more 

related to MAPT carriers (in line with its predominant antero-medial temporal atrophy 18,56.  

While we saw brain map differences between mutation groups, the PLS behavioural 

results did not demonstrate differentiated effects. Therefore the variations in atrophy 

observed across genetic groups did not lead to symptomatic profile differences. This is 

consistent with clinical observations which suggest that different mutations have major 

overlap in their clinical presentations, despite regional specificity in atrophy profiles 9. 

Additionally, our PLS analysis on the non-carrier group did not lead to a significant LV 

demonstrating that these patterns of brain/behaviour are specific to mutation carriers, as 

opposed to normative anatomical correlates of behavioural 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 (beliefs 

or abnormal behaviour). However, the absence of such results could be explained by the 

relatively small number of symptomatic carriers with psychotic symptoms compared to the 

number of presymptomatic carriers. Of note, this lack of brain/behaviour differences between 

genetic groups, is in contrast to some previous reports that link specific symptoms to specific 

anatomical correlates 24,59. However, while these previous studies have found significant 

association between behaviour symptoms and genetic groups, they ran a series of ANOVA or 

a series of linear models for each symptom. On the contrary, here we used PLS analyses 
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which is a recommended technique when the number of explanatory variables is high, and 

where it is likely that the explanatory variables are correlated 45, which is the case in our 

study. 

As expected, the presence of symptoms was consistently a strong predictor of the 

PLS-derived brain and behaviour scores. However, different relationships of these scores 

with age and EYO were found for each genetic group. Indeed, C9orf72 and MAPT brain 

scores were related to EYO and expressed a second order relationship highlighting a steeper 

brain score decline 20 years before symptom onset. However, 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, while MAPT 

and C9orf72 EYO were more predictable 27. Also, a previous study has shown that while 

variant-specific grey matter atrophy (mostly in the thalamus) has been shown to start up to 20 

years before EYO in C9orf72 carriers, atrophy starts 15 years before EYO for MAPT carriers 

(mostly fronto-parietal) and only 10 years before EYO for GRN carriers (mostly medial-

temporal) 6. Further, EYO was a better predictor at explaining the covariance between 

morphometry and CBI-R variables (at least for C9orf72 and MAPT carriers), but it was not 

directly associated with morphometry (from our univariate analyses). These results suggest 

that future clinical and research studies might benefit from using brain atrophy and behaviour 

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 (subcortical structures + cerebellum Crus I 

and II, lobule VIIIB and IX) could be particularly sensitive to changes related to EYO rather 

than doing whole brain voxel-wise analyses to predict EYO. 

Further, our results suggest that while we did find differences in the pattern of atrophy 

of the cerebellum and amygdala in each genetic group, we also found that the striatum, 

thalamus and globus pallidus were consistently impacted across the mutation carriers; in line 

with the strong overlap of clinical symptoms. While we identified a similar behavioural 

cluster in all the genetic groups, we can hypothesize that the different patterns of cerebellar 

and amygdalar atrophy could be responsible for symptomatic differences in each mutation 

group later in the disease progression. For example, this could contribute to the more 

pronounced psychotic symptoms (beliefs or abnormal behaviour) in C9orf72 carriers 

(potentially linked to the preferential cerebellar lobule Crus I, Crus II and lobule IX atrophy) 
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while MAPT carriers demonstrate more depression 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, Crus II and IX) correspond to the ones previously found to be related with 

frontoparietal and default mode networks (DMN; 60). In our results, cerebellar atrophy in 

C9orf72 carriers was predominantly related to the DMN, which relates to previous findings 
61, 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 18. Interestingly, reduction of Crus I and Crus II volumes has 

previously been associated with behavioural and cognitive deficits in FTD 62. These results 

suggest that while our study focused on the anatomical changes in FTD in relation with 

behaviour, we demonstrated that the structures covarying the most with behavioural changes 

colocalize specifically with the DMN and fronto-parietal networks, motivating the relevance 

of using fMRI techniques to study brain/behaviour changes in familial FTD.   

Some limitations in our study need to be highlighted and discussed. Indeed, one of the 

main conceivable biases in our results come from the limited number of MAPT mutation 

carriers in the GENFI dataset, which might explain the reduced brain involvement in this 

genetic group. Indeed, only about 18% of our total number of mutation carriers were MAPT 

carriers. However worldwide, MAPT mutation is also the least frequent (23.2%), followed by 

GRN mutation (34.6%) and C9orf72 expansion (42.1%) 27. Therefore, our dataset was quite 

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, preventing us from testing different age-relationships for 

symptomatic vs asymptomatic individuals based on our stringent statistical approach. Indeed, 

the AIC method selection values the goodness of fit as well as the simplicity of the model 

(trade-off between the risk of overfitting and the risk of underfitting) and in our dataset the 

interaction between age and mutation group was considered to be less good of a fit and was 

excluded from the model. While this suggests that the subcortical volumetric effect of GRN 

and MAPT in presymptomatic carriers was too small to have a meaningful contribution to the 

overall model fit, it does not invalidate previous findings relating those structures to late-

presymptomatic and symptomatic disease stages.  
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 Secondly, an important consideration is that this study aims to understand the brain 

and CBI-R variables 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 far from perfect and varies between genetic groups 27. Therefore, in order to better 

characterize the evolution of the brain and behaviour during this presymptomatic phase, 

longitudinal data with documentation of the actual age at onset would be necessary. This will 

eventually be feasible with future GENFI date release since follow up brain imaging and 

CBI-R assessments are performed longitudinally on these individuals. 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 brain maps of each 

genetic group. Further, in order to verify 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 behaviour scores for 

each genetic group. 

To conclude, our study shows that the subcortical and cerebellar circuitry is heavily 

involved in the relationship between FTD pathology and the emergence of neuropsychiatric 

symptoms, even in the presymptomatic stage. Indeed, we have shown that C9orf72 and 

MAPT brain scores start to decrease up to 20 years before the expected symptom onset, when 

most individuals are still presymptomatic. Furthermore, while all brain maps included the 

thalamus, globus pallidus and striatum, C9orf72 demonstrated a unique involvement of a 

large area of the cerebellum, including Crus I and II, lobule VIIIB and IX, and MAPT brain 

pattern included a very limited part of the cerebellum but involved more of the amygdala 

compared to the other two genetic groups. Finally, the variations in atrophy observed across 

genetic groups did not explain symptomatic profile differences, suggesting that these 

differences in atrophy pattern in the cerebellum and amygdala might only lead to behavioural 

differences later in the disease progression. 
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Figure legends 

Figure 1: Chart flow of the step by step methods and analyses used in this paper. 1-

Green: Raw inputs (2.3.2. Raw quality control) ; 2-Gray: preprocessing (2.3.3 

Preprocessing); 3-Orange: Deformation based morphometry (2.3.4. Deformation based 

morphometry); 4-Purple: Mask creation (2.3.5. 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). Abbreviations: QC: quality control; Preprocessing: minc-bpipe-

library; DBM: deformation based morphometry; SVD: singular value decomposition; PLS: 

partial least squares; LMER: linear mixed effect models. 
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Figure 2: A. Brain slices of the brain highlighting significant voxels 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. White boxes and orange 

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. A2.  Slices 

of the brain showing significant differences between the relative Jacobians of the C9orf72 

carriers versus the relative Jacobians of the non-carriers participants. A3. Slices of the brain 

map exhibiting significant second order volume decrease with age. A4. Brain map showing a 

significant volume reduction in the symptomatic participants compared to the non-

symptomatic participants (non-carriers + presymptomatic). B. Examples of peak voxels 

from lmer analyses. White horizontal line highlights the mean relative Jacobian of the 

reference group (either non-carriers or presymptomatic). B1. Violin plots illustrate the 

relative Jacobians difference of two peak voxels in the right and left thalamus between the 

C9orf72 carriers and the non-carriers individuals. B2. Best fit models showing 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 and  unweighted averages over the levels 

of sex, genetic mutation and symptomatic status. These plots highlight a second order volume 

decrease with advanced age in two peak voxels of the right thalamus and left cerebellum 

lobule IX. B3. Violin plot of two peak voxels illustrating volume reduction in the right 

thalamus and left striatum of the symptomatic individuals compared to the non-symptomatic 

participants. 

Figure 3: 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<0.01). 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 non-carriers 

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. 
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Orange color represents CBI-R variables that significantly participate in the LV while grey 

color represents non-significant CBI-R variables. 

Figure 4: Plots describing the relationship of the brain and behaviour 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<0.05 after FDR 

correction) and ** to show significant variables (p<0.01 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). 

Figure 5: Flatmaps of the A) cerebellar anatomical atlas 50,51, B) simplified resting-state 

network atlas 55, C) simplified task processing atlas 54 and D) LV1 brain map results from 

PLS analyses for each mutation group. 
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