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The recent development of brain charts for the human lifespan offers an ideal modelling framework for pathologies such 
as genetic frontotemporal lobar degeneration (FTLD) which likely involve both neurodevelopmental and neurodegenera
tive processes over a lifetime. We have therefore combined this new methodological approach with MRI data from asymp
tomatic and symptomatic subjects, carrying C9orf72, MAPT or GRN mutations from the Genetic FTD Initiative (GENFI) and 
the ARTFL-LEFFTDS Longitudinal Frontotemporal Lobar Degeneration (ALLFTD) study.
We analysed 37 532 MRIs from control subjects covering the entire lifespan and a total of 1341 MRIs from subjects with a 
pathogenic FTLD mutation, aged from 18 to 86 years old. We detected the first significant regional brain volume differ
ences on average at 27 years old in C9orf72 and MAPT mutation carriers, and at 42 years old in GRN mutation carriers. 
The delay between the onset of anatomical changes and the average age of symptom onset (i.e. the presymptomatic 
phase) was 13 years for MAPT, 17 years for GRN and 34 years for C9orf72 mutation carriers. In terms of effect size, cu
mulative atrophy over the lifespan was twice as severe in affected brain regions in MAPT than in GRN or C9orf72 mu
tation carriers. However, the neurodegenerative process was spatially more extensive in C9orf72 (35 brain regions 
affected out of the 61 tested) compared with GRN or MAPT mutation carriers (25 and 18 regions, respectively). 
Schematically, the chronological staging of atrophy progression showed an initial involvement of the thalamus in 
C9orf72 expansion carriers, followed by the fronto-temporo-insular regions, the striatum and the amygdala. In GRN mu
tation carriers, atrophy began in fronto-insular areas, before progressing toward subcortical structures. In MAPT mu
tation carriers, atrophy affected the anterior temporal pole with the amygdala and hippocampus, before progressing 
to fronto-insular regions and the striatum.
Our results using brain charts for the human lifespan show that C9orf72 is the most diffuse but also the slowest to 
emerge among genetic FTLD. MAPT FTLD is more aggressive and focal, while GRN FTLD is also rapidly progressive  
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but with a later onset of the presymptomatic phase. Beyond quantification of the anatomical progression of genetic 
FTLD over the lifespan, these results may help determine the best timing to model and test disease-modifying strat
egies in FTLD, and monitor their effect in future clinical trials.
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Introduction
Frontotemporal lobar degeneration (FTLD) encompasses a class of 
neurodegenerative diseases that affects behaviour, cognition and 
movement, most commonly in the form of frontotemporal demen
tia (FTD). FTLD is a common cause of early-onset dementia (before 
65 years old) that can be sporadic or genetic. Genetic cases of FTLD 
are autosomal dominant and caused most often by mutations in 
one of three major genes: chromosome 9 open reading frame 72 
(C9orf72), progranulin (GRN) and microtubule-associated protein 
tau (MAPT). Genetic FTLD can manifest through various syndromic 
presentations, which vary in frequency depending on mutations. 
Furthermore, they lead to different neuropathologies (neuronal in
clusions of tau proteins for MAPT mutations and inclusions of 
TDP-43 proteins for GRN mutations and C9orf72 repeat expansions), 
and may exhibit different patterns of brain atrophy.1 For instance, 
thalamic atrophy is frequently described in C9orf72 expansion car
riers, while anterior temporal atrophy is known to be particularly 
severe in MAPT mutation carriers, and more posterior temporal 
and parietal brain regions may be affected in GRN mutation car
riers.2-5

In recent years, significant progress has been made in describing 
the early natural history of genetic FTLD, thanks to the establish
ment of large consortia bringing together data from both asymptom
atic and symptomatic mutation carriers.5,6 Early neurodegenerative 
hallmarks and cognitive changes have been identified up to 10 years 
before the expected onset of symptoms in a given family6 and cor
tical and subcortical atrophy are known to progress with age.7

Moreover, some studies in very young subjects, especially C9orf72 
expansion carriers, suggest the possibility of neurodevelopmental 
effects of mutations involved in genetic FTLD.7-9 Despite the estab
lishment of these large family cohorts encompassing both asymp
tomatic and symptomatic subjects, the description of the overall 
progression of genetic FTLD through neurodevelopmental processes 
to death is currently lacking. The neuroanatomical staging of these 
diseases appears, however, indispensable to refine individual prog
nosis in the context of precision medicine. Furthermore, with the ac
tual emergence of promising gene therapies for genetic FTLD,10 an 
anatomical staging of disease progression could help determine 
the most relevant therapeutic windows in the late presymptomatic 
stages of these diseases.11

Leveraging big data sharing in the neuroimaging community, 
the human lifespan brain charts recently developed independently 
by Coupé et al.12 and by Bethlehem et al.13 represent major tools for 
better understanding neurodevelopmental and neurodegenerative 
processes. Brain charts robustly define lifespan volumetric trajec
tories and age-related neuroanatomical changes in multiple brain 
regions to identify previously unreported milestones in brain mor
phological changes related to various pathological conditions. They 
also provide standardized effect-sizes to quantify brain atrophy 
and timeframes of disease progression. Moreover, we have previ
ously shown that these extrapolated dynamic volumetric models 
based on cross-sectional MRI were highly correlated with models 
using ‘truly’ longitudinal data to describe brain atrophy progression 
in Alzheimer disease.14 The combination of brain charts method
ology with brain MRIs from FTLD mutation carriers at all ages and 
stages of the disease thus offers the unique possibility of defining 
the archetypal course of anatomical alterations of genetic FTLD 
through pseudo-longitudinal modelling over a lifetime. In this 
study, we therefore used brain MRIs from control subjects at differ
ent ages (n = 37 532) collected from multiple studies and brain MRIs 
from asymptomatic and symptomatic subjects from the Genetic 

FTD Initiative (GENFI) and the ARTFL-LEFFTDS Longitudinal 
Frontotemporal Lobar Degeneration (ALLFTD) study (n = 584 
C9orf72 mutation carriers, n = 471 GRN mutation carriers and n =  
286 MAPT mutation carriers) to describe and compare the anatom
ical staging of the three main causes of genetic FTLD.

Materials and methods
Standard protocol approvals, registrations and 
patient consents

All data were obtained in de-identified format upon request from 
external study centres, who ensured compliance with ethical 
guidelines. All subjects included in the MRI databases used in this 
study provided informed consent. The protocol for each study/co
hort was approved by the institution review board at all sites (see 
‘Acknowledgements’ section).

Datasets

Control and genetic FTLD brain charts were estimated thanks to the 
aggregation of datasets of T1-weighted MRIs scanned on 1.5 T or 3 T 
magnets. After quality control (see below), 37 532 MRIs from control 
subjects, covering the entire lifespan (from 8 months to 94 years of 
age) were included in the study. The 21 cohorts with control sub
jects used in this study are listed in Table 1. References and web
sites are listed in the ‘Acknowledgements’ section.

For genetic FTLD, we used MRIs from the ARTFL/LEFFTDS 
Longitudinal Frontotemporal Lobar Degeneration study (ALLFTD; 
NCT04363684 which involves 18 centres across the USA and 
Canada) and the Genetic Frontotemporal Initiative (GENFI, which 
involves 25 research centres across Europe and Canada). All partici
pants carrying a pathogenic mutation in the GRN or MAPT genes or 
with a pathogenic expansion in the C9orf72 gene were included in 
this study, whether they were asymptomatic or symptomatic. 
The asymptomatic or symptomatic status of each participant was 
defined at the time of the MRI by a specialist physician based on 
standard multidisciplinary assessment that includes neurological 
history and examination, collateral source interview and neuro
psychological testing, as reported in previous ALLFTD and GENFI 
publications.5,6 Symptomatic patients were included in the present 
study regardless of their syndromic presentation, with the excep
tion of C9orf72 patients with isolated amyotrophic lateral sclerosis 
(ALS) who were excluded, since we designed this study for the ana
tomical staging of FTD specifically.

Image processing

All the T1-weighted MRIs were processed with AssemblyNet (freely 
available at https://github.com/volBrain/AssemblyNet/), which is 
robust to scanner field strength, as shown in scan-rescan experi
ments.15 This software produces whole brain segmentation of fine- 
grained structures using a large ensemble of deep neural networks. 
AssemblyNet is robust to acquisition protocols, age of subjects and 
presence of brain pathology.15 All images were preprocessed to lo
cate them into a common geometrical and intensity space. The pre
processing steps started with denoising,16 then the images were 
corrected for inhomogeneity17 and affine-registered into the 
Montreal Neurological Institute (MNI) space using ANTS.18 Finally, 
a tissue-based intensity normalization was used.19 For the segmen
tation process, the intracranial cavity was segmented using the 
DeepICE method.20 Afterwards, structure segmentation was 
achieved using 250 U-Nets through a multi-scale framework.15
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All images were automatically quality controlled using the arti
ficial intelligence-based method RegQCNET.21 After this first check, 
a human-based multi-stage quality control procedure was per
formed blinded to the subject’s group, as previously described.12,22

A visual assessment was done for all input images by checking 
screen shots of one sagittal, coronal and axial slices in the middle 
of the 3D volume. Images were rejected if partial head coverage, se
vere motion artefact, high distortion or abnormal noise level was 
detected. Then, a visual assessment of processing quality was car
ried out using the segmentation report, which provides screenshots 
for each pipeline step. Images were rejected after this step for cases 
of inaccurate registration in the MNI space, inaccurate intracranial 
cavity extraction, missing brain structures or over/under- 
segmentation of brain structures.

On the 132 structures produced by AssemblyNet following the 
Neuromorphometrics labelling scheme,23 we considered 121 re
gions of interest (60 left, 60 right and the brainstem as a central 
structure): 9 subcortical structures, 17 frontal gyri/lobules, 8 tem
poral gyri/lobules, 6 parietal gyri/lobules, 8 occipital gyri/lobules, 6 
gyri in the limbic cortex, 5 subregions of the insular cortex and cere
bellar grey matter. Although some patients exhibited asymmetric 
atrophy, it did not affect on average one hemisphere more than 
the other in our preliminary analyses, regardless of the mutation. 
Thus, as we were interested here in the progression of atrophy 
based on the genetic cause rather than on the syndromic presenta
tion as in our previous work on FTD variants,24 we added left and 
right volumes of symmetric brain structures to obtain a global vol
ume, and the analyses therefore focused on 61 structures.

Modelling brain charts and statistical analyses

To limit for the variability introduced by head size difference, mod
els were estimated on normalized volumes (% of total intracranial 

volume). Moreover, we used Z-scores of normalized volumes to 
compare structures of different sizes. The normal distribution of 
each normalized volume was tested using the Kolmogorov– 
Smirnov test at 95%. Statistics were performed with MATLAB using 
default parameters.

To build brain charts and study volumetric trajectories of genet
ic FTLD across the entire lifespan, we followed the strategy we have 
previously proposed for Alzheimer disease,14 sporadic FTD,24 pro
gressive supranuclear palsy25 and multiple sclerosis.26 Our frame
work assumed that anatomical changes in genetic FTLD are a 
continuous and progressive process spanning from neurodevelop
ment to neurodegeneration and ultimately leading to death. 
Therefore, we built brain charts using both asymptomatic and 
symptomatic cases at different stages of the disease. Because the 
youngest mutation carriers were 18 years old in the dataset, we 
used MRI scans of control subjects to model the early years of life 
in genetic FTLD brain charts, assuming a very small effect-size on 
anatomical changes at this very young age. Herein, we combined 
the MRIs of C9orf72 expansion carriers or GRN or MAPT mutation 
carriers with MRIs of 2202 control subjects younger than 18 years 
to build our lifespan genetic FTLD models.

Different strategies were then considered to model the control 
and pathological trajectories of each brain structure over time, as 
previously described.22 Briefly, the candidate models were tested 
from the simplest to the most complex: (i) a linear model; (ii) a 
quadratic model; and (iii) a cubic model. A model was kept as a po
tential candidate only when simultaneously F-statistic based on 
ANOVA (i.e. model versus constant model) was significant (P <  
0.05) and when all its coefficients were significant using t-statistic 
(P < 0.05). We finally used the Bayesian Information Criterion (BIC) 
to compare the candidate models and we selected the model pro
viding the lowest BIC. This model selection procedure was applied 
to all the considered structures.

Table 1 Complete list of the cohorts used in this study

Dataset Group n Gender Age range  
(years)

C-MIND (Cincinnati MR Imaging of Neurodevelopment) Controls 236 F = 129 / M = 107 1–19
NDAR (National Database for Autism Research) Controls 382 F = 174/ M = 208 1–50
ABIDE (Autism Brain Imaging Data Exchange) Controls 492 F = 84 / M = 408 6–52
ICBM (International Consortium for Brain Mapping) Controls 294 F = 142 / M = 152 18–80
IXI (Information eXtraction from Images) Controls 549 F = 307 / M = 242 20–86
ADNI 1&2 (Alzheimer’s Disease Neuroimaging Initiative) Controls 404 F = 203 / M = 201 56–90
OASIS (Open Access Series of Imaging Studies) Controls 298 F = 187 / M = 111 18–94
ADHD-200 (Attention-Deficit Hyperactivity Disorder-200 Consortium) Controls 544 F = 263 / M = 281 7–26
DLBS (Dallas Lifespan Brain Study) Controls 315 F = 198 / M = 117 21–89
ISYB (Imaging Chinese Young Brains) Controls 213 F = 155 / M = 58 18–30
MIRIAD (Minimal Interval Resonance Imaging in Alzheimer’s Disease) Controls 23 F = 11 / M = 12 58–86
PPMI (Parkinson’s Progression Markers Initiative) Controls 162 F = 59 / M = 103 31–83
AOMIC (Amsterdam open MRI collection) Controls 1361 F = 731 / M = 630 18–26
Calgary preschool MRI dataset Controls 267 F = 117 / M = 150 3–7
CamCAN (Cambridge Centre for Ageing and Neuroscience) Controls 653 F = 330 / M = 323 18–89
PIXAR Controls 155 F = 84 / M = 71 4–39
SALD (Southwest University Adult Lifespan Dataset) Controls 494 F = 307 / M = 185 19–80
SRPBS (Japanese Strategic Research Program for the Promotion of Brain Science) Controls 791 F = 365 / M = 426 18–80
UKbiobank Controls 29 251 F = 14 334 / M = 14 917 44–82
Southwest University Longitudinal Imaging Multimodal (SLIM) Controls 574 F = 320 / M = 254 17–27
Center for Biomedical Research Excellence (COBRE) Controls 74 F = 23 / M = 51 18–65
ARTFL/LEFFTDS Longitudinal Frontotemporal Lobar Degeneration (ALLFTD) Genetic FTLD 371 F = 200 / M = 171 18–80
Genetic Frontotemporal Dementia Initiative (GENFI) Genetic FTLD 970 F = 539 / M = 431 19–86

We combined the control groups of 23 cohorts covering the entire lifespan to model control brain charts and patients from the ALLFTD and GENFI cohort to extrapolate lifespan 

volumetric models of genetic FTLD.
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Afterwards, distances between control and genetic FTLD trajec
tories were computed on the estimated models (Glass delta effect- 

size estimator). The prediction bounds were estimated with an 

adjusted 95% confidence interval (i.e. 99.92% after a conservative 

correction for multiple comparisons using Bonferroni correction). 

A brain structure was considered to be significantly smaller 

in one pathological condition compared with healthy ageing 

when the two structural trajectories diverged and when their ad

justed 95% confidence intervals no longer overlapped (Fig. 1 and 

Supplementary Fig. 1). Then, all divergent structures were mapped 

across time and space on standardized sagittal, coronal and axial 

MRI planes (Figs 2–4). Finally, the sequence of significant diver

gence of the affected brain structures was listed in chronological 

order to obtain the MRI staging scheme of C9orf72, GRN and 

MAPT FTLD (Figs 2–4).

Results
Dataset description

To build the control brain charts and the genetic FTLD brain charts 
across the entire lifespan, we compiled several open-access data
bases to construct four datasets (Table 1). Their composition and 
characteristics are described in Table 2. After quality control, 37  
532 MRIs from control subjects remained for the analyses and 
1341 MRIs from participants with a pathogenic FTLD mutation.

We included 584 participants with a pathogenic C9orf72 expan
sion (405 asymptomatic and 179 symptomatic), 471 participants 
with a GRN mutation (364 asymptomatic and 107 symptomatic) 
and 286 participants with a MAPT mutation (203 asymptomatic 
and 83 symptomatic). The mean age at symptom onset was 55.5 
years for people with a C9orf72 expansion, 59.7 for a GRN mutation 

Figure 1 Lifespan brain charts based on Z-scores of normalized brain volumes for cognitively normal control subjects and carriers of mutation for gen
etic frontotemporal lobar degeneration. Only the most relevant subcortical and cortical structures are represented here among the 41 brain structures 
that significantly diverged during lifespan between normal ageing brain charts in at least one of the three genetic FTLD brain charts (all brain charts are 
available in Supplementary Fig. 1). The solid coloured lines represent the normalized volumes trajectories for CN (blue), C9orf72 (cyan), GRN (yellow) 
and MAPT (red) and correspond to the vertical axes on the left. The coloured areas under the curves correspond to the axes on the right (distance to 
normal, Glass delta effect-size) and indicate the time period where adjusted confidence intervals at 95% of both control and disease models no longer 
overlap.CN = control subjects; FTLD = frontotemporal lobar degeneration.
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and 48.1 for people with a MAPT mutation. The symptomatic muta
tion carriers represented a wide range of disease severity at the 
time of their MRI, as shown by the Clinical Dementia Rating (CDR) 
scale adapted to FTLD syndromes: the CDR plus NACC FTLD-sum 
of boxes scores ranged from 0.5 (mild cognitive/behavioural impair
ment) to 24 (the maximum score) (Table 2).

Identification of brain structures diverging between 
control and genetic FTLD brain charts

We built brain charts for all the 61 anatomical structures proposed 
by our segmentation atlas and we identified 40 brain structures that 
significantly diverged during lifespan between control ageing mod
els and at least one genetic FTLD group (see examples of diverging 
brain charts in Fig. 1 and the complete list with their corresponding 
brain charts in Supplementary Fig. 1).

The three most affected structures over the entire course of 
these diseases were the amygdala, the caudate nucleus and the 
thalamus in C9orf72 expansion carriers (for example, distance 
between control ageing model and C9orf72 trajectory at 70 years 
old = 1.8, 1.8 and 1.5 delta effect-size, respectively); the caudate nu
cleus, the putamen, the nucleus accumbens and the anterior insula 
in GRN mutation carriers (distance = 1.8, 1.3, 1.2 and 1.2) and the 
amygdala, the hippocampus and the anterior insula in MAPT muta
tion carriers (distance = 4.8, 3.0 and 2.9). Atrophy was therefore 
more severe in MAPT mutations than in other genetic FTLD, ad
justed for age and sex.

Atrophy was more diffuse in C9orf72 expansion carriers: a total 
of 35 structures were significantly smaller than controls in C9orf72 
expansion carriers, 25 in GRN mutation carriers and 18 in MAPT mu
tation carriers. Nine brain structures were specifically affected in 
C9orf72 expansion carriers, which were more ‘posterior’ regions 

Figure 2 The anatomical progression of C9orf72 frontotemporal lobar degeneration across the lifespan. The upper panel maps the progression of at
rophy in the three axes (neurological convention, all brain structures identified in brain charts reported in Supplementary Fig. 1). The lower panel is a 
timeline representing the sequential divergence of the most atrophic structures (top 50%) between control subjects and C9orf72 expansion carriers 
brain charts. The effect-size of structural divergence is colour-coded according to the bar at the bottom right of the figure. FTLD = frontotemporal lobar 
degeneration.
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such as the precentral and postcentral gyrus, the superior parietal 
lobule, the posterior cingulate gyrus and the occipital pole. Three 
structures were specifically affected in MAPT mutation carriers: 
the entorhinal cortex, the parahippocampal gyrus and the inferior 
temporal gyrus. Two structures were significantly atrophied only 
in GRN mutation carriers: the angular gyrus and the brainstem 
(Fig. 1 and Supplementary Fig. 1).

The anatomical progression of genetic FTLD across 
the lifespan

We mapped in time and space on standardized brains the diver
gence of the three genetic FTLD volumetric trajectories from nor
mal ageing trajectories (upper panel in Figs 2–4). For each genetic 
FTLD, we also built timelines highlighting the sequential diver
gence of the top 50% atrophic structures in C9orf72 expansion car
riers, GRN mutation carriers and MAPT mutation carriers (lower 

panel in Figs 2–4). Schematically, by regrouping anatomical struc
tures, we observed that atrophy begins in the thalamus in C9orf72 
expansion carriers, followed by the fronto-temporo-insular re
gions, the striatum (caudate, putamen, nucleus accumbens) and 
eventually the amygdala. In GRN mutation carriers, atrophy began 
in neocortical regions, particularly fronto-insular areas, before pro
gressing toward subcortical or archeocortical structures such as the 
striatum, the hippocampus and then to the thalamus. In MAPT mu
tation carriers, atrophy affected the anterior temporal pole includ
ing the amygdala and hippocampus, before progressing to 
fronto-insular regions and the striatum.

Figures 2–4 showed that atrophy is significantly measurable on 
average at 27 years old in C9orf72 and MAPT mutation carriers, 
whereas it occurred later in patients with GRN mutations (42 years 
old). Interestingly, the presymptomatic phase of the disease, be
tween the onset of anatomical changes and the beginning of symp
toms, varied significantly depending on the mutation. In our brain 

Figure 3 The anatomical progression of GRN frontotemporal lobar degeneration across the lifespan. The upper panel maps the progression of atrophy 
in the three axes (neurological convention, all brain structures identified in brain charts reported in Supplementary Fig. 1). The lower panel is a timeline 
representing the sequential divergence of the most atrophic structures (top 50%) between control subjects and GRN mutation carriers brain charts. The 
effect-size of structural divergence is colour-coded according to the bar at the bottom right of the figure. FTLD = frontotemporal lobar degeneration.
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chart-based timelines, this neuroanatomical presymptomatic 
phase lasts on average for 34 years for C9orf72 expansion carriers 
(atrophy onset at 27, symptoms onset at 61), 17 years for GRN 
mutation carriers (atrophy onset at 42, symptom onset at 59) and 
13 years for MAPT mutation carriers (atrophy onset at 27, symptom 
onset at 50).

Discussion
In this study, we combined the use of brain charts for the human 
lifespan with two large datasets of asymptomatic and symptomatic 
pathogenic FTLD mutation carriers to better understand the ana
tomical progression of C9orf72, GRN and MAPT FTLD. C9orf72 expan
sions resulted in a slower disease process, with 34 years from the 

first significant anatomical changes to the average onset of symp
toms. In contrast, MAPT mutations were more ‘aggressive’ with 
13 years between the onset of atrophy and the appearance of symp
toms, although first anatomical changes were detectable at an 
average age of 27 years in both cases. Atrophy began later in GRN 
mutations (at age 42 on average). The initial site of identifiable vol
ume loss, and the staging of atrophy progression, were different 
among genetic FTLD, with a subcortico-cortical evolution for 
C9orf72 expansion carriers and a more cortico-subcortical progres
sion for GRN and MAPT mutation carriers. The extent of atrophy 
was more important in C9orf72 expansion carriers than in GRN 
and MAPT mutation carriers (with 35, 25 and 18 affected structures 
in our atlas, respectively). Conversely, the effect-size of atrophy 
was twice as pronounced in MAPT mutation carriers compared 
with C9orf72 or GRN mutations. The temporopolar region, including 

Figure 4 The anatomical progression of MAPT frontotemporal lobar degeneration across the lifespan. The upper panel maps the progression of atro
phy in the three axes (neurological convention, all brain structures identified in brain charts reported in Supplementary Fig. 1). The lower panel is a 
timeline representing the sequential divergence of the most atrophic structures (top 50%) between control subjects and MAPT mutation carriers brain 
charts. The effect-size of structural divergence is colour-coded according to the bar at the bottom right of the figure. FTLD = frontotemporal lobar 
degeneration.
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the amygdala and hippocampus, was the most severely affected 
over the entire course of the disease in MAPT mutations, whereas 
the peak of atrophy involved the striatum and insula for GRN muta
tions and the thalamus, the striatum and the amygdala for C9orf72 
expansion carriers.

Our MRI staging schemes of FTLD anatomical progression are 
concordant and extend previous cross-sectional MRI studies of 
pathogenic mutation carriers at different stages of the disease. For 
example, we confirm in our pseudo-longitudinal analysis that thal
amic atrophy is the earliest anatomical abnormality in C9orf72 ex
pansion carriers.4,27 While atrophy clearly begins in the 
fronto-insular regions in GRN patients, we also found later subcor
tical and parietal involvement (in the angular gyrus and precuneus), 
as previously shown in symptomatic subjects.3,4 Patients with a 
C9orf72 expansion have the most diffuse involvement (including in 
posterior brain regions reputed to be preserved in FTLD), with mod
erate but significant atrophy even in the occipital cortex. We confirm 
that temporal atrophy, including the amygdala and hippocampus, is 
both very severe and early in MAPT mutation carriers, as shown in 
cross-sectional studies3 as well as in a small group of eight subjects 
with longitudinal data at the presymptomatic stage.28

Although the dataset has been expanded with data from 
ALLFTD and the analysis method is very different, our results are 
very close to a recent article suggesting the possibility of neurode
velopmental anomalies in very young asymptomatic subjects car
rying genetic FTLD mutations.9 This previous cross-sectional 
study specifically investigated the youngest adults of the GENFI co
hort and found smaller total brain and thalamic volumes in C9orf72 
compared with control at a mean age of 26 years, which is very close 
to what we found using brain charts, with significant thalamic atro
phy starting at 27 years of age. It reinforces the validity of our mod
elling strategy which we have also already validated in other 
conditions14,24-26 and tested with ‘truly’ longitudinal data.14 In 
turn, we were able to extend these early findings to MAPT mutation 
carriers. The fast rate of progression and the effect-size of brain vol
ume loss following symptoms onset in MAPT mutation carriers sug
gest an early and aggressive neurodegenerative disease, quite 
different from the slow pace indolent neurodegenerative damage 

seen in the case of C9orf72 expansion. This hypothesis of fundamen
tally distinct pathophysiological mechanisms for C9orf72 expan
sions compared with other pathogenic variants has been 
previously proposed in a study examining rates of atrophy across 
disease stages in genetic FTLD.29 The early onset, rate of progression 
and magnitude of atrophy in MAPT mutation carriers also indicate 
that the neurodegenerative process caused by tau aggregates is 
more severe than that caused by TDP-43 inclusions induced by 
C9orf72 or GRN mutations.30 It also suggests that the spreading of 
these different proteinopathies follows distinct pathways through 
the brain connectome and that local transcriptomic vulnerabilities 
induced by the three different mutations may explain anatomical 
heterogeneity.31

Another explanation for the heterogeneity in the initiation and 
progression of atrophy patterns depending on the mutations stems 
from the diversity of the syndromic presentation of symptomatic 
subjects. For example, the brainstem involvement found only in 
GRN mutation carriers can be explained by the presence of patients 
with corticobasal syndrome (CBS) in this group.32 Additionally, the 
small but significant pre- and post-central atrophy specifically de
scribed in our C9orf72 brain charts is consistent with the association 
of FTD with amytotrophic lateral sclerosis occurring in the context 
of this mutation, whether symptomatic or subclinical.33 Another 
source of heterogeneity in the anatomical progression of genetic 
FTLD may be related to the mutation itself. For example, it has 
been shown using the Subtype and Stage Inference (SuStaIn) tech
nique that different MAPT mutations give rise to distinct atrophy 
patterns.34 It is, therefore, important to keep in mind that our ana
lyses only define an ‘average’ model of initiation and progression of 
atrophy in C9orf72, GRN and MAPT mutations, but there can be sig
nificant interindividual variability linked to clinical presentation 
and genetic background.

Beyond the anatomical description of the lifespan progression 
of genetic FTLD, our study using brain charts for the human life
span provides new perspectives regarding the duration of the pre
symptomatic phase of these diseases. Indeed, a modelling of 
neuroimaging changes before symptom onset has been proposed 
in genetic FTLD by using cross-sectional data from asymptomatic 

Table 2 Final datasets description

Controls C9orf72 expansion  
carriers

GRN mutation  
carriers

MAPT 
mutation carriers

Total number of subjects 37 532 584 471 286
Mean age, years [range] 57 [1–94] 49 [19–82] 51 [19–86] 44 [18–74]
Sex F = 18 524; 

M = 19 008
F = 315; 
M = 269

F = 272; 
M = 199

F = 152; 
M = 134

Number of asymptomatic carriers – 405 364 203
Number of symptomatic carriers – 179 107 83
Mean age at symptom onset, years (SD) – 55.5 (11.5) 59.7 (10.1) 48.1 (9.6)
Clinical phenotype of symptomatic subjectsa – bvFTD = 120 

FTD-ALS = 17 
PPA = 13 

Undetermined = 29

bvFTD = 45 
PPA = 38 
CBS = 5 

Undetermined = 19

bvFTD = 60 
PPA = 3 
CBS = 2 
PSP = 2 

Undetermined = 16
CDR plus NACC FTLD-SB of symptomatic  

subjectsb, median [range]
– 7.0 [0.5–24.0] 6.5 [0.5–24.0] 4.2 [0.5–23.0]

This table provides the total number of considered brain MRIs (after quality control) to build the control and pathological brain charts. It also provides demographic and clinical 
characteristics of genetic frontotemporal lobar degeneration mutation carriers. bvFTD = behavioural variant of frontotemporal dementia; CDR = clinical dementia rating scale; 

CBS = corticobasal syndrome; PPA = primary progressive aphasia; PSP = progressive supranuclear palsy.
aAll syndromic presentations were considered in the present study except pure amyotrophic lateral sclerosis for C9orf72 mutation carriers.
bData were available for 152 C9orf72, 88 GRN and 68 MAPT mutation carriers.
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mutation carriers and using the age at symptom onset within the 
family,6 similar to what has been successfully done in the past 
with dominantly inherited Alzheimer disease.35 However, this 
strategy has been questioned since the onset of the symptomatic 
phase of the disease varies in the same family for C9orf72 and 
GRN mutations.36 The studies based on the ‘estimated’ time to 
symptom onset found a delay of about 10 years between the onset 
of temporal or insular atrophy and symptoms.6 This duration of the 
presymptomatic phase is confirmed in our model for the MAPT mu
tation (13 years) but appears to be underestimated for GRN muta
tions (17 years in our model) and especially for C9orf72 
expansions (34 years in our model), for which the heterogeneity 
in age of onset is now well recognized.37

Beyond describing the natural history of atrophy progression in 
genetic FTLD over the lifespan, our results could help predict the 
onset of the symptomatic phase within a precision medicine 
framework to determine the optimal timing for testing future 
disease-modifying therapies. The severity of atrophy in a given 
brain structure appears challenging to link to the age of symptom 
onset within our modelling strategy. However, monitoring the sta
ging of atrophy progression could be an important parameter. For 
example, in asymptomatic MAPT mutation carriers, the transition 
to the symptomatic phase appears imminent when atrophy 
spreads from the amygdala, hippocampus and temporal pole to in
ferior temporal structures (fusiform gyrus and inferior temporal 
gyrus) (Fig. 4). Longitudinally monitoring the significant involve
ment of the inferior temporal lobe in a given asymptomatic MAPT 
mutation carrier could thus serve as a marker of imminent transi
tion to the symptomatic phase and an optimal time window for 
testing neuroprotective strategies. However, the predictive value 
of our anatomical models in clinical practice will need to be as
sessed using appropriate methodologies in future studies.

A limitation had emerged in our previous works using brain 
charts for the anatomical staging of Alzheimer disease, the differ
ent syndromic variants of sporadic FTD and progressive supra
nuclear palsy (PSP).14,24,25 For these sporadic neurodegenerative 
diseases, the modelling of atrophy progression in relation to pa
tients’ age using brain charts required to extrapolate the presymp
tomatic anatomical phase along a continuum between control and 
diseased subjects. Although this approach was validated with lon
gitudinal data,14 this methodological option could be questioned. 
However, the extensive MRI data available from mutation carriers, 
of all ages, and at all presymptomatic and symptomatic stages of 
the disease, allow us to use brain chart modelling with even more 
confidence, to depict the natural history of genetic FTLD. We also 
acknowledge that the use of brain charts and other normative mod
els using outlier analysis38 may overlook the spatial heterogeneity 
of diseases, contrary to the SuStaIn algorithm which specifically 
looks for subtypes. We also did not distinguish between the differ
ent syndromic presentations of FTLD in our analyses. Our results 
rather reflect an average progression of genetic FTLD, which is 
also an important reference point for clinicians and researchers, 
and may have better translational potential.

While studying lifelong brain volumetric trajectories in genetic 
mutation carriers can shed light on the neurobiological processes 
leading to FTD symptom onset, we acknowledge that uncovering po
tential alterations early in life is a sensitive topic for the affected 
population. As a research group, GENFI has established a patient rep
resentative body to discuss these issues, and we strongly encourage 
future research groups to involve patient partners in similar projects.

To conclude, our results show that C9orf72 is the most diffuse 
but also the slowest neuroanatomically progressing genetic FTLD. 

MAPT FTLD is most aggressive and focal, while GRN FTLD is also 
rapidly progressive but with a later onset of the presymptomatic 
phase. C9orf72 expansions lead to a pathology that progresses pre
dominantly from subcortical to cortical regions, while the other two 
genetic forms have a progression that is more cortical to subcor
tical. Although atrophy was already extensive at the onset of symp
toms in our models (Figs 2–4), our study identifies the order of 
appearance of atrophy and thus proposes a new way to anticipate 
the onset of the symptomatic phase. This approach may help deter
mine the best timing for testing disease-modifying strategies in 
FTLD and monitoring their effect in future clinical trials.
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