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ABSTRACT

Background Brain structural changes in frontotemporal
dementia (FTD) can occur decades before symptom onset.
Precise characterisation of grey matter changes is necessary
for developing models of biomarker progression, while better
understanding the trajectory of the pathology is invaluable for
prognosis and detecting treatment effects as we enter the era
of clinical trials.

Methods Cortical and subcortical grey matter volume

and thickness from structural MRI were assessed in a large
cohort of 892 participants including presymptomatic and
symptomatic carriers of mutations within the three main
genetic causes of FTD (C9 open reading-frame 72 (C9orf72),
progranulin (GRN) and microtubule-associated protein

tau (MAPT)) compared with mutation-negative relatives
(controls). We compared the distribution of grey matter
changes of each metric at different stages of the disease
cross sectionally. We aimed to identify grey matter composites
for each genetic group which would show the earliest
changes and which separated presymptomatic carriers from
contrals.

Results While C9orf72 mutation carriers showed
widespread presymptomatic grey matter changes, MAPT and
particularly GRN mutation carriers showed changes more
proximally to symptom onset. Our composite grey matter
signatures, which discriminate asymptomatic/prodromal
carriers from controls with high to very high areas under the
curve, involved bilateral thalami volumes, precuneus and
postcentral thickness in C9orf72; left caudal middle frontal
thickness, frontal pole and pars orbitalis volumes in GRN;
right temporal pole volume and left insula thickness in MAPT
mutation carriers.

Conclusion We propose the use of cortical thickness and
volume measurements combined from multiple regions into
a composite region of interest for each FTD genetic group to
identify the earliest changes and track disease progression.
Our quasi-longitudinal design illustrates that these regions
continue to evolve throughout the symptomatic stages.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Structural brain changes in genetic
frontotemporal dementia can be detected
many years before clinical onset. However,
the detailed evolution of whole-brain grey
matter across disease stages and within
different genetic groups remains understudied.
Understanding early structural changes to use
as sensitive early biomarkers is still needed
to support prognosis, stratification and the
measurement of treatment effects in clinical
trials.

Investigating how our selected composites progress and
validating these in longitudinal samples will be invaluable for
future clinical trials.

INTRODUCTION

Frontotemporal dementia (FTD) is a heterogeneous
group of neurodegenerative diseases with up to
30% of cases caused by an autosomal dominant
expansion or mutation in one of three main genes;
C9 open reading frame 72 (C9orf72), progran-
ulin (GRN) and microtubule-associated protein
tau (MAPT).! To ensure the success of therapeutic
clinical trials in the genetic forms of FTD, research
must highlight the most useful, reliable and valid
biomarkers for trial outcome and progression
monitoring.” Recent research on the presymp-
tomatic phase of genetic FTD, involving mutation
carriers who are not yet showing clinical symptoms
for a diagnosis, has demonstrated early grey matter
atrophy.®>” Such work highlights the potential of
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WHAT THIS STUDY ADDS

= This large cross-sectional study identifies gene-specific
spatial signatures of early cortical and subcortical grey
matter changes in C9orf72, GRN and MAPT mutation carriers.
We highlight C90rf72 carriers’ diffuse presymptomatic
atrophy and further emphasise that GRN and MAPT
carriers’ structural changes align more with symptom
onset. We derive composite grey matter metrics, using both
volume and thickness of specific regions, that successfully
distinguish presymptomatic carriers from controls with high
accuracy and we illustrate their evolutive behaviour with
disease progression as well as their potential to predict
clinical decline. Moreover, we discuss the added value of
using both cortical volume and thickness to disentangle
neurodegenerative disease processes from possible
neurodevelopmental differences, with GRN carriers showing
a pattern dominated by degeneration, while C90rf72 carriers
may show early structural differences shaped by both
neurodevelopment and subsequent disease.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= These gene-specific composite biomarkers could accelerate
the development and evaluation of targeted therapies by
improving early detection, patient stratification and disease-
tracking sensitivity in clinical trials. Validation in longitudinal
cohorts may support future implementation of such structural
composites as progression biomarkers in both research and
clinical settings.

grey matter imaging, as a non-invasive biomarker, for the diag-
nosis and possibly prediction of clinical progression.

Moreover, investigating the early consequences of genetic
mutations on the brain is crucial for understanding the trajec-
tory of the associated pathology. Clinically, C9orf72 expansion
carriers may present very early, non-evolving praxis impair-
ment,” cognitive disinhibition,” verbal fluency changes'® and
lifelong psychiatric vulnerabilities,"! alongside pronounced
structural changes® 7 '* and possible brain functional connec-
tivity deficits at the earliest stages.'® '* The precocity and focality
of these symptoms suggest neurodevelopmental pathways as a
possible origin. In this vein, a study in young presymptomatic
carriers found that FTD mutations can cause structural brain
effects detectable before the third decade of life."* While young
C9orf72 expansion carriers had smaller total intracranial brain
volumes, young MAPT and GRN mutation carriers exhibited
larger brain volumes, higher education levels and superior cogni-
tive performance compared with non-carriers.'” These observa-
tions raise the possibility of a neurodevelopmental contribution,
whereby certain FTD-associated mutations may exert advanta-
geous effects during early life, at least in a subset of individuals.

Most studies in presymptomatic FTD have investigated either
grey matter volume (surface or volume-based) or cortical thick-
ness as markers for grey matter integrity. In healthy subjects,
these measures are affected differently with ageing'® and explain
independent fractions of variance in different cognitive scores.'”
This is not surprising given that these features are controlled by
different genetic factors and thus separate ontogenesis during
brain development.'® Although these correlate greatly, studies
have reported different patterns of changes when assessing
these features in neurodegenerative diseases,'”” *° including in
genetic FTD.® Thus, cortical thickness and volume measures

are complementary for the investigation of grey matter changes,
are affected differently by genetic mutations in FTD and may
provide new insights on the relation between neurodegenera-
tive and potential neurodevelopmental processes within these
genetic groups.

In a large cohort of genetic FID, we combined clinical
phenotyping with neuroimaging to comprehensively chart the
unfolding of early grey matter changes across genetic FTD.
Using complementary surface-based volume and cortical thick-
ness metrics, our work aimed to (1) provide a detailed charac-
terisation of cortical and subcortical atrophy patterns, across
the spectrum of disease from presymptomatic mutation carriers
to fully symptomatic patients, identifying regions and metrics
showing the earliest grey matter differences and which disso-
ciate presymptomatic carriers from mutation-negative controls,
(2) put forward a grey matter composite measure, corresponding
to a combination of regions of interest (ROI) and brain metrics,
specific for each genetic group, to define signatures of the
earliest changes. Moreover, (3) we discuss the likely contribu-
tion of early neurodegeneration and neurodevelopment to the
different grey matter changes reported, leveraging findings from
the two grey matter measures studied here.

METHODS

Participants

At the time of the sixth data freeze in the GENFI study, 1130
participants had completed a baseline visit between January
2012 and January 2021 across 24 centres in the UK, Canada,
Italy, Netherlands, Sweden, Portugal, Germany, France, Spain
and Belgium. Participants were screened and genotyped at their
local sites for the most common pathogenic genetic mutations for
FTD. We excluded 27 participants who were carrying mutations
in rarer FTD-causing genes including TBK1, TDBP and VCP.
Of this cohort, we obtained 1033 participants with a volumetric
T1 MRI scan acquired on one of six types of 3T scanners from
three different vendors (Siemens Trio, Siemens Skyra, Siemens
Prisma, Philips Achieva, Philips Ingenia, GE Discovery MR750).
Specific acquisition parameters are reported in online supple-
mental Table 1. 141 scans were not successfully preprocessed,
or participants were excluded as their scans did not pass quality
assessments due to motion, incomplete spatial coverage or other
imaging artefacts caused by pathologies unlikely to be attributed
to FTD. The remaining 892 included participants were known
to be either carriers of a pathogenic expansion in the C9orf72
gene (n=257) or of pathogenic mutations in GRN (n=210) or
MAPT (n=95) genes, or mutation-negative first-degree relatives
constituting the control group (n=330). Figure 1 presents a
detailed flow chart of participant inclusion and exclusion.

All participants underwent a standardised clinical assessment
as described previously,’ including the Clinical Dementia Rating
Dementia Staging Instrument (CDR) with National Alzheimer
Coordinating Centre Frontotemporal Lobar Degeneration
component (CDR plus NACC FTLD) hereafter referred to as
FTLD-CDR,?*! a measure of disease severity from which a global
score can be calculated. The global score was used in the present
work to stage mutation carriers in each genetic group, with
those having a score of 0 being considered asymptomatic, 0.5
as prodromal and 1, 2 or 3 representing symptomatic severity
stages (table 1). We therefore had a control group and 15 gene/
stage groups which are hereafter referred to as gene_stage (eg,
C9orf72_1 for a C9orf72 carrier with an FTLD-CDR global
score of 1).
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Participant (n=1130)
Controls (n=410) + Carriers (n=720)
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1 Exclusion of TDP, TBK, VCP mutation carriers (n=15) and relatives (n=12)

Participants (n=1103)
Controls (n=398) + Carriers (n=705)
C90rf72(n=317) + GRN (n=271) + MAPT (n=117)

Participants (n=1033)
Controls (n=379) + Carriers (n=654)
C90rf72 (n=297) + GRN (n=247) + MAPT (n=110)

y

Participants (n=913)
Controls (n=331) + Carriers (n=582)
C90rf72 (n=269) + GRN (n=215) + MAPT (n=98)

Participants (n=892)

Controls (n=330) + Carriers (n=562)
C90rf72 (n=257) + GRN (n=210) + MAPT (n=95)

Figure 1
highlighted in bold.

Clinical and cognitive measures

The GENFI study includes extensive clinical and neuropsycho-
logical assessments which were completed within 3 months of
MRI acquisition.

The FTLD-CDR is an eight-domain rating scale involving
cognition, language and behaviour, based on informant reports
and allows for the assessment of these core clinical features of
FTD. This scale enables the calculation of a ‘sum-of-boxes’ score
(SOB) ranging from 0 to 24 and a global score ranging from
0 to 3 (0, 0.5, 1, 2, 3). The scoring rules for determining the
global score are described in the original paper and were used in
this study to stratify carriers into asymptomatic, prodromal and
symptomatic stages.>!

T1 scan processing

T1-weighted scans were processed using FreeSurfer V.7.1.1.
FreeSurfer is a surface-based analysis (SBA) meaning that for
each vertex, volume is the product of grey matter area and
cortical thickness.*” In comparison to voxel-based morphometry,
SBA presents the advantage of not requiring that the images be
aligned to a common space, which, together with the segmen-
tation method, has the potential for introducing additional
confoundings, such as misalignment, misclassification, as well as
false detection of normal variants of folding patterns as focal
changes on grey matter volume. Cortical thickness is calculated as
the mean distance between vertices of a corrected, triangulated,

1 Exclusion of participants without a baseline MRI T1 scan

J Exclusion of participants for whom the MRI scan was not successfully preprocessed

Exclusion of subjects whose MRI scan did not pass quality check

Flow chart showing the different steps for participant inclusion. MAPT, microtubule-associated protein tau. Sample sizes (n) at each stage are

estimated grey/white matter surface and grey matter/cerebro-
spinal fluid (pial) surface.

Thus, grey-matter volumes and cortical thickness values
were generated using the recon-all cross-sectional approach?
which generated values across 327 684 vertices of the cortex,
with a full-width-half-maximum of 20. This pipeline performs
cortical surface extraction, segmentation of subcortical struc-
tures, cortical thickness estimation, spatial normalisation onto
the FreeSurfer surface template (FsAverage), and parcellation
of cortical regions based on different atlases. We ran this using
Clinica’s t1-freesurfer pipeline.**

FreeSurfer segmentation outputs were each visually inspected
for severe errors. When severe errors occurred, or when Free-
Surfer crashed without providing outputs and this was not fixed
by repeated attempts, FreeSurfer analyses of those scans were
omitted (n=120). No manual correction of FreeSurfer segmen-
tations was performed.

Statistical analyses

Statistical analyses were performed using BrainStat for neuro-
imaging group comparisons, STATA V.16.0 and R V.4.3.3 for
demographic and clinical analyses. The significance level was set
at p<0.05 unless otherwise stated.

Participant demographics and grey matter in controls
To assess demographic differences between participants from
different genetic groups, we compared participant demographics
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Sample size and demographic details for controls and mutation carriers further divided into genetic groups and disease stages according to the FTLD-CDR global score ranging from 0

(asymptomatic) to 0.5 (prodromal) and 1, 2, 3 (symptomatic)

Table 1

Controls

MAPT

GRN

C90rf72

Genetic group

0.5

0.5

0.5

FTLD-CDR global

Sample

330
189
141

10

10

17
10

49

13

1

23
14

32

131
88
43

30
10
20

32
10
22

46 21

28
18

128
75

30
19

15
17

Females
Males

Gender

15

53

45.6

57.03
9.08

56.93
10.59

53.61
1

4335

39.44
10.78
14.45
3.32

60.69
6.15

68.56

61.22
8.09

52.95
12.46
13.83
415

45.36

65.15
1

65.46
6.97

57.38
12.43
13.29
3.85

49.15

43.69
11.36
14.23
3.14

Mean

SD

Age

12.91
14.5

9.26

13.2
3.7

12.46
14.06
2.56

7.19

14

7.88

121

12.29
14.22
2.59

14.33
439

C90rf72, C9 open reading-frame 72; FTLD-CDR, Clinical Dementia Rating Dementia Staging Instrument (CDR) with National Alzheimer Coordinating Centre Frontotemporal Lobar Degeneration component (CDR plus NACC FTLD); GRN,

progranulin; MAPT, microtubule-associated protein tau.

34

10.54
2.96

11.64

3.72

12.83
3.55

14.89
3.68

13.56
3.82

Mean
SD

Education

3.43

2.07

4.23

from the same severity stage between genetic groups and with
controls using bootstrapped linear regression.

To assess whether mean cortical thickness and total volume
were related to age, sex and education in controls, we assessed
the correlation between continuous variables using Spearman
rank correlations with 95% confidence limits and assessed differ-
ences between males and females using Kruskal-Wallis 2 tests.

Grey matter vertex-wise group differences

We compared cortical thickness and volume values between
each gene_stage group and controls using separate general linear
models per cortical vertex and subcortical structure. These
models were adjusted for participants’ age, sex, education,
total intracranial volume and site of data acquisition. Pointwise
false positives were controlled for with false-discovery rate to
account for the 327684 vertices/12 subcortical structures and
cluster-level multiple comparisons were controlled for with
random-field theory, applying a vertex-wise cluster threshold of
0.01. Moreover, as the same control group was used in fifteen
models, we corrected the p value threshold using Bonferroni
(0.05/15=p<0.003). We thus identified regions which showed
significant reductions of grey matter volume, cortical thickness
or both in each gene_stage group compared with controls. We
calculated effect sizes for each region using Cohen’s d.

Receiver operating characteristic curve analysis

We identified clusters from the vertex-wise group differences
analyses which showed early volume or cortical thickness reduc-
tions. Those with the highest effect sizes within each genetic
group were mapped to ROIs from the Desikan atlas.” These
individually selected ROIs involved bilateral thalamus volume,
bilateral precuneus thickness and bilateral postcentral gyrus
thickness for C9orf72 carriers, left frontal pole volume, pars
orbitalis volume and caudal middle frontal thickness for GRN
carriers and right temporal pole volume and left insula thick-
ness for MAPT carriers. For each genetic group, such ROIs
were included together in receiver operating characteristic curve
(ROC) computations, standardising and splitting the data into
training and testing subsets, allocating 70% for training and 30%
for testing, while ensuring randomisation and reproducibility
through a fixed random seed. A logistic regression classifier
was implemented allowing for up to 1000 iterations to ensure
convergence. The area under the ROC curve was calculated to
quantify each composite’s ability to distinguish between classes,
separating asymptomatic (FTLD-CDR global=0) and prodromal
(FTLD-CDR=0.5) carriers from controls.

Quasi-longitudinal progression estimation of selected grey
matter ROIs

To estimate the progression of the different selected ROIs, for
each genetic group we calculated carriers’ z-scores for each
ROI based on controls’ mean and SD for that specific ROI. We
then plotted these for each FTLD-CDR group in our quasi-
longitudinal design.

Clinical validity of selected grey matter ROls

To assess the clinical validity of our imaging grey-matter finger-
prints, we correlated these with the FTLD-CDR sum of boxes
(SOB) scores using Spearman correlations in presymptomatic
carriers. To assess the predictive validity of our marker, we also
assessed whether our early grey-matter fingerprints at baseline
visit were correlated with clinical change assessed at the subse-
quent follow-up visit carried out on average 15.4 months after
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the baseline for C9orf72 carriers, 18.1 for GRN carriers and
15.3 for MAPT carriers. Only carriers with an FTLD-CDR
score of 0.5 were included in these analyses as many of those
with a score of 0 did not show much variability across clinical
and neuroimaging measures. Moreover, some carriers with an
FTLD-CDR global score of 0.5 had already received a clinical
diagnosis, reflecting the fact that there is not always perfect corre-
spondence between the FTLD-CDR global score and clinicians’
judgement. To ensure that the correlations between grey matter
measures and clinical severity in presymptomatic carriers were
not biased by these individuals, who are likely to exhibit greater
atrophy, we excluded them from the analyses (11 C9orf72, 5
GRN and 3 MAPT) but also report the results when including
them. As some subjects only had a baseline visit, correlations
with follow-up scores were performed on reduced sample sizes
(C90rf72 n=11; GRN n=12; MAPT n=38).

Data availability

Data will be shared according to the GENFI data sharing agree-
ment, after review by the GENFI data access committee with
final approval granted by the GENFI steering committee.

RESULTS

Participant demographics and grey matter in controls

All symptomatic groups (apart from MAPT_ 1), as well as
GRN_0.5 and MAPT 0.5, were significantly older than controls.
Moreover, MAPT 0 was, on average, significantly younger than
controls. C9orf72_1 and C9orf72_2 had a significantly different
ratio of males to females, with more males, compared with
controls. The ratio of males to females was significantly different
in C9orf72 1 and CY9orf72 2 groups compared with controls;
they included more males than the control group did. Finally,
CYorf72 3, GRN_2, GRN_3 and MAPT 2 had significantly
fewer years of education compared with controls. These results,
as well as significant differences between different genetic groups
of the same severity stage, are summarised in online supple-
mental Table 2. The distribution of age and education within
each group is available in online supplemental Figure 1.

In controls, total grey matter volume and average cortical thick-
ness were significantly negatively correlated with age (r=—0.34,
p<0.0001; r=—0.45; p<0.0001) and positively correlated with
education (r=0.21, p=0.0002; r=0.13, p=0.02). Moreover,
male control participants had significantly higher total grey

matter volumes compared with females (p<0.0001), but no
differences were observed for average cortical thickness. Finally,
total grey matter volume and average cortical thickness differed
according to site of acquisition (p=0.04; p=0.0006). These rela-
tionships are summarised in online supplemental Figure 2.

Grey matter vertex-wise group differences

Significant group differences compared with controls are
presented as effect sizes on the cortical surface in figure 2
(cortical thickness) and figure 3 (volume). A combination of
these is presented in online supplemental Figure 3.

From the asymptomatic stage (FTLD-CDR=0), C9orf72
carriers showed significant reductions in grey matter volume and
cortical thickness within several cortical regions as well as left
amygdala, bilateral thalamus and hippocampus, before spreading
to affect the entirety of frontal, temporal and parietal lobes as
well as most subcortical structures at the most severe symptom-
atic stages (FTLD-CDR=2/3). Specifically, at the asymptom-
atic stage, bilateral thalamus volume and bilateral precuneus
thickness showed the highest effect sizes. From the prodromal
stages, orbitofrontal cortex and superior frontal gyrus presented
cortical thickness and volume loss bilaterally as well as precen-
tral and postcentral gyri involvement. More posteriorly, specific
cortical thickness reduction was observed in temporoparietal
(supramarginal gyrus, mainly left-sided) and temporooccipital
regions (bilaterally). High effect sizes were notable for bilateral
postcentral gyrus thickness. With disease progression to symp-
tomatic stages, volume and thickness overlapped greatly in
C9orf72 carriers.

GRN carriers did not differ significantly from controls at the
asymptomatic stage for any cortical or subcortical grey matter
region volume or thickness. Carriers started showing volume
loss from the prodromal stage (FTLD-CDR=0.5) within orbi-
tofrontal cortex as well as the most caudal part of left middle
frontal gyri. Highest effect sizes were noticed within left frontal
pole and pars orbitalis volumes as well as left caudal middle
frontal gyrus (Brodmann areas 6 and 8) thickness. Fully symp-
tomatic carriers (from FTLD-CDR=1) showed volume reduc-
tions and cortical thinning of the entire frontal, temporal and
parietal regions, particularly within inferior frontal gyrus (pars
orbitalis, pars triangularis and pars opercularis) and progressively
affecting the frontomesial regions and the temporoparietal junc-
tion, initially of the left hemisphere and then bilaterally. Several

FTLD-CDR
score

0

0.5

Effect size

-
0 1

Figure 2 Cortical thickness effect sizes (heat map represents Cohen’s d) for each FTD gene group and for varying levels of disease severity according

to the FTLD-CDR score, compared with controls. p<0.003, Bonferroni corrected for multiple comparisons, cluster threshold=0.01, FDR corrected, model
adjusted for age, sex, years of education, site of acquisition and total intracranial volume. FDR, false-discovery rate; FTD, frontotemporal dementia; C90rf72,
C9 open reading-frame 72; GRN, progranulin; MAPT, microtubule-associated protein tau; FTLD-CDR, Clinical Dementia Rating Dementia Staging Instrument
(CDR) with National Alzheimer Coordinating Centre Frontotemporal Lobar Degeneration component (CDR plus NACC FTLD).
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FTLD-CDR
score

0

0.5

Effect size

Figure 3  Cortical volume effect sizes (heat map represents Cohen'’s d) for each FTD gene group and for varying levels of disease severity according to the
FTLD-CDR score, compared with controls. p<0.003, Bonferroni corrected for multiple comparisons, cluster threshold=0.01, FDR corrected, model adjusted
for age, sex, years of education, site of acquisition and total intracranial volume. FDR, false-discovery rate; FTD, frontotemporal dementia; C9orf72, C9 open
reading-frame 72; GRN, progranulin; MAPT, microtubule-associated protein tau; FTLD-CDR, Clinical Dementia Rating Dementia Staging Instrument (CDR)
with National Alzheimer Coordinating Centre Frontotemporal Lobar Degeneration component (CDR plus NACC FTLD).

subcortical structures showed significantly reduced volume from
symptom onset.

MAPT asymptomatic carriers (FTLD-CDR=0) showed some
significant cortical thickness reductions compared to controls
within left anterior cingulate cortex and right medial temporal
volume reductions and thinning, but effect sizes remained low.
From the prodromal stage (FTLD-CDR=0.5), notable right
temporal pole volume showed high effect sizes as well as left
insula thickness. Bilateral entire temporal lobe atrophy was
notable at the earliest symptomatic stages (FTLD-CDR=1) as
well as right parietal lobe thinning, medial frontal and parietal
volume reductions. Bilateral frontal lobe atrophy (particularly
thinning) was widespread from later stages. Several subcortical
structures showed significantly reduced volume from symptom
onset.

The statistical results for cortical volume, cortical thickness and
subcortical volume group differences compared with controls
can be found in online supplemental Tables 3-5, respectively.

Regions and metrics with the highest effect sizes for each
group at the asymptomatic or prodromal stages were identified
and mapped to the Desikan atlas ROIs to form a composite.
These are summarised in table 2.

ROC analysis
The clinical usefulness of the combination of the identified
regions and metrics for each group was assessed with a ROC

Table 2 Selected ROIs and metrics for each group were identified
based on the largest effect sizes from the vertex-wise analyses and
subsequently mapped onto Desikan atlas regions.

C90rf72 GRN MAPT

ROls  Volume Bilateral thalamus Left frontal pole Right temporal

Left pars orbitalis pole
Left caudal middle
frontal gyrus

Thickness  Bilateral precuneus Left insula
Bilateral postcentral
gyrus

These regions showed reductions in volume or cortical thickness compared with

controls in early disease severity groups (ie, individuals with an FTLD-CDR global

score of 0 or 0.5).

C90rf72, C9 open reading-frame 72; FTLD-CDR, Clinical Dementia Rating

Dementia Staging Instrument (CDR) with National Alzheimer Coordinating Centre

Frontotemporal Lobar Degeneration component (CDR plus NACC FTLD); GRN,

progranulin; MAPT, microtubule-associated protein tau; ROI, region of interest.

analysis. This showed moderate to high areas under the curve
(AUC) in FTLD-CDR 0 groups (C9orf72: 0.76; GRN: 0.60;
MAPT: 0.57). In FTLD-CDR 0.5 groups, AUCs were high to
very high (C90rf72: 0.76; GRN: 0.81; MAPT: 0.76) (figure 4).

Quasi-longitudinal progression estimation of selected
composites

We found that grey matter for all ROIs from our compos-
ites decreased over time, with the ROIs showing the biggest
differences reaching 3 SDs from controls at the latest stage of
the disease (FTLD-CDR=3). Figure 5 presents our estimated
progression of each ROl in this quasi-longitudinal design.

Clinical validity of selected composites

In C9o0rf72 carriers, left postcentral gyrus thickness significantly
predicted follow-up FTLD-CDR SOB scores (rho=-0.79,
p=0.004). In GRN carriers, all three grey matter regions (left
frontal pole volume, left pars orbitalis volume and left caudal
middle frontal thickness) were significantly correlated with base-
line FTLD-CDR SOB scores (r=—0.56, p=0.006; r=—0.54,
p=0.008; r=-0.47, p=0.023, respectively). Moreover, left
pars orbitalis volume and left caudal middle frontal thickness
were significant predictors of follow-up FTLD-CDR SOB
scores (r=—0.58, p=0.046; r=—0.85, p<0.001, respectively).
Finally, no grey matter regions were significantly correlated
with clinical severity or clinical progression in MAPT carriers.
Significant results are presented in figure 6. As expected, when
including carriers who already had a diagnosis, we found some
more significant correlations in C9orf72 and MAPT carriers.
Namely, in C9orf72 carriers, we found a significant correlation
between right precuneus thickness and baseline and follow-up
FTLD-CDR SOB scores. In MAPT carriers, we found that left
insula volume significantly predicted follow-up FTLD-CDR
SOB scores. These results are presented in online supplemental
Figure 4.

DISCUSSION

Summary of findings

Our study had two main objectives. First, we aimed to define
the distribution of grey matter loss in the three most common
forms of genetic FTD by measuring volume and cortical thick-
ness across the spectrum of disease severity in a large sample.
Second, we wished to select the most appropriate combination
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Figure 4  Area under the receiver operating characteristic (ROC) curve for each combination of ROIs and metrics for each gene_stage group. AUC, area
under the curve; MAPT, microtubule-associated protein tau; ROI, region of interest; FTLD-CDR, Clinical Dementia Rating Dementia Staging Instrument (CDR)
with National Alzheimer Coordinating Centre Frontotemporal Lobar Degeneration component (CDR plus NACC FTLD).

of grey matter ROIs and MRI metrics to define signatures of the
earliest grey matter changes for each genetic group.

Overall, we found that C9orf72 expansion carriers showed
the earliest grey matter changes from the asymptomatic stage
of the disease, while GRN mutation carriers had little to no
evidence of such structural changes until symptom onset. MAPT
carriers showed some focal early signs of change. Although there
was great overlap between volume and thickness changes in all
groups, our results show some temporal and spatial discrepan-
cies which we discuss below, and which highlight the usefulness
of considering both metrics when validating future grey matter
biomarkers.

The identified grey matter signatures were useful for discrim-
inating presymptomatic individuals from controls with good
accuracy, particularly in prodromal individuals. When further
validating the usefulness of these grey matter composites for
predicting disease severity and progression, we highlight their
use in GRN but not so much in C90rf72 and MAPT mutation
carriers. These final analyses are nonetheless to be interpreted
with caution in view of the very limited samples available. We
suggest these composite grey matter signatures as early disease

C9orf72

Z-score from controls

FTLD-CDR

~ L_postcentral_thickness == Left Thalamus ~ R_precuneus_thickness

~ L_precuneus_thickness === R_postcentral_thickness ~= Right Thalamus

FTLD-CDR

~— L_caudalmiddiefrontal_thickness == L_frontalpole_volume —= L_parsorbitalis_volume

biomarkers suitable for both therapeutic trials and as future diag-
nostic tools in genetic FTD.

Early grey matter changes are specific to each genetic group

C9orf72 expansion carriers demonstrated extremely widespread
cortical thinning across the cortex, even in the asymptomatic
phase when no major behavioural, language or cognitive changes
are identified. Prominent volume reductions were also observed
within frontal, medial parietal and subcortical regions. Our
findings align with previous studies showing early reductions
in these areas’ 7% 2¢%” but extend this to the largest sample
of asymptomatic carriers to date (n=128), determined using a
reliable clinical severity scale and using a whole-brain vertex-
wise approach without relying on predefined parcellations.
While earlier studies suggested that some changes, like thalami
volume reductions, occur up to 25 years before symptom onset,’
such estimates based on mean family age of onset have since
been shown to be unreliable for C9orf72 expansion carriers.*®
However, findings in a young subgroup of this cohort (aged
between 19 and 29) indicate that thalamic reductions may

GRN MAPT

1 2 3 o 05 1 2 3

FTLD-CDR

~~ L_insula_thickness === R_temporalpole_volume

Figure 5 Estimated progression of grey matter from each ROl in each genetic group based on cross-sectional cohort. FTLD-CDR, Clinical Dementia Rating
Dementia Staging Instrument (CDR) with National Alzheimer Coordinating Centre Frontotemporal Lobar Degeneration component (CDR plus NACC FTLD);
C90rf72, C9 open reading-frame 72; GRN, progranulin; MAPT, microtubule-associated protein tau; RO, region of interest.
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Figure 6 Correlations between grey matter signatures and clinical severity as well as clinical progression in presymptomatic carriers. FTLD-CDR, Clinical
Dementia Rating Dementia Staging Instrument (CDR) with National Alzheimer Coordinating Centre Frontotemporal Lobar Degeneration component (CDR
plus NACC FTLD); SOB, sum-of-boxes; C90rf72, C9 open reading-frame 72; GRN, progranulin.

emerge decades before onset," as also already shown before.®
Although grey matter reductions were widespread in our
study, effect sizes were generally low in asymptomatic C9orf72
carriers, likely reflecting variability in subsequent symptomatic
presentations of such mutation carriers, including behavioural,
motor (Amyotrophic Lateral Sclerosis (ALS)), neuropsychiatric
or even memory deficits.”’ Early grey matter changes may hold
potential for predicting clinical phenotypes at the individual
level,*® warranting further longitudinal studies with converting
individuals.

In contrast, GRN mutation carriers showed no grey matter
changes in the asymptomatic phase (n=131), consistent with
previous findings.**7*'* Some studies have reported early changes
in presymptomatic GRN carriers,” * but these findings often
involved small samples or did not survive correction for multiple
comparisons. By using the FTLD-CDR score, we better character-
ised clinical stages such as the dissociation between asymptomatic
and prodromal carriers. We reveal significant volume reductions in
left orbitofrontal regions, with high effect sizes, at the prodromal
phase. A recent study highlights frontal lobe regions specifically
show age-related reductions in GRN carriers.** By the symptom-
atic stage, striking grey matter reductions span most left frontal,
temporal and parietal lobes, mirroring rapid cognitive decline and
NIfL increases during transition from presymptomatic to symptom-
atic stage.> =’

Asymmetrical patterns of atrophy have been previously reported
in symptomatic GRN carriers, either left-sided or right-sided.* %!
Asymmetrical left-sided atrophy was notable in our prodromal
GRN carriers. There are several reasons why we may find this
left-sided asymmetry. First, it may be that a group-wise analysis
obscures more subtle, or seen in fewer individuals, right-sided
grey matter reductions. Second, it may be due to a sampling bias,
with many more prodromal carriers who will go on to develop a
primary progressive aphasia (PPA) in this specific cohort. Interest-
ingly, the asymmetrical left-sided atrophy we identified was main-
tained at the earliest symptomatic stage, which is in line with the
fact that over 50% of the GRN patient cohort in our sample had a

diagnosis of PPA. A recent study has suggested that left-sided GRN
carriers may show a faster rate of subsequent impairment.*' Taken
together, these results highlight that left-sided early regions of grey
matter atrophy may be of particular importance for monitoring
progression in GRN carriers.

Finally, in MAPT mutation carriers, we observed very focal
grey matter reductions in anterior temporal lobe and left insula,
emerging possibly in the asymptomatic phase but confirmed at the
prodromal stage. Symptomatic MAPT carriers showed atrophy
extending to medial and superior frontal lobes and precuneus, with
further posterior expansion in later stages. These patterns align
with previous work,” *7 ! ** with our study providing results from
the largest presymptomatic cohort to date. It remains unclear if
there is an asymmetrical pattern, with only volume changes on the
right, highlighting the complementarity of exploring both volume
and thickness measures.’ Moreover, as in GRN carriers, a left-sided
atrophy pattern may be predictive of a future PPA clinical pheno-
type, particularly in view of the early temporal lobe involvement. It
may also relate to the early naming deficits identified in presymp-
tomatic MAPT carriers.* Complementing these structural find-
ings, recent work has shown that MAPT mutation carriers exhibit
marked alterations in functional connectivity at the earliest stages,
possibly even preceding detectable structural changes, suggesting
that network-level disruptions may be among the first indicators of
disease onset (Bouzigues et al, 2025).**

Our study leveraged fine-grained clinical characterisation and
larger sample sizes to disentangle mutation carriers across disease
stages. This enabled the identification of subtle brain changes
throughout clinical progression, advancing our understanding
beyond previous studies.

Cortical thickness and volume: different but complementary
for genetic neurodegenerative disease

Most studies in (genetic) FTD have focused on grey matter
volume, with relatively few investigating cortical thickness, and
even fewer investigating both metrics simultaneously.’ These
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measures have distinct genetic determinants® and ontogenetic
pathways.*® While volume is considered more reliable, it is more
influenced by head size, whereas cortical thickness is affected
by gyrification patterns.*” ** Such differences likely explain
why divergent atrophy patterns have been identified depending
on the metric used in neurodegenerative diseases’” ** or more
specifically (but also rarely studied) in FTD.’

Our findings support these distinctions, revealing striking
differences in atrophy patterns between the two metrics despite
significant overlap. For instance, in asymptomatic C9orf72
expansion carriers, cortical thinning was far more widespread
than volume reductions. Conversely, GRN mutation carriers
exhibited the opposite pattern, with more prominent volume
changes compared with cortical thinning at the prodromal stage.
In MAPT mutation carriers, both volume and thickness changes
were present in the left anterior temporal lobe, but only volume
reductions were observed on the right during the prodromal
stage. The contrasting patterns in presymptomatic C9orf72 and
GRN carriers are novel findings not previously emphasised.’ For
MAPT carriers, prior work has suggested left-right asymmetries
between the two metrics, though this was observed in reverse
at follow-up, with cortical thinning becoming more prominent
on the right.’ The limited sample size of previous studies under-
scores the need for further validation of our findings regarding
asymmetric involvement of these measures in presymptomatic
MAPT carriers.

With symptom onset and progression, we observed greater
convergence between the two metrics in all groups. Cortical
thinning appeared more widespread across the cortex, including
posterior regions, whereas volume changes showed earlier, more
localised changes in characteristic areas of neurodegeneration in
FTD, such as orbitofrontal lobe and frontal gyri (bilaterally in
C9orf72 and left-sided in GRN), and anterior temporal lobes
(MAPT). These findings highlight the complementary roles of
cortical thickness and volume measures for a comprehensive
evaluation of pathological processes across genetic subtypes of
FTD.

Towards the definition of an imaging composite score in
genetic FTD for future clinical trials
We highlight the earliest and most reliable grey matter changes
and suggest these as a grey matter composite score for each
genetic group. For C9orf72 expansion carriers, we put forward
thalami volume, postcentral gyrus thickness and precuneus
thickness. The first two regions have been highlighted in other
samples.* * 7 ¥ Specific reduced postcentral gyrus thickness in
presymptomatic C9orf72 carriers was reported in a previous
study.’ Interestingly, this is mostly associated with ALS or nfvPPA
syndromes, rather than the more common bvFTD phenotype.
It may relate to the more somatic delusions which are often
reported in C9orf72 carriers.”” The precuneus has not often
been mentioned as an early region of change in presymptomatic
CYorf72 expansion carriers, yet it showed high effect sizes in
both our asymptomatic and prodromal groups. A study which
showed faster cortical thinning in the motor cortex and in the
parietal regions, including the precuneus, in C9orf72 asymptom-
atic carriers supports our results.’® This is also consistent with
our ‘quasi-longitudinal’ estimated progression which shows the
largest decline for bilateral precuneus. Moreover, atrophy of
the precuneus may relate to the more common memory impair-
ments observed in C9orf72 carriers.’”

For GRN mutation carriers, typical left frontal pole and pars
orbitalis volume as well as left caudal middle frontal thickness

were identified as the earliest changes. These are perfectly in
line with the regions of atrophy typically associated with bvFTD
and PPA syndromes, highlighting that grey matter changes are
likely to be occurring prior to symptom onset, even in this group
which has typically been suggested to show changes only from
symptom onset. Thickness of the caudal middle frontal gyrus
(Brodmann areas 6 and 8) appeared as the region with the
sharpest decline between prodromal and symptom onset.

Finally, in MAPT mutation carriers, we highlight right temporal
pole volume and left insula thickness as possible regions of early
change which showed equal patterns of decline in the estimated
progression models.

For each genetic group, these combinations of regions and
metrics showed good to very good ability to dissociate asymp-
tomatic and prodromal carriers from controls. Though these
will have to be further validated in larger samples and in real
longitudinal datasets, we put forward these grey matter compos-
ites for each genetic FTD group. Standardising these would be
useful not only in future therapeutic trials, but also to enhance
clinicians’ diagnostic process, thus overcoming the limitations of
cognitive assessments at initial disease stages.

Processes of neurodevelopment or early neurodegeneration?
Our findings, alongside prior work, invite speculation regarding
whether presymptomatic grey matter changes in genetic FTD
stem from neurodevelopmental or early neurodegenerative
processes. Pathogenetic mutations, even if causal of late-onset
disorders, likely influence neurodevelopment. For example,
the youngest carriers of FTD-causing mutations exhibit grey
matter differences compared with controls before their thir-
ties,” with smaller total brain and thalamic volumes and altered
white matter tracts.® ¥ Moreover, minimal increases in volume
loss rate over time in C9orf72 carriers, unlike MAPT and
GRN carriers, pointed to neurodevelopmental origins rather
than progressive degeneration.” © While extremely early, slow-
progressing neurodegenerative pathology cannot be excluded,’
these findings allude to neurodevelopmental vulnerabilities'* 2¢
further supported by non-evolving cognitive deficits and psychi-
atric symptoms years before typical FTD emergence.® 1 3173
The divergence in the nature and timing of grey matter
changes between C9orf72 carriers and GRN or MAPT carriers
raises interesting questions. Unlike C90rf72, GRN and MAPT
mutations appear to show grey matter reductions more closely
with symptom onset, with these groups even showing larger
brain volumes earlier in life, possibly conferring some protective
features."”® The distinct patterns of cortical thinning in C9orf72
carriers versus early volume reductions in GRN carriers support
the hypothesis that cortical thickness changes may better reflect
neurodevelopmental processes, whereas volume reductions indi-
cate neurodegenerative burden. This idea is consistent with our
findings: cortical thickness measures were more prominent in
C9orf72 ROIs, while volume measures were emphasised in GRN
ROIs. Additionally, early grey matter changes in GRN correlated
with clinical presentation, a relationship not observed in C9orf72
or MAPT carriers, though samples remained very limited for
these analyses. This has also been hinted at in previous work
showing faster cortical thinning starting early in adulthood in
C9orf72 carriers, followed by a steady pace of evolution rather
than an acceleration around the typical age of symptom onset.?’
However, evidence of smaller brain and thalamic volumes but
unaltered cortical thickness in young C9orf72 carriers’® adds
complexity, emphasising the need for further investigation.
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Our results highlight the complementary value of combining
cortical thickness and volume measures to comprehensively
assess pathological processes in different genetic groups. If
neurodevelopmental theories gain further support, longitudinal
studies, particularly in C9orf72 carriers with ALS phenotypes,
will be crucial, as early diagnosis could have significant thera-
peutic implications.**

Strengths and limitations of the study

Our study has the advantage of involving both volume and
cortical thickness measurements which have been mostly investi-
gated in isolation, causing inconsistency of results and obscuring
the differential utility of each of these measures. Moreover, our
bottom-up data-driven approach starting at the vertex-wise
level before summarising specific brain regions of interest using
a parcellation scheme gives us an unbiased perspective. Finally,
our large sample sizes allowed us to subdivide carriers more
precisely than previous studies, while still avoiding underpow-
ered groups and preventing the grouping of carriers with diverse
clinical characteristics.

Unfortunately, we were not able to further divide mutation
carriers according to specific mutations. Moreover, the analyses
investigating correlations between grey matter and follow-up
clinical severity were computed in very small samples, which
therefore limits the reliability of those specific results. Overall,
it is important to note that this quasi-longitudinal design does
not replace a real longitudinal study which is very much needed
to validate our results and further contribute to identifying the
best grey matter markers of progression. This quasi-longitudinal
study was the necessary step in preparation for a real longitudinal
exploration of the fine-grained grey matter changes in genetic
FTD. Furthermore, though our univariate study found relevant
and interesting results, a multivariate analysis assessing the vari-
ation of grey matter metrics in different areas simultaneously
would also greatly benefit the field, enabling stronger statistical
power and the exploration of several markers alongside each
other. Finally, we would like to highlight that this multicentric
study included a solely white ethnic population and thus our
findings may not be generalisable to wider ethnic groups for
whom such analyses will need further investigation.

CONCLUSIONS AND FUTURE PERSPECTIVES

Our findings highlight the complementary value of cortical
thickness and grey matter volume as distinct yet converging
indicators of neurodegeneration. Whereas thickness alterations
appear more pronounced in posterior regions (eg, in C9orf72
cases), volume loss tends to dominate anterior areas (eg, in GRN
mutation carriers). This spatial dissociation highlights the non-
redundant nature of these metrics, which, when integrated,
may offer a richer and more nuanced picture of early structural
disruption. Moving forward, combining these morphometric
markers with white matter and functional connectivity data
could pave the way towards a multidimensional and temporally
sensitive signature of disease progression.

Future work will require the validation of these suggested
composites in larger samples, particularly within longitudinal
studies, and will benefit from the development of more refined
techniques to investigate neurodevelopmental trajectories in
these individuals, possibly from the first decades of life.
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