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Abstract

INTRODUCTION: The three clinical variants of frontotemporal dementia (behavioral
variant [bvFTD], semantic dementia, and progressive non-fluent aphasia [PNFA]) are
likely to develop over decades, from the preclinical stage to death.

METHODS: To describe the long-term chronological anatomical progression of FTD
variants, we built lifespan brain charts of normal aging and FTD variants by combin-
ing 8022 quality-controlled MRIs from multiple large-scale data-bases, including 107
bvFTD, 44 semantic dementia, and 38 PNFA.

RESULTS: We report in this manuscript the anatomical MRI staging schemes of the
three FTD variants by describing the sequential divergence of volumetric trajectories
between normal aging and FTD variants. Subcortical atrophy precedes focal cortical
atrophy in specific behavioral and/or language networks, with a “radiological” prodro-
mal phase lasting 8-10 years (time elapsed between the first structural alteration and
canonical cortical atrophy).

DISCUSSION: Amygdalar and striatal atrophy can be candidate biomarkers for future
preclinical/prodromal FTD variants definitions.

KEYWORDS
atrophy, frontotemporal dementia, lifespan, MRI, primary progressive aphasia, semantic demen-
tia, staging

Highlights

* We describe the chronological MRI staging of the most affected structures in the
three frontotemporal dementia (FTD) syndromic variants.

* In behavioral variant of FTD (bvFTD): bilateral amygdalar, striatal, and insular
atrophy precedes fronto-temporal atrophy.

* In semantic dementia: bilateral amygdalar atrophy precedes left temporal and
hippocampal atrophy.

* In progressive non-fluent aphasia (PNFA): left striatal, insular, and thalamic atrophy

precedes opercular atrophy.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

Frontotemporal dementia (FTD) is a group of clinical syndromes char-
acterized by progressive impairments in language and/or executive
functions and/or behavior. This umbrella term includes the behavioral
variant of FTD (bvFTD) and two distinct forms of primary progres-
sive aphasia: semantic dementia and progressive non-fluent aphasia
(PNFA). Apart from the genetic forms (for which the diagnosis of cer-
tainty can be provided by molecular biology), the diagnosis of FTD is
challenging because there are many psychiatric or neurological differ-
ential diagnoses and no specific pathological biomarker.! Moreover,
the early stages of sporadic FTD are still poorly characterized and
research criteria for prodromal bvFTD have only been proposed in
2022,2 and are still lacking for semantic dementia and PNFA. The def-
inition of these preclinical and prodromal stages of FTD variants is
however crucial in the prospect of future therapeutic actions, as illus-
trated by the development of disease-modifying therapies specifically
in prodromal Alzheimer’s disease.?

The value of anatomical MRI for diagnosing FTD is well-established
and it is included in current diagnostic criteria. Indeed, the loca-
tion of maximal atrophy within behavioral and/or language neural
networks is supposed to determine the clinical presentation of FTD
variants.* Frontal and/or insular and/or anterior temporal atrophy (or
hypometabolism on FDG-PET) is, for instance, a mandatory criterion
to achieve the “probable” level of a bvFTD diagnosis.” Regarding the
diagnosis of primary progressive aphasia variants, predominant ante-
rior temporal lobe atrophy will support the diagnosis of semantic
dementia on top of clinical diagnosis, and predominant left poste-
rior fronto-insular atrophy is an imaging support for the diagnosis of
PNFA.6

These anatomical descriptions of typical focal atrophy in FTD vari-
ants are mainly based on subjects at the late dementia stages, with
advanced cortical atrophy.”® However, brain structural alterations
precede symptoms onset in neurodegenerative diseases and MRI stud-
ies in presymptomatic carriers of FTD-causative mutations (MAPT,
GRN, or C%orf72) reported brain atrophy up to 20 years before symp-
toms onset.?10.11.12 The chronological anatomical progression of FTD
variants from the preclinical stage to death has never been docu-
mented in the more common sporadic forms of FTD. Providing insights
into the spatiotemporal spreading of brain atrophy is therefore crucial
to better understand the early pathophysiological process underlying
FTD, and to develop future imaging-supported diagnostic criteria for
preclinical or prodromal FTD variants. Structural brain imaging can also
help to provide evidence of disease-course modification in future clin-
ical trials, as it can explain a substantial portion of variance in clinical
measures.'3

In this study, we propose to depict the progressive anatomical stag-
ing of FTD variants. Because cohorts of sporadic FTD patients with
longitudinal imaging data over decades - from the preclinical stage to
death - are not available, we took advantage of BigData sharing in neu-
roimaging, combined with lifespan modeling of brain volume changes*
(also known as brain charts'®), to quantify disease-related changes.

These extrapolated dynamic volumetric trajectories based on cross-

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional sources. The location of maximal atro-
phy within behavioral and/or language neural networks
determine the clinical presentation of frontotemporal
dementia (FTD) variants. Typical atrophy patterns at the
dementia stage are reported in diagnostic criteria of
behavioral variant FTD (bvFTD), semantic dementia, and
progressive non-fluent aphasia (PNFA).

2. Interpretation: This study is the first to use lifespan brain
charts of normal aging and FTD variants to provide infor-
mation about the onset and progression of the three
clinical presentations of FTD. The authors identify five
major stages of atrophy progression in each FTD vari-
ant, whereby subcortical atrophy precedes the canonical
atrophy pattern by 8-10 years.

3. Future directions: The description of these progressive
structural MRI staging schemes is of major interest in the
understanding of FTD variants pathophysiology, and in
the development of future prodromal diagnostic criteria
for bvFTD, semantic dementia, and PNFA.

sectional MRI have been previously validated using “truly” longitudinal
data in order to describe the MRI staging of brain atrophy progression
in Alzheimer’s disease.'® In the present study, the progressive pattern
of neuroanatomical variations across all three subtypes of FTD (107
bvFTD, 44 semantic dementia, and 38 PNFA) was compared to brain
charts built from 8022 MRI of healthy controls at different ages and

covering the entire lifespan.

2 | METHODS

2.1 | Standard protocol approvals, registrations,
and patient consents

All data were obtained in deidentified format upon request from exter-
nal study centers, 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/cohort was approved
by the institution review board at all sites (see the Acknowledgments

section).

2.2 | Datasets

Normal and FTD variants trajectories of brain volumes were esti-
mated thanks to the aggregation of 23 open access MRI databases.
We used a total of 8211 T1-weigthed MRIs collected on 1.5T or
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TABLE 1 Datasets description and clinical characteristics of patients.

Healthy controls

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Frontotemporal dementia

bvFTD Semantic dementia PNFA
No. of subjects 8022 107 (70 NIFD; 37 NACC) 44 (37 NIFD; 7 NACC) 38 (34 NIFD; 4 NACC)
Age (years),mean [range] 40.0[0.7-100.2] 62.4[35.1-76.3] 63.9[50-85.2] 68.3[54-81]
Gender F=4097;M =3923 F=38M=69 F=20;M=24 F=22,M=16
Global FTLD-CDR
<1 32.4% 63.6% 81.6%
>1 67.6% 36.4% 18.4%
FTLD-CDR-sb, mean(SD) - 6.13(3.5) 3.9(1.9) 2.2(1.9)
MoCA, mean (SD) = 19.5(5.7) 16.5(6.1) 19.5(6.7)

Abbreviations: bvFTD: behavioral variant frontotemporal dementia; FTLD-CDR: Frontotemporal lobar degeneration modified Clinical Dementia Rating
scale (a global score >1 indicate the stage of dementia); FTLD-CDR-sb: FTLD-CDR sum of boxes; MoCA: Montreal Cognitive Assessment; NACC: National
Alzheimer’s Coordinating Center; NIFD: Frontotemporal Lobar Degeneration Neuroimaging initiative; PNFA: progressive non-fluent aphasia; SD, standard

deviation.

3T magnets. After quality control (see below), 8022 MRIs from
healthy subjects, covering the entire lifespan (from 1 to 100 years
of age) were included in the study. The 23 cohorts with healthy
subjects were: C-MIND (n = 236, https://research.cchmc.org/c-
mind/), NDAR (n = 382, ndarnih.gov), ABIDE (n = 492 ht
tps://fcon_1000.projects.nitrc.org/indi/abide/), ICBM: (n = 294 https://
www.loni.usc.edu/ICBM/), IXI (n = 549, http://brain-development.
org/ixi-dataset/), ADNI1&2 (n = 404, ht tps://adni.loni.usc.edu),
AIBL (n = 467, www.aibl.csiro.au/), ADHD-200 (n = 544, ht
tps://fcon_1000.projects.nitrc.org/indi/adhd200/), DLBS (n = 315, ht
tps://fcon_1000.projects.nitrc.org/indi/retro/dibs.html), ISYB (n = 213,
https://www.scidb.cn/en/detail?dataSetld = 826407529641672704),
MIRIAD (n = 23, https://www.ucl.ac.uk/drc/research/research-
methods/minimal-interval-resonance-imaging-alzheimers-
disease-miriad), PPMI (n = 166, https://www.ppmi-info.org/),
PREVENT-AD (n = 307, ht tps://openpreventad.loris.ca/), Ams-
terdam open MRI collection (AOMIC_ID100 & PIOP1 & PIOP2,
n = 1361, ht tps:/nilab-uva.github.io/AOMIC.github.io/), Calgary
cohort (n = 267, h ttps://osf.io/axz5r/), CamCAN (n = 653, ht
tps://camcan-archive.mrc-cbu.cam.ac.uk/dataaccess/), PIXAR (n= 155,
https://openneuro.org/datasets/ds002228/versions/1.1.0), SALD
(n = 494, ht tps://fcon_1000.projects.nitrc.org/indi/retro/sald.html),
SRPBS (n = 791, https://bicr-resource.atr.jp/srpbsopen/), NACC
(n=161),and NIFD (n = 135).

For FTD variants, we pooled MRI from the Frontotem-
poral Lobar Degeneration Neuroimaging initiative (NIFD,
https://4rtni-ftldni.ini.usc.edu/) and the National Alzheimer’s
Coordinating Center cohort (NACC, https://naccdata.org/data-
collection/forms-documentation/ftld-3). All patients with FTD met
the international criteria for bvFTD, semantic dementia or PNFA.>¢
In order to have a population with homogeneous diagnoses, only
subjects included after 2011 in the NACC cohort and meeting the
new diagnostic criteria for bvFTD or language variants were included
in this study. We included 108 bvFTD (107 after quality control), 47

semantic dementia (44 after quality control) and 39 PNFA (38 after
quality control) (Table 1 and Figure S1).

2.3 | Image processing

All the considered T1-weighted MRI were processed with
AssemblyNet (freely available at https:/github.com/volBrain/
AssemblyNet)'” This software produces whole brain segmenta-
tion 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.l” All the images were
preprocessed to homogenize their patterns by setting them into a
common geometrical and intensity space. The preprocessing steps
started with denoising,’®1? then the images were corrected for
inhomogeneity?° and affine-registered into the Montreal Neurological
Institute (MNI) space using ANTS.2! Finally a tissue-based intensity
normalization was used.?2 For the segmentation process, the intracra-
nial cavity was segmented using DeeplCE method.?® Afterward,
structure segmentation was achieved using 250 U-Nets through a
multi-scale framework.”

All the images were automatically quality controlled using an artifi-
cial intelligence-based method RegQCNET.2* After this first selection,
a human-based multi-stage quality control procedure was performed
blinded of the subject’s group, as previously described.'*2> 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, motion arte-
fact, high distortion, or abnormal noise level was detected. Then, a
visual assessment of processing quality was carried out using the seg-
mentation report, which provides screenshots for each pipeline step.
Images were rejected after this step in case of inaccurate registra-
tion in the MNI space, inaccurate intracranial cavity extraction, missing

brain structures, or over/under-segmentation of brain structures. A
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last control was performed by individually checking all outliers (values
higher/lower than two standard deviations of the estimated model).
For each outlier, the segmentation map was re-inspected using a 3D
viewer. In case of segmentation failure, the subject was removed from
the study. A breakdown of cases excluded at each step of the quality
control stages is provided in Figure S1.

Onthe 132 structures produced by AssemblyNet following the Neu-
romorphometrics labels,2¢ we considered the 120 gray matter regions
(60 left and 60 right): 9 subcortical structures, 17 frontal gyri/lobules,
8 temporal gyri/lobules, 6 parietal gyri/lobules, 8 occipital gyri/lobules,
6 gyri in the limbic cortex, 5 sub-regions of the insular cortex, and

cerebellar gray matter.

2.4 | Statistical analyses

To compensate for the variability introduced by head size difference,
models were estimated on normalized volumes (% of total intracra-
nial volume). Moreover, we used z-score of normalized volume to
enable comparison between structures of different sizes. The normal
distribution of each normalized volume was tested using Kolmogorov-
Smirnov test at 95%. Statistics were performed with Matlab using
default parameters.

Different strategies were considered to model the trajectories of
each brain structure over time, as previously described.?> Briefly, the
candidate models were tested from the simplest to the most complex:
(1) alinear model, (2) a quadratic model, and (3) a cubic model. A model
was kept as a potential candidate only when simultaneously F-statistic
based on analysis of variance (ANOVA,; i.e., model vs. 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 providing the lowest BIC. This model selection procedure was
applied to all the considered structures.

Afterward, distances between healthy and FTD variants trajecto-
ries were computed on the estimated models. The prediction bounds
were estimated with a confidence level of 95%. A brain structure was
considered to be significantly smaller in one FTD variant compared
to healthy aging when the two structural trajectories diverged and
when their 95% confidence intervals no longer overlapped (Figure 1
and Figures S2 and S3). This approach is a conservative version of
the t-test since the t-test can be significant when 95% confidence
intervals overlap, while it is always significant when 95% confidence
intervals do not overlap.2” Then, all divergent structures were mapped
across time and space on standardized sagittal, coronal and axial MRI
planes (upper panels of Figure 2 for bvFTD, Figure 3 for semantic
dementia and Figure 4 for PNFA). Finally, the sequence of signifi-
cant divergence of the most affected brain structures (top 50% of
atrophic structures) was listed in chronological order to obtain the
MRI staging scheme of each FTD variants (lower panels of Figures 2, 3
and 4).

3 | RESULTS
3.1 | Dataset description

To study the brain volumetric trajectories of healthy controls and the
three FTD variants across the entire lifespan, we compiled several
open-access databases to construct four datasets. Their composition
and characteristics are described in Table 1. The patients with FTD
included in the study represented a large spectrum of disease severity,
from mild cognitive or behavioral impairment with relatively pre-
served functional independence (global FTLD-CDR < 1) to dementia
(global FTLD-CDR > 1). The mean Montreal Cognitive Assessment
(MoCA\) ranged from 16.5/30 to 19.5/30 depending on the group, with
large standard-deviations (5.7-6.7), also suggesting a wide spectrum of
disease severity (Table 1).

After quality control, 8022 MRI from healthy controls remained for
the analyses and 107 MRI from patients with bvFTD, 44 MRI from
patients with semantic dementia, and 38 MRI from patients with PNFA.
We built our lifespan FTD models by combining MRI of patients with
FTD with MRI of healthy controls because we assume that neurode-
generation is slow and progressive with smooth brain atrophy. Because
54 years was the maximum of the minimum age between FTD variants,
we combined MRI of patients with FTD with 5699 MRI of healthy con-
trols younger than 54 (all the subjects younger than 54 in the 8022
that were used for healthy aging models). In more detail, when build-
ing lifespan volumetric models for bvFTD, we used healthy controls for
ages between 1 and 35; we mixed healthy controls and patients with
bvFTD for ages between 35 and 54; and we used only patients with
bvFTD for ages superior to 54. For semantic dementia models, we used
healthy controls for age between 1 and 50, we mixed healthy controls
and patients with semantic dementia for ages between 50 and 54; and
we used only patients with semantic dementia for ages superior to 54.
For PNFA models, we used healthy controls for ages between 1 and 54,
and we used only patients with PNFA for ages superior to 54. There-
fore, the parametric FTD models could be constrained over the entire
lifespan.2®

3.2 | Identification of brain structures diverging
between healthy subjects and FTD variants
trajectories

Figures S1 and S2 show, respectively, the 35 left brain structures and
the 33 right brain structures (out of the 60 gray matter structures
per hemisphere we have tested using AssemblyNet) that significantly
diverged during lifespan between normal aging brain charts and at
least one FTD variants. The three most affected structures over time
(peak atrophy) were the right caudate, the right accumbens, and the
left accumbens in bvFTD (distance between healthy aging model and
bvFTD trajectory at 90 years old = 9.2, 8.8 and 8.4, respectively); the
left inferior temporal gyrus, left accumbens, and left hippocampus in
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in blue, SD in green, and PNFA in red). Only the most relevant subcortical and “canonical” cortical structures (i.e. cortical regions involved in

behavioral and/or language networks and usually described in FTD diagnostic criteria) are represented here (among 35 left brain structures and 33
right brain structures that significantly diverged during lifespan between normal aging brain charts and at least one FTD variants, see Figures S2
and S3). Black dots represent all healthy individuals and color dots FTD patients. The color curves represents the distance between the healthy and
pathological models. The prediction bounds of the models are estimated with a confidence level at 95%. The blue (for bvFTD), green (for SD), and
orange (for PNFA) areas indicate the time period where confidence intervals of both models do not overlap. bvFTD, behavioral variant of FTD; CN,

cognitively normal; FTD, frontotemporal dementia; PNFA, progressive non-fluent aphasia; SD, standard deviation.

semantic dementia (distance = 8.1, 7.1, and 6.5); and the left accum-
bens, right accumbens, and left anterior insula in PNFA (distance = 4.2,
3.5, and 3.4). A total of 56 structures (left or right) were significantly
smaller than controls in bvFTD, 33 in semantic dementia, and 25 in
PNFA.

Figures S2 and S3 also showed that 22 brain structures were
affected only in bvFTD (left and right [anterior, posterior, lateral, and
medial] orbital gyrus, right inferior frontal gyrus, right middle frontal
gyrus, left superior frontal gyrus, left and right medial frontal cor-

tex, left and right frontal pole, right frontal operculum, right gyrus
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The MRI staging of bvFTD
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FIGURE 2 The MRI staging scheme of structural progression of bvFTD. The upper panel maps the progression of atrophy in the three axis
(radiological convention, all brain structures identified in Figures S2 and S3). The lower panel is a timeline representing the sequential divergence
of the most atrophic structures (top 50%) between healthy and bvFTD trajectories. The effect-size of structural divergence is color-coded
according to the bar at the bottom right of the figure. bvFTD, behavioral variant of FTD.

rectus, left anterior cingulate gyrus, right middle cingulate gyrus,
left and right pallidum, and right thalamus). Five structures were
specifically affected in semantic dementia (left entorhinal cortex, left
parahippocampal gyrus, left fusiform gyrus, left middle temporal gyrus,
left superior temporal gyrus) and five in PNFA (left and right sup-
plementary motor cortex, left parietal operculum, right precuneus,
and right cuneus). A contrario, 13 brain structures were significantly
affected in all three variants (bilateral amygdala, bilateral insula, bilat-
eral accumbens, bilateral putamen, left caudate, left thalamus, left
central operculum, left gyrus rectus, and right anterior cingulate
gyrus).

We summarized these findings in Figure 1, where we present the
most relevant subcortical and “canonical” cortical structures (i.e., cor-
tical regions involved in behavioral and/or language networks and

usually described in diagnostic criteria).

3.3 | MRI staging scheme of bvFTD, semantic
dementia, and PNFA

We mapped in time and space on standardized brains the divergence
of FTD variants volumetric trajectories from normal aging trajectories
(upper panels in Figures 2, 3 and 4). For each FTD variant, we also
built timelines highlighting the sequential divergence of the top 50%
atrophic structures in bvFTD, semantic dementia, and PNFA (lower
panelin Figures 2, 3, and 4). Schematically, when regrouping anatomical
structures, five major stages of atrophy progression emerged in each
FTD variant:

1. For bvFTD: (1) bilateral amygdala; (2) bilateral striatum; (3) bilat-
eral anterior insula; (4) bilateral hippocampus and thalamus; and (5)
right temporal pole and middle temporal gyrus, bilateral prefrontal
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The MRI staging of semantic dementia
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FIGURE 3 The MRI staging scheme of structural progression of semantic dementia. The upper panel maps the progression of atrophy in the
three axis (radiological convention, all brain structures identified in Figures S2 and S3). The lower panel is a timeline representing the sequential
divergence of the most atrophic structures (top 50%) between healthy and semantic dementia trajectories. The effect-size of structural divergence

is color-coded according to the bar at the bottom right of the figure.

cortex (gyrus rectus, inferior frontal gyrus), orbital gyri, and frontal
poles.

2. For semantic dementia: (1) bilateral amygdala; (2) left temporal
pole, left hippocampus, and left anterior insula; (3) left middle tem-
poral gyrus and striatum; (4) other left temporal structures; and (5)
right-lateralization of temporal atrophy.

3. For PNFA: (1) left striatum; (2) bilateral anterior insula; (3) left tha-
lamus; (4) left (and then right) operculum; and (5) left precuneus and

cuneus.

In the three MRI staging schemes, subcortical atrophy precedes
focal cortical atrophy in specific behavioral and/or language net-
works classically described in diagnostic criteria of bvFTD, semantic

dementia, and PNFA.>¢ These “radiological” prodromal phases can be

measured as the time elapsed between the first significantly atrophied
brain structure and the onset of the classical atrophy pattern. The
“radiological” prodromal phase lasted 8 years in bvFTD (time between
right amygdala atrophy and right insular atrophy), 10 years in semantic
dementia (time between left amygdala atrophy and left temporal pole
atrophy), and 8 years in PNFA (time between left putamen atrophy and
left insular atrophy) (Figures 2, 3 and 4).

4 | DISCUSSION

In this study, we combined multiple large-scale MRI databases and
whole-brain segmentation of fine-grained structures using a large

ensemble of deep neural networks to describe the first exhaustive
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The MRI staging of PNFA
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FIGURE 4 The MRI staging scheme of structural progression of PNFA. The upper panel maps the progression of atrophy in the three axis
(radiological convention, all brain structures identified in Figures S2 and S3). The lower panel is a timeline representing the sequential divergence
of the most atrophic structures (top 50%) between healthy and PNFA trajectories. The effect-size of structural divergence is color-coded
according to the bar at the bottom right of the figure. PNFA, progressive non-fluent aphasia.

chronological structural progression of FTD variants over decades.
We also described the differential severity of volumetric structure
alterations. We found in all the three FTD variants that subcortical
atrophy precedes focal cortical atrophy in specific behavioral and/or
language networks. The canonical atrophy patterns of the three FTD
variants appear relatively late during disease progression and there is
a whole prodromal phase where subcortical atrophy predominates. In
bvFTD, amygdalar and striatal atrophy precedes the fronto-temporo-
insular atrophy described in diagnostic criteria.® Likewise, (bilateral)
amygdalar atrophy precedes left temporo-polar atrophy in semantic
dementia and left striatal atrophy precedes left fronto-insular (opercu-
lar) atrophy in PNFA.® We estimate that this “radiological” prodromal
phase lasted 8 to 10 years. Furthermore, the most severely affected

structures during the entire course of the three FTD variants are also

these subcortical structures (and particularly the nucleus accumbens,
in all three subtypes). Our results also show that in the later stages of
FTD, a relative posterior extension of atrophy is possible, toward the
precuneus and the cuneus (at least in PNFA). Atrophy is less severe and
more circumscribed in PNFA than in bvFTD and semantic dementia.
Our findings using lifespan modeling in bvFTD are consistent with
a recent meta-analysis of conventional transversal volumetric MRI
studies where amygdala, striatum and anterior insula were among
the structures most commonly reported to be affected compared to
controls.28 Outstanding subcortical involvement was also described in
bvFTD using deformation-based morphometry?? and was related to
ventricular expansion, which can differentiate bvFTD and Alzheimer’s
disease.?C In longitudinal MRI studies, greater rates of atrophy in the

thalamus and the striatum were also reported in bvFTD compared to
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Alzheimer’s disease.3! We report here that this subcortical patholog-
ical process is both early and severe during the course of bvFTD and
is also found in semantic dementia and PNFA. These subcortical struc-
tures have many anatomical and functional connections with cortical
areas. It will be interesting to test in future studies whether they may
be differential “epicenters” of the pathological spreading of sporadic
FTD variants,3? because the neural network probably shapes atrophy
patterns in FTD.33

Before full-blown FTD syndromes appear, our results suggest that
first subtle cognitive, behavioral and/or language impairments may be
linked to subcortical involvements rather than the “prototypical” or
“canonical” cortical atrophy pattern described at the dementia stage.3*
Indeed, the striatum, the insula, and the amygdala are known to be
involved in reward processing and motivation.3> Within the striatum,
the important vulnerability of the nucleus accumbens in all three sub-
types is for instance an interesting anatomical correlate of apathy and
impulsivity that can be found in every FTD variant.3¢ Our results are
also in line with a recent study showing that patients with bvFTD or
semantic dementia exhibit early anhedonia, associated with insular
and striatal atrophy.3” The subcortical prodromal phase of atrophy,
associated with early anhedonia, apathy, or impulsivity are poten-
tial early markers of FTD for future imaging-supported diagnostic
criteria.

The NIFD and NACC imaging databases used in the present study
included sporadic forms of FTD (or patients with unknown genetic
background). However, our findings interestingly echo recent anatom-
ical work in presymptomatic carriers of FTD-causative mutations
where massive atrophy was described in subcortical structures up to
20 years before disease onset.”1%11.12 Sybcortical atrophy might be
more important in C9orf72 carriers than in MAPT or GRN mutation car-
riers, with a particular vulnerability of the thalamus and to a lesser
extent, the amygdala.®® Our methodological approach to describe the
preclinical and prodromal stages of FTD variants at the anatomical
level using brain charts is complementary to these articles focus-
ing on morphological brain changes in presymptomatic FTD-mutation
carriers. In these cohorts of genetic FTD, it will be interesting to
investigate whether early subcortical atrophy explain the distinct tem-
poral progression patterns of cortical atrophy recently identified using
machine-learning (Subtype and Stage Inference, SuStaln).3?

One of the strength of our study is to assess the volumetric pro-
gression of FTD variants at the whole-brain level, with a full screening
of the diverging brain areas across lifespan between healthy subjects
and patients with sporadic FTD. Our methodological approach offers
new pathophysiological insights compared to the traditional longitudi-
nal MRI analyzes that only cover heterogeneous and limited periods
of disease development. An important advantage of our approach is
also to provide standardized effect-sizes to quantify neuroanatomical
divergence (i.e., atrophy) between healthy subjects and patients with
FTD. Furthermore, our study compare “back-to-back” bvFTD, semantic
dementia, and PNFA, identifying both in time and space the similar-
ities and anatomical differences between FTD variants. For instance,
we have shown that early subcortical atrophy was common to all FTD

syndromes but that 22 brain structures were specifically affected in

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

bvFTD, 5 specifically in semantic dementia, and 5 specifically in PNFA.
These specific anatomical damages are intimately correlated to the
definition of these clinical syndromes.®

We hope that these three MRI staging schemes will help in the early
diagnosis of patients and that they will change the current paradigm
according to which diagnostic MRl is frequently considered “negative”
at early stages in FTD.%° Beyond the anatomical description that we
report here, it will be interesting in the near future to develop a novel
framework for automatic FTD detection using normative and patholog-
ical lifespan models, as we previously did for Alzheimer’s disease with
the hippocampal-amygdalo-ventricular atrophy score.*!

Regarding the limitations of this study, we regret the absence of
a group with right temporal FTD, but this fourth variant of FTD
is still equivocal and not present in current international diagnostic
criteria.*2 Therefore, it is not listed in databases such as NACC and
NIFD. We also acknowledge the lack of genetic or neuropathologi-
cal information regarding the patients included in our brain charts
of FTD variants. It prevents us from drawing conclusions about cor-
relations between atrophy progression and neuropathology (tau or
TDP-43 proteinopathies). Thus, the MRI staging presented here must
be seen as the “average” anatomical staging of FTD clinical syndromes
and not as an aetiologic/pathologic staging of frontotemporal lobar
degenerations.! Furthermore, it is important to stress that these three
MRI staging schemes only represent lifespan models of brain atro-
phy in FTD, but not models of clinical progression. Moreover, we
must keep in mind that the pathological dynamic volumetric tra-
jectories reported here are based on cross-sectional MRI collected
on symptomatic patients with mild cognitive/behavioral impairment
or dementia. Although we have previously validated this methodol-
ogy over limited periods covered by longitudinal data in Alzheimer’s
disease,!® our findings can still be considered preliminary, and grounds
for future studies in FTD.

To conclude, we have modeled the global structural progression of
bvFTD, semantic dementia, and PNFA over the entire course of these
diseases. We found that in all three FTD variants, subcortical atrophy
precede focal cortical atrophy in specific behavioral and/or language
networks. Amygdalar and striatal atrophy may be the anatomical cor-
relates of early cognitive, behavioral, and/or language impairments and
may be good candidate biomarkers for future definitions of preclinical

and prodromal FTD syndromes.
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