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ABSTRACT

Background: Frontotemporal dementia (FTD) encompasses diverse clinical phenotypes, primarily characterized by behavioral
and/or language dysfunction. A newly characterized variant, semantic behavioral variant FTD (sbvFTD), exhibits predominant
right temporal atrophy with features bridging behavioral variant FTD (bvFTD) and semantic variant primary progressive apha-
sia (svPPA). This study investigates the longitudinal structural MRI correlates of these FTD variants, focusing on cortical and
subcortical structural damage to aid differential diagnosis and prognosis.

Methods: Seventy-one FTD patients (bvFTD =45, sbvFTD =11, svPPA =15) and 37 healthy controls participated in a prospec-
tive study involving up to 24 months of serial neurological, neuropsychological, and 3T MRI assessments. Cortical thickness and
subcortical/cerebellar volumes were analyzed with linear mixed-effect models. Support vector machine (SVM) models were used
to classify subjects using baseline and longitudinal patterns of structural damage.

Results: At baseline, sbvFTD showed right-predominant temporal pole involvement associated with significant right frontal
atrophy. Longitudinally, bvFTD showed widespread bilateral cortical and basal ganglia damage, svPPA demonstrated steady
temporal lobe progression, and sbvFTD progressed primarily in left temporal and frontal regions with limited right hemisphere
involvement. Baseline cortical thickness of frontal regions predicted subsequent functional decline in bvFTD and sbvFTD. A
multiclass SVM model provided a good diagnostic classification accuracy, with similar results when using baseline data only
(82%) and adding longitudinal data (83%).
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Conclusions: This study delineates the unique structural MRI features and progression of FTD variants, highlighting sbvFTD
as a distinct entity with early extra-temporal involvement. These findings support the development of diagnostic and prognostic

tools leveraging neuroimaging biomarkers.

1 | Introduction

Frontotemporal dementia (FTD) poses a diagnostic challenge
due to overlapping clinical presentations and heterogeneous neu-
ropathological substrates [1]. Novel diagnostic entities and up-
dated classification criteria help clinicians navigate this complex
spectrum [2]. It is now recognized that diagnostic accuracy can
be significantly improved by combining clinical knowledge with
quantitative measures of pathology, including advanced neuro-
imaging [3]. Extensive research has been conducted in this area,
bringing about outstanding progress in the understanding of the
anatomical and functional correlates of the FTD syndromes.

In recent years, it has become clear that atrophy in the non-
dominant anterior temporal lobe presents with a unique clinical
profile that might not fit the current diagnostic criteria for seman-
tic variant primary progressive aphasia (svPPA) [4], nor those for
behavioral variant of FTD (bvFTD) [5]. Recent efforts have been
made to provide a systematic overview of this condition, character-
ized by early behavioral alterations and socioemotional semantic
deficits [6, 7] and variably defined as ‘right temporal variant FTD’,
‘FTD with right anterior temporal predominance’ [6], or ‘semantic
behavioral variant FTD (sbvFTD)’ [8].

This study aimed to assess and compare the longitudinal struc-
tural MRI correlates of bvFTD, svPPA, and sbvFTD, reinforcing
the view of sbvFTD as a distinct clinicopathological entity. The
study aims to identify consistent imaging biomarkers to improve
the accuracy of FTD diagnosis, enhance prognostic assessments,
and support the proper classification of patients for inclusion in
clinical trials evaluating disease-modifying treatments.

2 | Methods

Participants or their caregivers provided written informed con-
sent, and the study received approval from the local ethics com-
mittee in accordance with the Declaration of Helsinki.

2.1 | Participants

For this prospective, multicenter study, participants were selected
among 283 patients with a suspected diagnosis of the FTD/motor
neuron disease spectrum who were referred to four specialized
clinics in Lombardy, Italy, and underwent brain MRI on a 3 Tesla
scanner between March 2017 and July 2022. Of these, 65 patients
met the diagnostic criteria of bvFTD [5], 25 those of svPPA [4], and
15 were classified as sbvFTD according to the proposed guidelines
[8]. Two patients with a bvFTD diagnosis and concurrent motor
neuron disease signs were excluded to avoid confounding effects.
Patients underwent periodic follow-up visits including the same
assessments approximately on a 6-month basis. Only patients with
at least two good-quality longitudinal MRI scans were included.
Exclusion criteria included significant medical, psychiatric, or

neurological conditions and widespread cerebrovascular disease.
Ultimately, 45 bvFTD, 15 svPPA, and 11 sbvFTD patients under-
went further analyses (Figure S1 and Table 1). Of these, 37 un-
derwent cerebrospinal fluid analysis (24 bvFTD, 5 svPPA and 8
sbvFTD), confirming no Alzheimer-like biomarker signature, as
indicated by a pTau/Af342 ratio >0.13 [9]. Genetic testing results
for C9orf72, GRN, and MAPT genes were available for all but three
subjects (2 bvFTD, 1 sbvFTD). Thirty-seven healthy controls were
recruited among patients’ spouses or by word of mouth. All sub-
jects were followed up on a 6-month basis for a period of up to
24months (median follow-up time=16.9months; mean number
of MRI scans=3.24). Demographics and clinical features of pa-
tients and controls at baseline are shown in Table 1 (see Data S1 for
details). Baseline clinical data of the present longitudinal cohort
(100%) were previously reported [7].

2.2 | MRI Analysis

Participants underwent serial brain MRI scans on the same 3T
scanner (Philips Medical Systems, Best, the Netherlands) [10].
The protocol is detailed in the Data S1.

2.2.1 | Cortical Thickness Analysis

Cortical reconstruction and estimation of cortical thickness were
performed on the 3D T1-weighted TFE images using FreeSurfer,
version 5.3 [11]. The serial MRI images from each subject were
processed with the FreeSurfer longitudinal stream [12]. Further
methodological details are provided in the Data S1.

2.2.2 | Subcortical, Hippocampal and Cerebellar
Volume Analysis

Volumes of the bilateral caudate, pallidum, putamen, thalamus,
and hippocampus were obtained using the FIRST tool in FSL
[13]. For extraction of cerebellar volumes, the SUIT toolbox was
used [14-16]. Subcortical gray matter (GM) volumes and cerebel-
lar volumes were multiplied by the normalization factor derived
from SIENAX to correct for individual head size [17].

For both cortical thickness and volumetric analyses, visual in-

spection of segmentation outputs was performed to ensure the
accuracy of the results.

2.3 | Statistical Analysis

2.3.1 | Demographic, Clinical
and Neuropsychological Data

Demographic and clinical parameters were compared using
ANOVA models, while categorical variables were analyzed with
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TABLE1 | Demographics and clinical features of FTD patients and healthy controls at baseline.

bvFTD (n=45) sbvFTD (n=11) svPPA (n=15) HC (n=37) p-
Age 65.1+8.1 61.6 +8.7 (48.4-77.1) 64.2+9.8 61.5+9.3 0.23
(36.5-79.8) (42.1-75.3) (40.7-77.8)
Sex (M/F) 29/16 6/5 7/8 15/22 0.12
Education (years) 10.5+3.5 (3-19) 10.3+4.6 (5-21) 13.7+3.3(5-17) 12.6+4.1 (5-21) 0.03
Disease duration (years) 3.2+1.8(0.9-8.9) 2.5+1.27(0.1-4.8) 5.6+4.6 — 0.005%b
(1.1-20.2)
ADL (/6) 5.1+1.5(1-6) 5.7+0.7 (4-6) 5.6+0.7 (4-6) — 0.21
IADL (/8) 6.7+2.3(0-8) 6.6+2.5(0-8) 6.9+2.2 (0-8) — 0.97
CDR 1.4+ 1.3 (0-6) 1+0.8 (0-2) 1+0.7 (0-2) — 0.72
CDR-sb 6.3+4.7 (1-17) 5.0+4.6 (1-14) 6.842.9 (2-11) — 0.75
CDR plus NACC FTLD-sb 8.4+6.3(1-23) 7.6 £6.8 (3-18) 5.9+4.8 (1-14) — 0.60
MMSE (/30) 23+6.2 (6-30) 26.6+2.6 (22-30)  20.9+8.1(5-30) 29.2+0.9 (27-30) <0.001>d
FAB (/18) 10.9+4 (2-17) 12.9+3.3 (5-16) 12.1+5.1(0-17) — 0.23
NPI (/144) 29.3+19.6 (3-74) 21.1+23 (4-76) 20.2+14.9 — 0.26
(3-46)
CSF amyloid 342 (ng/L) 885.1+£319.4 760.8 £216.8 773.4+£268.2 — 0.51
(528-1619) (492-1123) (430-1091)
CSF total tau (ng/L) 330.3£161.9 271.4+106.7 258.6+£77.3 — 0.44
(95-451) (130-484) (175-356)
CSF p181-tau (ng/L) 40.18 +17.2 32.1+7.1 (21-39) 29.3+6.7 — 0.32
(15-65) (23-38)
Genetic mutation status (n, 12 (26%)
% positive)
GRN (9), c90rf72 (2), MAPT 2 (18%)

@ c9orf72 (1)
MAPT (1) 1(6%) MAPT (1)

Note: Mean +standard deviation (min. value-max. value) are reported. p values refer to ANOVA model, followed by Bonferroni post hoc test for multiple comparisons
(number of comparisons =14), or Fisher's exact test, as appropriate. a=p <0.05 bvFTD vs. svPPA; b=p <0.05 sbvFTD vs. svPPA; c=p <0.05 bvFTD vs. HC; d=p <0.05

svPPA vs. HC.

Abbreviations: ADL =activities of daily living, bvFTD =behavioral variant frontotemporal dementia, CDR =clinical dementia rating, CDR plus NACC FTLD =clinical
dementia rating for frontotemporal dementia, CDR-sb =clinical dementia rating sum of boxes, CSF =cerebrospinal fluid, HC =Healthy Controls, IADL =instrumental
activities of daily living, NPI=neuropsychiatric inventory, sbvFTD =semantic behavioral variant FTD, svPPA =semantic variant primary progressive aphasia. Bold is

for significant values.

chi-square tests. Neuropsychological scores at baseline were as-
sessed with ANCOVA models adjusted for age, sex, education,
and CDR plus NACC FTLD. Pairwise post hoc comparisons were
Bonferroni-corrected for multiple comparisons (i.e., number of
variables), with statistical significance set at p<0.05/m, where m
represents the number of comparisons performed. Longitudinal
changes in CDR plus NACC FTLD scores and neuropsycholog-
ical variables were analyzed using linear mixed effects models,
with age, sex, education, baseline CDR plus NACC FTLD, and
follow-up time as covariates. Analyses were performed in R
Software (v4.3.2).

2.3.2 | Cross-Sectional and Longitudinal GM
Structural Analysis

Baseline cortical thickness and subcortical, hippocampal, and
cerebellar volumes were compared using ANCOVA models

adjusted for age, sex, education, and CDR plus NACC FTLD.
Pairwise group comparisons were Bonferroni-corrected for
multiple comparisons. Longitudinal changes in these measures
were evaluated with linear mixed effects models, incorporating
visit timepoint, age, sex, education, baseline CDR plus NACC
FTLD, and follow-up time as predictors. Pairwise comparisons
of estimated trends were Bonferroni-corrected for multiple
comparisons. Analyses were performed in R Software (v4.3.2).
For descriptive purposes, cross-sectional and longitudinal
vertex-by-vertex analyses were also performed in FreeSurfer,
FDR-corrected for multiple comparisons (see Data S1).

2.3.3 | MRI Predictors of Clinical Progression
Baseline GM values of FTD patients were normalized relative to

controls and input into linear regression models to assess their
utility to predict annualized changes in CDR plus NACC FTLD
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(%). Log-transformed CDR plus NACC FTLD values were used
in linear mixed effects models, and regression coefficients were
back-transformed to express predictors’ effects as percentage
change. Analyses were performed in R Software (v4.3.2).

2.3.4 | Classification Models

To compare the utility of cross-sectional vs. longitudinal atrophy
patterns for differential diagnosis of FTD variants, we used a
pipeline that has been previously described [18] applying unsu-
pervised and supervised machine learning (ML). Baseline corti-
cal thickness and subcortical volumes were input into a support
vector machine (SVM) classifier after principal component anal-
ysis (PCA) reduced input feature complexity. A similar approach
was applied for longitudinal classification using baseline and
follow-up measures. Regional weights for the first components
were extracted to visually verify the consistency with disease-
specific patterns (Figure S2). Classification performance was
assessed with stratified 10-fold cross-validation, and SVM hy-
perparameters were optimized via Grid Search. Analyses were
conducted in Python using scikit-learn.

3 | Results

3.1 | Clinical, Genetic and Neuropsychological
Findings

3.1.1 | Baseline Analysis

At baseline, the study groups were comparable in age and sex
(Table 1), though bvFTD patients had slightly lower education
levels compared to controls and svPPA. Disease duration was
longer in svPPA patients than in other patient groups. CDR plus
NACC FTLD scores at baseline were similar across FTD groups.
Genetic analysis revealed pathogenic variants in 12 bvFTD
patients (GRN=9, C9orf72=2, MAPT=1), 2 sbvFTD patients
(C90rf72=1, MAPT =1), and 1 svPPA patient (MAPT).

Neuropsychological assessments (Table S1) revealed significant
cognitive deficits across all FTD groups compared to healthy
controls in memory, attention, executive functions, language,
and social cognition. bvFTD patients exhibited pronounced ex-
ecutive and visuospatial deficits, sSvPPA patients were severely
impaired in naming and comprehension, and sbvFTD patients
had milder language impairments than svPPA.

3.1.2 | Longitudinal Analysis

All FTD groups showed cognitive and functional decline over
time, with worsening CDR plus NACC FTLD, MMSE, and sev-
eral measures of memory, executive, language, and behavioral
impairment (Table S2). The rate of decline in CDR plus NACC
FTLD scores was comparable across FTD groups.

Of note, patients with sbvFTD showed a significant decline in
measures of both attentive-executive (i.e., Trail Making Test, at-
tentive matrices, semantic fluency) and linguistic functions (i.e.,
token test).

3.2 | Cortical Thickness
3.2.1 | Baseline Analysis

Compared to healthy controls, bvFTD patients displayed sig-
nificant cortical thinning in almost all right frontal and tem-
poral regions, left superior frontal and orbitofrontal cortices,
and right supramarginal gyrus (Figures 1a, S3, Tables S3, S4).
sbvFTD patients exhibited severe thinning in the right hemi-
sphere, including temporal, frontal (orbitofrontal, superior
frontal), inferior parietal, and insular regions, along with the
left temporal regions (temporal pole, entorhinal, inferior tem-
poral) (Figure 1b). svPPA patients showed bilateral temporal
thinning with left-sided predominance, affecting the bilateral
insula (left>right), left orbitofrontal, and left lateral occipital
regions (Figure 1c).

Compared to bvFTD, sbvFTD demonstrated greater thin-
ning in the right temporal regions and left fusiform gyrus
(Figure 1d). svPPA showed greater thinning than bvFTD in
the left hemisphere, including the entorhinal cortex, fusiform
gyrus, temporal regions, and frontal pole, whereas bvFTD
showed greater thinning in the right pars orbitalis (Figure 1e).
Compared to svPPA, sbvFTD had reduced cortical thickness
in the right fusiform and temporal gyri, while svPPA showed
more extensive thinning of the left fusiform gyrus, temporal
gyri, temporal pole, insula, and medial orbitofrontal cortex
(Figure 1f).

3.2.2 | Longitudinal Analysis

Compared to healthy controls, bvFTD showed faster progression
of cortical thinning over time, predominantly in the right tempo-
ral lobe (entorhinal cortex, fusiform gyrus, inferior and middle
temporal gyri), as well as in right frontal and bilateral parietal
regions (Figure 2a, Figure S4, Tables S7, S8). sbvFTD exhibited
more rapid progression in bilateral temporal lobes with a left-
sided predominance (Figure 2b). sbvFTD also showed greater
progression in the left lateral orbitofrontal cortex and left supra-
marginal gyrus. svPPA displayed accelerated thinning of bilat-
eral temporal lobes with right-sided predominance, involving
the fusiform gyrus, parahippocampal cortex, and temporal pole
(Figure 2c).

Comparing FTD variants, sbvFTD showed more rapid progres-
sion in the left temporal lobe compared to bvFTD and in the left
entorhinal cortex, fusiform gyrus, and temporal pole compared
to svPPA (Figure 2d,e, Table S7). No significant differences were
observed between bvFTD and svPPA. Patients with bvFTD or
svPPA did not display regions with greater progression compared
to sbvFTD.

3.3 | Subcortical and Hippocampal Volumes
3.3.1 | Baseline Analysis
At baseline, bvFTD patients showed significantly reduced vol-

umes in the bilateral caudate nuclei, putamina, hippocampi, and
right thalamus compared to controls (Figure 3a and Table S5).
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b. sbvFTD vs
HC

&2

c.svPPAvs
HC

d. bvFTD vs
sbvFTD

e.bvFTDvs
svPPA

f. sbvFTD vs
svPPA

p-value for bvFTD p-value for sbvFTD p-value for
more atrophic more atrophic svPPA more
atrophic
< 0.001 < 0.001 < 0.001
0.001 < p <0.005 0.001 < p < 0.005 0.001 < p < 0.005
0.005 < p < 0.01 0.005 < p < 0.01 0.005 < p < 0.01
001 <p< 005 001 <p< 005 001 <p<0.05

FIGURE1 | Baseline patterns of cortical thinning in FTD variants. Only significant comparisons are reported (p <0.05, Bonferroni correction).

BVFTD =behavioral variant frontotemporal dementia, HC =healthy control, sbvFTD =semantic behavioral variant frontotemporal dementia, svP-

PA =semantic variant primary progressive aphasia.

sbvFTD patients exhibited lower volumes in the right putamen,
right thalamus, and bilateral hippocampi (Figure 3b), while
svPPA patients displayed reduced volumes in the left putamen
and left hippocampus (Figure 3c).

In comparisons among FTD variants, bvFTD patients had
smaller left caudate volumes compared to sbvFTD (Figure 3d)
and reduced right caudate and thalamic volumes compared to
svPPA (Figure 3e). No regions had smaller volumes in sbvFTD or
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a.bvFTD vs
HC

b. sbvFTD vs
HC

c.svPPAvs
HC

d. bvFTD vs
sbvFTD

e. sbvFTD
vs svPPA

p-value for bvFTD
more atrophic

p-value for sbvFTD
more atrophic

p-value for
svPPA more

atrophic
<0001 <0.001 <0.001
0.001 < p < 0.005 0.001 < p < 0.005 0.001 < p < 0.005
0.005 < p < 0.01 0.005 <p < 0.01 0.005 < p < 0.01
0.01 <p <0.05 0.01<p <005 0.01 <p <005

FIGURE 2 | Longitudinal progression patterns of cortical thinning in FTD variants. Only significant comparisons are reported (p<0.05,

Bonferroni correction). BVvFTD =behavioral variant frontotemporal dementia, HC = healthy control, sbvFTD =semantic behavioral variant fronto-

temporal dementia, svPPA =semantic variant primary progressive aphasia.

svPPA compared to bvFTD. sbvFTD patients showed decreased
right hippocampal volume relative to svPPA, while svPPA had
reduced left putamen volume compared to sbvFTD (Figure 3f).

3.3.2 | Longitudinal Analysis

Compared to healthy controls, bvFTD patients showed faster atro-
phy progression in the bilateral pallidum, putamen, and thalamus
(Figure 4a and Table S9). sbvFTD demonstrated accelerated atro-
phy in the bilateral putamen and thalamus, left hippocampus, left
pallidum, and right caudate (Figure 4b). svPPA showed more rapid
atrophy in the left putamen and right hippocampus (Figure 4c). No
significant differences in the rate of subcortical or hippocampal
atrophy progression were found between FTD subtypes.

3.4 | Cerebellar Volumes
No significant differences were found among study groups for

either the cross-sectional (Table S6) or longitudinal analyses of
cerebellar volumes (Table S10).

3.5 | Predictors of Clinical Progression Over Time

In bvFTD, baseline cortical thickness in frontal regions such
as the orbitofrontal cortex, inferior frontal gyrus, and superior
frontal cortex significantly predicted progression of CDR plus
NACC FTLD scores over time (Figure 5a and Table S11). In
sbvFTD, predictive regions included both left and right frontal
areas, such as the orbitofrontal cortex, anterior cingulate, and
superior frontal cortex (Figure 5b). No cortical or subcortical re-
gions were significant predictors in svPPA, and subcortical, hip-
pocampal, and cerebellar volumes did not predict progression
in any group.

3.6 | ML Classification Analysis

The SVM models using cross-sectional MRI data achieved ex-
cellent accuracy in distinguishing healthy controls from FTD
variants (90%-100%), differentiating between FTD variants
(80%-97%), and classifying all groups (82.2%) (Table 2). When
incorporating both cross-sectional and longitudinal MRI data,
classification accuracy remained high (82%-100%), with the
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a.bvFTDvs HC

b. sbvFTD vs HC

c.svPPAvs HC

d. bvFTD vs sbvFTD

e. bvFTD vs svPPA

L R

f. sbvFTD vs svPPA

L R L R L R
p-value for bvFTD p-value for p-value for
more atrophic sbvFTD more svPPA more
atrophic atrophic

<000 <0.001 <0001
0.001 < p <0005 0.001 < p <0.005 0001 <p <0.005
0.005 <p <001 0005 <p <001 0005 <p<001
001<p<005 001 <p<005 001 <p<005

FIGURE3 | Baseline patterns of subcortical and hippocampal volumetric alterations in FTD variants. Only significant comparisons are reported
(p<0.05, Bonferroni correction). BvFTD =behavioral variant frontotemporal dementia, HC = healthy control, sbvFTD =semantic behavioral variant
frontotemporal dementia, svPPA =semantic variant primary progressive aphasia.

quaternary model for classification among all study groups im-
proving slightly to 83%.

4 | Discussion

In this longitudinal study, we described the clinical and struc-
tural brain MRI trajectories of three variants of the FTD spec-
trum. For each variant, we delineated baseline patterns of GM
loss and estimated longitudinal patterns of structural damage
spread over time, highlighting measures with a significant
importance for prognostic prediction of disease progression
and for differential diagnosis among these partially overlap-
ping clinical variants. Besides the well-recognized bvFTD

and svPPA, our cohort also included patients with a clinical
diagnosis of sbvFTD [8]. Our study provides a contribution to
the ongoing scientific effort aimed at precisely defining the
distinctive neuroanatomical and clinical characteristics of
sbvFTD.

The baseline cognitive profiles of FTD patients were consis-
tent with the definition criteria of bvFTD and svPPA [4, 5]
and previous studies on sbvFTD [6-8] as reported in the re-
cent cross-sectional study describing clinical and neuropsy-
chological findings of the same cohort [7]. FTD patient groups
exhibited similar baseline global disease severity, sharing mul-
tidomain cognitive deficits. However, sbvFTD patients showed
relative preservation in verbal working memory, selective
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FIGURE4 | Longitudinal progression patterns of subcortical and hippocampal volumetric alterations in FTD variants. Only significant compar-

isons are reported (p <0.05, Bonferroni correction). BVFTD =behavioral variant frontotemporal dementia, HC = healthy control, sbvFTD =semantic

behavioral variant frontotemporal dementia, svPPA =semantic variant primary progressive aphasia.

attention, confrontation naming, and language comprehension.
Longitudinally, all groups demonstrated comparable declines in
CDR plus NACC FTLD and behavioral measures. Specifically,
sbvFTD patients experienced combined declines in attentive/
executive and language functions, while bvFTD showed gener-
alized cognitive deterioration and svPPA exhibited isolated lin-
guistic decline.

The neuroanatomical patterns of GM structural damage in the
three FTD variants aligned with their respective clinical pro-
files. At baseline, bvFTD patients showed widespread cortical
atrophy, primarily in the frontal lobes and, to a lesser extent,
the temporal lobes [19-21]. Subcortical structures, including
striatal and thalamic regions, were also substantially affected,
consistent with studies identifying extensive subcortical dam-
age in early bvFTD [22-25]. svPPA exhibited a more confined
pattern of structural damage, with marked left-hemispheric
temporal cortical, hippocampal, and putaminal damage and
only subtle involvement of the left orbitofrontal cortex and
contralateral temporal regions [20, 26, 27]. The sbvFTD cohort
showed predominant cortical thinning in the right temporal
lobe, with additional involvement of the ipsilateral ventral
frontal and lateral parietal cortices and contralateral tempo-
ral regions. This distribution resembles svPPA but includes
right-predominant frontoparietal cortical thinning. Frontal
shift of atrophy has already been suggested as an early feature
of sbvFTD [28] that is not typically observed in svPPA and is

consistent with the greater degree of attentive/executive defi-
cits observed in sbvFTD patients of our cohort. Although we
did not observe significant cerebellar involvement in our sam-
ple, previous studies have reported cerebellar gray and white
matter alterations across FTD phenotypes [21, 29, 30]. Such
discrepancies may reflect differences in methodology or the
possibility that cerebellar changes are more subtle than corti-
cal and subcortical alterations.

The longitudinal MRI analysis revealed key insights into dis-
ease progression across different FTD variants. Regions less af-
fected at baseline showed more rapid progression of GM loss,
while heavily damaged areas progressed slower, suggesting a
“catch-up” phenomenon as severely affected regions approach
a degeneration plateau. In bvFTD—the variant showing the
greatest degree of GM loss progression [20, 31]—the greatest
GM loss occurred in the bilateral temporal lobes, with steady
degeneration in the right frontal and bilateral parietal lobes, and
extended subcortical damage to the bilateral pallidum and left
thalamus. By contrast, svPPA showed the lesser degree of GM
damage progression, mostly concentrated within the right tem-
poral cortical regions. sbvFTD showed a similar bilateral pro-
gression within the temporal lobes, although the asymmetry for
a greater progression to the contralateral (left) hemisphere was
less evident as compared to svPPA, and some extra-temporal re-
gions were also involved. Additionally, sbvFTD showed a wide-
spread subcortical atrophy pattern absent in svPPA, resembling
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FIGURE 5 | Prognostically relevant gray matter regions in FTD variants. Patterns of regional volumes at baseline predicting CDR plus NACC
FTLD percentage change over time in FTD patient groups. Only significant comparisons are reported (p <0.05, uncorrected).

TABLE 2 | Accuracy of SVM classification models using baseline vs. longitudinal GM atrophy measures.

Accuracy of model Accuracy of model with

Groups with baseline data SD longitudinal data SD
HC vs. bvFTD 0.887 0.088 0.893 0.054
HC vs. sbvFTD 1.00 0 1.00 0
HC vs. svPPA 0.98 0.06 0.98 0.06
bvFTD vs. sbvFTD 0.9 0.133 0.91 0.117
bvFTD vs. svPPA 0.95 0.076 0.913 0.115
sbvFTD vs. svPPA 0.95 0.15 0.95 0.15
bvFTD vs. sbvFTD vs. svPPA 0.84 0.135 0.826 0.14
HC vs. bvFTD vs. sbvFTD vs. svPPA 0.822 0.083 0.83 0.11

Abbreviations: bvFTD =behavioral variant frontotemporal dementia, HC = healthy control, sbvFTD =semantic behavioral variant frontotemporal dementia,

svPPA =semantic variant primary progressive aphasia, SD =standard deviation.

bvFTD instead. Given that tau pathology has been associated
with significant subcortical atrophy in bvFTD [24], this finding
in sbvFTD may indicate neuropathologic heterogeneity. In fact,
a recent neuropathological case series has shown that up to 25%
of sbvFTD cases were accompanied by FTLD-tau pathology
[32], unlike svPPA, which is overwhelmingly linked to FTLD-
TDP type C pathology [33]. However, without post-mortem neu-
ropathological data, this hypothesis remains speculative.

Summarizing, the present structural brain MRI findings de-
scribe: (i) a widespread cortical (frontal greater than temporal)
and subcortical damage in bvFTD, which progressed mostly

through extra-frontal regions; (ii) a localized involvement of
the temporal cortical brain regions in svPPA, with early in-
volvement of the left hemisphere followed by progression to the
contralateral homologous regions; (iii) sbvFTD showing early—
though mild—involvement of extra-right temporal regions (i.e.,
frontal and parietal cortical and subcortical areas), which kept
degenerating over time, in addition to the progression within the
temporal lobe resembling a “mirror” representation of svPPA.

Consistent with the hypothesis that the involvement of extra-
temporal brain networks in sbvFTD might be a key pathogenic
event in the progression of this variant, accelerating its disease
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course, the regions predicting a more rapid decline of CDR plus
NACC FTLD were identified in fronto-cingulate regions more
classically involved in bvFTD [34]. By contrast, svPPA did not
show any significant region where GM loss had a prognosti-
cally relevant role, supporting the idea of a more homogeneous
disease course and a steady progression within temporal hubs.
However, such preliminary hypotheses warrant demonstration
using network-based connectivity analyses.

Our SVM classification analysis achieved relatively high accu-
racy in distinguishing FTD variants from healthy controls and
from each other using baseline data, as compared with most
prior models, which primarily focused on bvFTD without dis-
cerning among different FTD phenotypes [18, 35]. These find-
ings suggest that early patterns of brain damage, as described by
structural MRI in both cortical and subcortical regions, might
support the clinical diagnosis in cases when the differential may
not be well defined on clinical grounds only. Including longi-
tudinal data in the SVM models provided minimal accuracy
improvement, aligning with observations of slower progression
in initially degenerated areas, indicating a potential “ceiling ef-
fect.” This suggests that while baseline differences are partic-
ularly relevant for distinguishing FTD variants, the later-stage
convergence of structural damage across variants could limit
their diagnostic utility over time [36, 37].

The strengths of this study include a long follow-up of subjects,
which helped in the estimation of reliable progression trends,
and the inclusion of a group of patients with sbvFTD, a vari-
ant still lacking reports of longitudinal atrophy progression. In
this context, compared to the more widespread degeneration in
bvFTD and the focal temporal involvement in svPPA, sbvFTD
showed an intermediate pattern with right-predominant tempo-
ral atrophy extending into frontal, parietal, and subcortical re-
gions—mirroring svPPA anatomically but aligning with bvFTD
in its progression and prognostic markers.

Some limitations should be acknowledged. First, internal cross-
validation might limit the generalizability of our ML algorithms,
and robust validation would require testing their classification
accuracy on external cohorts. Second, we acknowledge the lim-
itations related to the small sample size and the potential risk
of overfitting—especially for the svPPA and sbvFTD groups.
Third, no post-mortem neuropathological diagnosis was avail-
able for the present cohort. Fourth, in order to limit the number
of comparisons—which were already substantial—we did not
examine thalamic subfields, although recent literature suggests
that focal, nucleus-specific thalamic atrophy may better reflect
the clinical heterogeneity of FTD phenotypes [38]. Finally, while
we focused on GM changes using T1-weighted MRI, the inclu-
sion of additional imaging modalities—such as diffusion tensor
imaging—is expected to provide key complementary informa-
tion in studies assessing trajectories of structural damage in
FTD [39].

All this considered, our findings provide an extensive account
of the neuroanatomical correlates of disease progression in FTD
variants. We characterized variant-specific patterns of brain
structural damage at baseline as well as longitudinal trends of
progression over time. While further validation in larger, mul-
tisite cohorts is needed, these results represent a step toward the

development of imaging biomarkers to support differential diag-
nosis and prognostic assessment in FTD.
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