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Abstract.

Background: Apathy is highly frequent in behavioral variant frontotemporal dementia (bvFTD). It is presumed to involve
different pathophysiological mechanisms and neuroanatomical regions.

Objective: We explored the hypothesis that subgroups showing distinct profiles of apathy and distinct patterns of atrophy
within frontal lobes could be disentangled in bvFTD.

Methods: Using data-driven clustering applied to 20 bvFTD patients, we isolated subgroups according to their profiles on
the three subscales of the Dimensional Apathy Scale (DAS). We explored their apathy profiles and atrophy patterns. Apathy
profiles were characterized through both subjective measures of apathy by questionnaires and measures including objective
behavioral metrics. Atrophy patterns were obtained by voxel-based morphometry, contrasting each bvFTD subgroup with
healthy controls (N = 16).

Results: By clustering based on DAS dimensions, we disentangled three subgroups of bvFTD patients, with distinct apathy
profiles and atrophy patterns. One subgroup, which presented the smallest pattern of atrophy (including orbitofrontal cortex)
with a right asymmetry, was characterized by high self-reported emotional and initiation apathy and by a self-initiation deficit
reversible by external guidance. In other subgroups showing more diffuse bilateral atrophies extending to lateral prefrontal
cortex, apathy was not reversible by external guidance and more difficulty to focus on goal-management was observed,
especially in the subgroup with the largest atrophy and highest levels of executive apathy.

Conclusion: Distinct clinical profiles of apathy, corresponding to distinct anatomical subtypes of bvFTD, were identified.
These findings have implications for clinicians in a perspective of precision medicine as they could contribute to personalize
treatments of apathy.

Keywords: Apathy, apathy subtypes, exploratory clustering, frontotemporal dementia, grey matter atrophy, voxel-based
morphometry
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INTRODUCTION

Apathy is the most frequent behavioral syn-
drome in neurological and psychiatric diseases [1-3].
Because of its prevalence, status as a prognostic indi-
cator and functional significance of disease, apathy is
a relevant target in the management of patients with
neurodegenerative dementias such as Alzheimer’s
disease (AD) or frontotemporal dementia [4, 5]. In
particular, behavioral variant frontotemporal demen-
tia (bvFTD) is a very good model to study apathy
as the presence of apathy is one of the main and
most frequent criteria enabling a clinical diagno-
sis of bvFTD [6, 7] and it remains almost constant
throughout the disease [8]. In line with an interna-
tional consensus on apathy criteria in brain disorders
[9], we define apathy as a quantitative reduction of
voluntary goal-directed behaviors, a definition which
enables an objective description and quantification
of apathy [1, 10, 11]. Until now, treatments for apa-
thy have not been effective. One possible reason to
explain the poor efficiency of current treatments may
be that several different mechanisms contribute to
reduce goal-directed behaviors, as suggested by their
varied neuroanatomical correlates [12]. Indeed, if the
mechanisms underlying apathy are as qualitatively
different as some research suggests, they are likely
to require different therapeutic interventions. A bet-
ter understanding of the different forms of apathy
would help to improve the treatment of this syndrome.
The hypothesis of distinct mechanisms contribut-
ing to goal-directed behaviors is highlighted by the
very latest consensus diagnostic criteria for apathy
in neurocognitive disorders, which states that impair-
ments in two of three clinical features are required
for a diagnosis of apathy: 1) diminished initiative, 2)
diminished interest, 3) diminished emotional expres-
sion/responsiveness [13].

The neural correlates of apathy put forward in the
literature are highly suggestive of distinct underly-
ing mechanisms. In a neurocircuitry model of apathy,
Levy and colleagues [1, 10, 11] have postulated that
three distinct processes, resulting from damages to
three prefrontal cortex (PFC)-basal ganglia circuits,
could explain most cases of apathy. First, difficul-
ties to evaluate the affective value of a given context
impacting motivation for goals (“a-motivation”) can
be caused by lesions in the orbital and mesial ven-
tral PFC-basal ganglia circuit. Second, an inability to
generate or activate strategies required to successfully
complete a given plan of actions (“‘cognitive inertia”)
can be due to lesions in the lateral PFC-basal ganglia

circuit. Third, an inability to transfer the affective
value of a given action towards its self-initiation
(“invigoration deficit”) may be due to lesions to the
medial PFC/anterior cingulate cortex-basal ganglia
circuit. Several empirical studies of the neural cor-
relates of apathy subtypes are globally in line with
Levy and colleagues’ model [14-16]. In particular,
Massimo and colleagues [14] assessed three com-
ponents of goal-directed behaviors (i.e., motivation,
planning, and initiation) in bvFTD patients using
the Philadelphia Apathy Computerized Test and they
observed that poor motivation was related to grey
matter atrophy in orbitofrontal cortex (OFC), plan-
ning impairment to atrophy in dorsolateral PFC, and
poor initiation to atrophy in anterior cingulate cortex
(ACC). Using the informant-rating of the Dimen-
sional Apathy Scale (DAS) in patients with bvFTD
and AD, Wei and colleagues [16] found that emo-
tional apathy was associated with loss of grey matter
integrity in the ventral PFC, executive apathy with
integrity of the dorsolateral PFC and OFC, and initi-
ation apathy with lower grey matter intensity in the
medial PFC and ACC.

Because the frontal lobes are always affected but
not uniformly across bvFTD patients, we hypothe-
sized that these patients could be clinical models to
disentangle different apathy profiles, characterized
by different combinations of apathy mechanisms (or
apathy subtypes). bvFTD population is known to be
very heterogenous and because of the high pheno-
type diversity across patients and disease stages, it can
be hard to understand the underlying mechanisms of
bvFTD symptoms. Several categorizations of bvFTD
patients have already been suggested, either based
on their clinical phenotype or their neuroanatomical
features. For instance, exploratory classifications of
bvFTD patients showed that distinct anatomical sub-
types could be identified according to their degree
of grey matter loss within frontal and temporal lobes
[17] or according to their gray matter loss in spe-
cific functional neural networks [18, 19]. Distinct
behavioral phenotypes of bvFTD have also been dis-
entangled in particular according to the severity of
disinhibition and apathy symptoms [20]. However,
bvFTD patients have never been stratified according
to their apathy profiles. According to Massimo and
colleagues [12], the decrease in goal-directed behav-
iors observed in the syndrome of apathy may stem
from any combination of deficits in initiation, plan-
ning, and motivation. Thus, apathy subtypes are not
exclusive in a patient, they interact and form a specific
combination resulting in an “apathy profile”. Such
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a profile approach, which is no longer dimension-
based, allows to consider the phenotypic diversity of
apathy in a more holistic manner.

This study aimed to disentangle subgroups of
bvFTD patients with distinct apathy profiles. We
used the DAS scores to classify bvFTD patients
into clusters of different apathy profiles. The DAS
is a validated easy-to-use tool, specifically aimed at
assessing apathy subtypes according to three distinct
dimensions in neurodegenerative populations [21].
Clustering from these dimensions was supposed to
promote the disentangling of different apathy pro-
files. We then aimed to characterize more precisely
these distinct apathy profiles and corresponding neu-
roanatomical features. Thus, the final objective of
this study was to provide clinicians with the abil-
ity not only to categorize a bvFTD patient simply
based on their DAS assessment but also to infer a
corresponding clinical sub-phenotype.

In view of the subjectivity associated with self-
reporting questionnaires such as the DAS [1, 2]
(especially in the case of bvFTD patients with poten-
tially high anosognosia), our characterization of
apathy profiles was complemented by more objec-
tive measures obtained using novel technologies such
as movement sensors [9, 22]. Such objective behav-
ioral metrics were computed from sensor data (video
records and acceleration data) and were developed to
reflect different aspects of apathetic behavior within
a close-to-real-life situation. For the characterization
of neuroanatomical features, we used voxel-based
morphometry to explore the patterns of grey matter
atrophy within clusters of bvFTD patients.

MATERIALS AND METHODS

Participants and protocol overview

In this study, we included and analyzed the data of
20 bvFTD patients and 16 HC, matched to patients
for age, gender and education level. bvFTD patients
were recruited in two tertiary referral centers, at
the Pitié-Salpétriére Hospital and the Lariboisiere
Fernand-Widal Hospital, in Paris. They were diag-
nosed according to the International Consensus
Diagnostic Criteria [6]. Healthy controls (HC) were
recruited by public announcement.

The data gathered for this article are part
of the ECOCAPTURE protocol (Clinicaltri-
als.gov:NCT02496312; see Batrancourt et al. [23]
and Supplementary Material 1A for further details
on the global protocol) designed to investigate

the behavioral signature and mechanisms of neu-
ropsychiatric syndromes. For this study, we used
data allowing to: 1) disentangle subgroups of
bvFTD showing distinct profiles of apathy and 2)
characterize the clinical phenotypes of identified
subgroups.

Subjective measures of apathy by questionnaires

To disentangle subgroups of bvFTD, we used the
DAS [21], which consists of three subscales respec-
tively measuring the Emotional (8 items; e.g., “I
become emotional easily when watching something
happy or sad on TV”), Initiation (8 items; e.g., “I
set goals for myself”), and Executive (8 items; e.g.,
“I find it difficult to keep my mind on things”) sub-
types of apathy derived from the theoretical model
proposed by Levy and Dubois [1]. We also used the
Starkstein Apathy Scale (SAS) [24] (a shortened ver-
sion of the first scale developed by Marin et al. [25])
(14 items; e.g., “Do you have motivation?”), which
assesses apathy as a unidimensional construct, for a
first description of apathy levels in identified sub-
groups of bvFTD.

Other neuropsychological measures

We also used complementary measures of global
mental efficiency and cognitive functions for a basic
characterization of the clinical profiles of identified
subgroups of bvFTD: the Mini-Mental State Evalu-
ation (MMSE) [26] and the Mattis Dementia Rating
Scale (DRS) [27, 28], the Frontal Assessment Bat-
tery (FAB) [29], and the Hayling error score of
the Hayling Sentence Completion Test (HSCT) [30]
assessing inhibitory control deficit [31]. The HSCT
task, developed by Burgess and Shallice (1997), was
designed to be sensitive to symptoms of executive
disturbance.

Measures of apathy profiles including objective
behavioral metrics

To accurately characterize the apathy profiles of
identified subgroups of bvFTD, we used complemen-
tary objective behavioral data collected within an
ecological context (ECOCAPTURE). We selected:
1) two “composite” dimensions (mixing objective
and subjective measures) from a previous study by
Godefroy et al. [32] and 2) a complementary objec-
tive behavioral metric. Figure 1 summarizes all these
measures used to describe apathy profiles, how they



642 V. Godefroy et al. / Clinical Profiles of Apathy in bvFTD

Free Phase (FP):

Guided Phase (GP):

1 autonomous initiation of facilitated initiation of
goal-directed behaviors goal-directed behaviors
Activity and walking Activity and walking
2 metrics in FP metrics in GP
Means on FP+GP
Deltas FP-GP
3
Factor analysis
with SAS and DAS
F1 I .
Questio_time_ratio
F2 - -
F2 Questio_time_ratio
4 = specific self-initiation deficit = ability to focus on / maintain a task

F1
= global severity of apathy

Fig. 1. Summary of data flow to manage measures of apathy profile and hypotheses on their conceptual validity. SAS, Starkstein Apathy
Scale; DAS, Dimensional Apathy Scale; F1 and F2 are the two factors extracted by factor analysis; Questio_time_ratio: ratio of time spent
exclusively for goal-directed actions related to the completing of a questionnaire in the guided phase.

were obtained and what they were supposed to rep-
resent.

Description of the ECOCAPTURE ecological
setting

We extracted some behavioral metrics from the
recorded behavior of participants within the ECO-
CAPTURE ecological setting, which reproduced a
close-to-real life situation (i.e., being left alone in
a “waiting room”) with a predetermined script (see
Supplementary Material 1B for further details on
the ECOCAPTURE scenario). In this setting, par-
ticipants were firstly left in a freely moving phase
called “free phase” (FP - 7 minutes) in which actions
were totally self-initiated. This phase was followed
by other phases including a “guided phase” (GP -
10 minutes) in which the initiation of actions was
facilitated by hetero-guidance. In the guided phase,
participants were asked by the experimenter to fill
out a questionnaire, with very easy questions, but
requiring in-depth exploration of the room. Dur-
ing the whole scenario, participants’ behavior was
video-recorded and their body acceleration was mea-
sured using a body sensor (Move II®, Movisens,

Karlsruhe, Germany) worn on the hip. Participants’
behaviors were coded from recorded videos and
coded behaviors were matched with the correspond-
ing acceleration signal (see Supplementary Material
1C for further details on coding of behavior). In the
specific ecological situation of ECOCAPTURE, we
assumed that a reduction of goal-directed behaviors
would present as a combination of a decreased time
spent in goal-directed actions and a tendency to wan-
der in the room (with frequent, long-lasting walking
episodes of low acceleration) without being able to
focus on any specific activity.

Two dimensions mixing objective and subjective
measures

First, we used the total activity time ratio and walk-
ing episode features (occurrences, acceleration, and
duration) extracted in both the free and guided phases.
These objective behavioral metrics were shown to be
different in bvFTD (characterized by high apathy)
and controls and to correlate with apathy assessed by
SAS. Thus they were assumed to be markers of goal-
directed behaviors contributing to the assessment of
apathy (defined as a quantitative reduction of goal-
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directed behaviors) [32] (see Godefroy et al. [32] and
Supplementary Material 2A for further details on the
extraction and validity tests of these metrics).

Second, for each marker of goal-directed behav-
iors, we calculated: 1) the mean on the two phases
((FP+GP)/2) as a potential indicator of the global
reduction of goal-directed behaviors and 2) the differ-
ence between the two phases (FP-GP) as a potential
indicator of the specific deficit of self-initiation.
Indeed, the more participants are characterized by a
specific deficit of self-initiation underlying apathy,
the more their markers of goal-directed behaviors
should improve in the guided phase (i.e., with exter-
nal guidance) compared to free phase (i.e., without
external guidance).

Third, we applied an exploratory factor analysis
to: 1) the calculated means/differences of objec-
tive quantifiers of goal-directed behaviors (extracted
from the ECOCAPTURE setting) and 2) the sub-
jective measures of apathy by questionnaires (SAS
and three DAS dimensions). This strategy allowed
to draw on the complementarity of the two types
of measures: objective measures avoided subjective
bias while subjective measures (by previously vali-
dated questionnaires) conveyed conceptual validity
to the dimensions of apathy extracted by factor anal-
ysis. Besides, by combining both types of measures
(thus gathering different sources of information), the
extracted dimensions constitute a more thorough and
precise quantification of apathy. The two extracted
dimensions were: 1) F1, a pattern of behavior rep-
resented by low mean quantifiers of goal-directed
behaviors (combined with high unidimensional apa-
thy measured by SAS and high DAS-Executive)
and 2) F2, a pattern of behavior related to high
differences of quantifiers of goal-directed behav-
iors between free and guided phase (combined with
high DAS-Initiation and high DAS-Emotional). F/
characterized the global reduction of goal-directed
behaviors while F2 represented the specific deficit of
self-initiation reversible by hetero-guidance, a central
mechanism contributing to the reduction of goal-
directed behaviors (see Godefroy et al. [32] and
Supplementary Material 2B for the results of the
exploratory factor analysis leading to the extraction
of F1 and F2).

A complementary objective behavioral metric

In this study, we also used one additional objective
behavioral metric which was specific to the guided
phase: the questionnaire-related time ratio (Ques-

tio_time_ratio), defined as the ratio of time spent
exclusively for goal-directed actions related to the
completing of the questionnaire in the guided phase
(this ratio did not take into account the time spent in
goal-directed actions that were not related to the ques-
tionnaire like preparing a drink). Since it depended on
the ability to stay focused on the proposed question-
naire activity, we assumed that this behavioral metric
could be used as an approximation of the ability
to focus on goal management and maintain a goal-
directed activity. Thus, this metric could represent
a second mechanism, complementary to the specific
self-initiation deficit (assessed by F2), impacting the
global reduction of goal-directed behaviors (assessed
by FI).

Neuroimaging data preprocessed for voxel-based
morphometry analysis

We used structural MRI data to elucidate the
atrophy patterns of identified bvFTD subgroups.
MRI data acquisitions were performed at CENIR
(Human MRI Neuroimaging core facility, ICM,
Salpétriere hospital, Paris, France) using a 3T
Siemens MRI scanner 64-channel TIM system.
The brain MRI protocol includes a 3D T1 scan
allowing the study of structural abnormalities.
Structural data were analyzed with FSL-VBM
[33] (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM),
an optimized VBM protocol [34] carried out using
FSL tools [35]. First, structural images were brain-
extracted and grey matter (GM)-segmented before
being registered to the MNI 152 standard space using
non-linear registration [36]. The resulting images
were averaged and flipped along the x-axis to create
a left-right symmetric, study-specific GM template.
All native GM images were then non-linearly regis-
tered to this study-specific template and “modulated”
to correct for local expansion (or contraction) due to
the non-linear component of the spatial transforma-
tion. The modulated GM images were then smoothed
with an isotropic Gaussian kernel with a sigma of
3 mm.

Statistical analyses

All statistical analyses on demographic, behavioral
and neuropsychological data were performed using
RStudio (version 1.2.5033). Statistical analyses on
neuroimaging data were performed using FSL tools
[35].
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Data-driven clustering based on DAS dimensions

We selected the total scores on the three dimen-
sions of the DAS as a basis for the data-driven
clustering to optimize the chances to separate distinct
profiles of apathy (and not only distinct severities
of apathy). The clustering allowed to form clusters
of bvFTD patients showing within-cluster similari-
ties and between-cluster differences. More precisely,
we used a k-means clustering approach, a method
of unsupervised clustering based on an algorithm
which minimizes intra-cluster inertia and maximizes
inter-cluster inertia at each iteration to find the best
clustering solution. We determined the number of
clusters (k=3) using the average silhouette method
[37].

Isolated bvFTD subgroups were firstly charac-
terized on a few basic measures. Using one-way
ANOVA tests followed by multiple comparisons of
means with Tukey contrasts, we compared the iden-
tified bvFTD subgroups on: 1) their demographic
and neurocognitive characteristics and 2) the sub-
jective measures of apathy by questionnaires (SAS
and DAS). For all ANOVA analyses, the normality
and homogeneity of residuals were verified (using
Shapiro’s and Levene’s tests).

Characterization of apathy profiles

The precise characterization of clinical phenotypes
of identified bvFTD subgroups started with the elu-
cidation of their apathy profiles using the measures
including objective behavioral metrics (composite
dimensions F/ and F2, questionnaire-related time
ratio), supposed to be more thorough and precise than
the purely subjective measures by questionnaires.

First, we performed analyses investigating the
validity of these measures used to characterize apa-
thy profiles. Analyses supporting the validity of
measures by F/ and F2, as measures of global
apathy and self-initiation deficit respectively, were
performed in a previous study [32] (further details on
the analyses performed are in Supplementary Mate-
rial 2C). In this study, to investigate the validity of
questionnaire-related time ratio (Questio_time_ratio)
as acomplementary measure of the ability to maintain
focus on a goal-directed activity, we performed: 1) a
comparison between bvFTD and controls on Ques-
tio_time_ratio; 2) correlation tests with a measure of
inhibitory control deficit by Hayling error score and
a measure of the executive form of apathy by the
DAS-Executive; and 3) a multiple regression anal-

ysis testing the ability of Questio_time_ratio, along
with F2, to predict F1.

After these validity analyses, we used one-way
ANOVA tests followed by multiple comparisons of
means with Tukey contrasts to compare the identified
bvFTD subgroups on F1, F2 and Questio_time_ratio.
For all ANOVA analyses, the normality and homo-
geneity of residuals were verified (using Shapiro’s
and Levene’s tests).

Characterization of atrophy patterns

The second step of the characterization of clin-
ical phenotypes of isolated bvFTD subgroups was
the exploration of their atrophy patterns. The whole
bvFTD group was contrasted with the HC group and
each identified bvFTD subgroup was contrasted with
HC controlling for age and sex (to determine each
subgroup’s atrophy pattern). We also tested contrasts
between identified bvFTD subgroups controlling for
age and sex.

Voxelwise GLM with Threshold-Free Clus-
ter Enhancement (TFCE) was applied using
permutation-based non-parametric testing, either
correcting for multiple comparisons across space
(controlling the family-wise error rate at a thresh-
old of p<0.05) or without correcting for multiple
comparisons (at a threshold of p <0.01, only for com-
parisons between bvFTD subgroups). TFCE method
estimates a voxel value that represents the accumula-
tive cluster-like local spatial support at a range of
cluster-forming thresholds. TFCE has a variety of
advantages that make it an elegant solution to cor-
rect for multiple comparisons in structural analyses.
First, it does not need an arbitrary cluster-forming
threshold, making it more objective. Second, it com-
bines statistics based on the local significance as well
as the spatial extent of this effect [38].

Ethical statement

This study is part of clinical trial C16-87 spon-
sored by INSERM, the French national institute for
biomedical research. It was granted approval by the
local Ethics Committee (“Comité de Protection des
Personnes™) on 05/17/2017 and registered in a pub-
lic registry (clinicaltrials.gov: NCT03272230). All
study participants gave their written informed con-
sent to participate, according to the Declaration of
Helsinki and in line with French ethical guidelines.
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Data availability

The data that support the findings of this study
are available from the corresponding author, upon
reasonable request.

RESULTS
Characteristics of participants

The demographic and neuropsychological charac-
teristics of bvFTD patients and HC are described
in Table 1. We found no significant difference
between bvFTD and HC for age, sex, and education
level. BVFTD patients presented significantly lower
MMSE, DRS, and FAB scores as compared to HC
(p<0.001). Fifteen out of 20 bvFTD patients (75%)
were above the Starkstein Apathy Scale pathological
cut-off (i.e., SAS >14), while none of the HC were.
As expected, SAS score (p <0.001) was significantly
higher in bvFTD than in HC.

Data-driven clustering based on DAS dimensions

The data-driven clustering approach based on DAS
subscales enabled the identification of three sub-
groups among bvFTD patients: bvFTD-G1 (N=8),
bvFTD-G2 (N=5), and bvFID-G3 (N=7). Fig-
ure 2A shows a projection of the three identified
clusters and their centroids in a two-dimension
scatter plot. The two dimensions result from dimen-
sion reduction (by principal component analysis):
dimension 1 (Diml) increases with lower DAS-
Emotional and DAS-Initiation while dimension 2
(Dim2) increases with higher DAS-Executive.

Characterization of bvFTD subgroups on
demographic and neurocognitive measures

As described in Table 1, there was no significant
difference in terms of age, gender, education level
and disease duration between patients of the three
subgroups. Regarding the global cognitive abilities
assessed by MMSE and DRS, there was no signifi-
cant difference between subgroups either. However,
bvFTD-G3’s total score on the FAB was signifi-
cantly lower than those in bvFTD-G1 (p <0.01) and
bvFTD-G2 (p=0.05), suggesting a higher frontal
lobe syndrome in G3 than in the two other subgroups.
Moreover, the Hayling error score was significantly
higher in bvFTD-G3 compared to both bvFTD-
Gl (p<0.01) and bvFTD-G2 (p <0.05), suggesting

poorer inhibitory control in bvFTD-G3. Further
details on individual demographic and neurocogni-
tive characteristics of patients in the three subgroups
are provided in Supplementary Material 3.

Characterization of bvFTD subgroups on SAS
and DAS

As described in Table 1, compared to other sub-
groups, bvFTD-G1 was characterized by the highest
SAS score and was significantly higher on total DAS
compared to both bvFTD-G2 (p<0.001) and G3
(»<0.01). On the opposite, bvFTD-G2 was charac-
terized by the lowest SAS score and was significantly
lower on total DAS compared to both bvFTD-Gl1
(»<0.001) and G3 (p<0.001). The characterization
of the three subgroups in terms of apathy subtypes
assessed by the DAS are detailed in Fig. 2B-D.
bvFTD-G1 presented the highest mean scores on
DAS-Emotional and DAS-Initiation and was sig-
nificantly higher on these scores compared to both
bvFTD-G2 and G3. The highest mean score on
DAS-Executive was observed in bvFTD-G3 and both
bvFTD-G3 and bvFTD-G1 showed higher DAS-
Executive compared to bvFTD-G2. BvFTD-G2 was
characterized by the lowest mean score on the three
DAS subscales. Further details on individual scores
on SAS and DAS subscales of patients in the three
subgroups are provided in Supplementary Material 3.

Characterization of apathy profiles

Validity of measures used to characterize apathy
profiles

Results of a previous study [32] provided argu-
ments supporting the validity of F1 and F2 as
dimensions measuring global apathy and specific
self-initiation deficit respectively (see Supplementary
Material 2C for the summary of these results). In sum,
F1 was found to: 1) distinguish bvFTD from controls;
2) correlate with frontal lobe syndrome (assessed by
the FAB); and 3) correlate with the resting-state func-
tional connectivity of hub regions of the salience
network (i.e., a network assumed to explain the sever-
ity of the main neuropsychiatric symptoms of bvFTD
[39]). F2 was shown to: 1) distinguish bvFTD from
controls and 2) correlate with the resting-state func-
tional connectivity of the lateral parietal cortex (a
brain area assumed to be highly involved in impaired
internal initiation of behavior across diseases [40]).

In this study, we investigated the Ques-
tio_time_ratio behavioral metric (i.e., the time
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Table 1
Demographical, neurocognitive, and apathy characteristics of participants!

bvFTD HC FTD versus HC  bvFTD-Gl bvFTD-G2  bvFTD-G3 Subgroup effect
% Women 35% 62.5% p=0.19% 25% 20% 57.1% p=0.312
Age 65.8 (8.8) 62.9 (7.6) p=0.29° 63.8 (9.0) 62.6 (9.9) 70.4 (6.8) p=0.234
Years since 1st symptoms 4.4 (2.3) - - 4.7 (3.1) 5.3 2.1 3.5(1.0) P =0.48¢
Education level 6.4 (2.0) 7.3 (1.1) p=0.34¢ 6.2 (2.6) 5.8(2.3) 7.0 (1.3) p=0.634
MMSE (/30) 24.1(2.8) 29.4 (0.8) p<0.001¢ 25.0(2.4) 23.8 (2.3) 23.1 (3.5) p=0.459
DRS (/144) 119.5(9.3) 142.3(1.3) p<0.001¢ 123.4(9.0) 121.4(11.9) 113.7(4.7) p=0.114
FAB (/18) 12.5(3.4) 17.3(0.9) p<0.001¢ 14.5(1.2) 13.4 (1.1) 9.4 (4.2) p<0.014
G3<GI1,G3<G2
Hayling - error score 19.5 (14.4) 2.7 (2.3) p<0.001°¢ 7.0(5.4) 12.8 (4.1) 27.0 (11.8) p<0.014
G3>GI1,G3>G2
SAS (/42) 15.4 (4.8) 6.3 (2.8) p<0.001° 18.0 (5.5) 12.0 (4.3) 14.7 2.4) p=0.074
DAS (/72) 30.4 (10.5) 19.6 (8.6) p<0.01° 39.5 (6.5) 16.4 (3.5) 30.0 (4.0) p<0.0014
G1>G3>G2

Data are given as Mean (SD); bvFTD: N=20/ HC: N=16; bvFTD-G1: N=8 / bvFTD-G2: N=5 / bvFTD-G3: N =7; *Chi-square test;
bStudent -test; *Wilcoxon test; YANOVA test followed by post-hoc Tuckey contrasts (significant contrasts at p <0.05 at least are indicated);
bvFTD, behavioral variant of frontotemporal dementia; MMSE, Mini-Mental State Examination; DRS, Dementia Rating Scale; FAB, Frontal
Assessment Battery; SAS, Starkstein Apathy Scale; DAS, Dimensional Apathy Scale.
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Fig. 2. Three bvFTD subgroups and their profiles of apathy on DAS subscales. BVFTD-G1 in red (N=8), bvFTD-G2 in green (N=5),
bvFTD-G3 in blue (N=7). A) Results of the k-means clustering analysis (based on DAS subscales) defining three subgroups of bvFTD
patients (each point with a number represents a bvFTD patient); B) Diminished integration, processing and expression of emotions (assessed
by DAS-Emotional) in the three bvFTD subgroups; C) Lessened initiation of thoughts and actions (assessed by DAS-Initiation) in the three
bvFTD subgroups; D) Inability to manage goals and cognitively strategize to execute a plan of actions (assessed by DAS-Executive) in the
three bvFTD subgroups. Levels of significance (adjusted p-values): ns, non-significant; *p <0.05; **p <0.01; ***p <0.001.

spent on questionnaire-related activity in guided
phase) as an indicator of the ability to focus on
goal management, at least among bvFTD patients.
We did not find any significant difference between

bvFTD patients and HC on Questio_time_ratio,
which was probably due to the combination in HC
of higher focusing on the questionnaire activity
(which increases Questio_time_ratio) but also higher
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Correlation between Questio_time_ratio and
Hayling error score among bvFTD patients

R=-0.68,p=0.0015 L

of goal-directed behaviors

= specific self-initiation deficit

04 os 1.0

06
Questio_time_ratio

Prediction of global apathy (F1) by specific self-
initiation deficit (F2) and Questio_time_ratio
among bvFTD patients

MAINTAINING
of goal-directed behaviors

INITIATION

F2 Questio_time_ratio
= ability to focus on / maintain a task

B =.49;P<.05 B=-.52;P<.05

F1
= global severity of apathy

APATHY
= Reduction of goal-directed behaviors

Fig. 3. Results supporting the validity of Questio_time_ratio as an indicator of ability to maintain focus on goal management in bvFTD
patients. On the left: R indicates the Spearman’s rank correlation coefficient between Hayling error score and Questio_time_ratio. On the
right: B3 values are the standardized coefficients of the multiple linear regression analysis (with their associated p-values).

efficiency to complete the questionnaire (which
decreases Questio_time_ratio), as compared to
bvFTD. Thus, Questio_time_ratio can be a marker of
the ability to focus on goal management only among
subjects with comparable global cognitive abilities.
Figure 3 shows the main results of the correlation
tests and regression analysis (within bvFTD patients)
supporting the validity of Questio_time_ratio as an
indicator of ability to maintain focus on goal man-
agement. Within bvFTD patients, Questio_time_ratio
was negatively related to the executive form of apa-
thy (assessed by DAS-Executive) but this link was
not significant (Spearman’s p=-0.33; p=0.16). At
least two reasons can explain this non-significant
correlation: 1) inspection of the item content of the
DAS-Executive subscale (including for instance: “I
need a bit of encouragement to get things started”)
suggests that this measure does not target exclusively
the ability to maintain focus on goal manage-
ment; 2) DAS-Executive is a subjective measure
while Questio_time_ratio is an objective measure.
Besides, Questio_time_ratio was strongly and neg-
atively correlated with the objective Hayling error
score (Spearman’s p=-0.68; p=0.002). This con-
firmed that higher Questio_time_ratio was related to
lower deficits of inhibition and lower executive distur-
bance symptoms in bvFTD. Thus, Questio_time_ratio
could be a marker of the ability to inhibit distractors
to maintain focus on a task among bvFTD patients.
Finally, using regression analysis within bvFTD
patients, we showed that F2 and Questio_time_ratio
were both independent predictors of F1. Together,

they explained 38% of the variance of F1. Thus, Ques-
tio_time_ratio contributed to predict global apathy
(assessed by F1) above and beyond the specific deficit
of self-initiation (assessed by F2), which further sup-
ported that this metric could be a marker of a second
independent mechanism potentially contributing to
the global reduction of goal-directed behaviors.

Characterization of bvFTD subgroups on
measures of apathy profile

In Fig. 4, the apathy profiles of the three iden-
tified bvFTD subgroups (shown in Fig. 4A) are
described using the F1 and F2 dimensions and the
Questio_time_ratio behavioural metric. All bvFTD
subgroups showed similar levels of global apathy
(as assessed by F1), significantly higher compared
to HC (Fig. 4B). Compared to both bvFTD-G2 and
bvFTD-G3, bvFTD-G1 was characterized by a higher
self-initiation deficit (as assessed by F2) (Fig. 4C),
reversible with hetero-guidance as confirmed by
the relatively high time devoted the questionnaire
activity in the guided phase (Fig. 4D). On the oppo-
site, in bvFTD-G2 and G3 compared to bvFTD-Gl,
the specific self-initiation deficit contributed less to
explain global apathy and the ability to focus on goal
management in guided phase (as assessed by Ques-
tio_time_ratio) was lower, especially for bvFTD-G3.

Characterization of atrophy patterns

The overall contrast of all bvFTD patients com-
pared with HC revealed an expected pattern of diffuse
atrophy in frontal and temporal regions (data not
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#*%p <0.001.

shown). Figure 5 shows results of the following con-
trasts: bvFTD-G1 versus HC, bvFTD-G2 versus HC,
and bvFTD-G3 versus HC. Supplementary Mate-
rial 4 reports the detailed list of coordinates with
local maximum atrophy for each patient subgroup
compared with HC. Three distinct patterns of GM
atrophy were identified for the three subgroups of
patients, with the highest extent of atrophy found in
bvFTD-G3 and the lowest in bvFTD-G1. BvFTD-
G1 showed a clear right-sided pattern of atrophy
including OFC, ACC, dorsolateral prefrontal cor-
tex (DLPFC), anterior insula, temporal regions, and
striatum. bvFTD-G2 presented a more diffuse bilat-
eral atrophy within all frontal regions (in particular,
the lateral prefrontal cortex) and within the insula
and striatum, but very little atrophy within temporal
lobes. Finally, bvFTD-G3 revealed the most diffuse
and intense pattern of bilateral atrophy within frontal

regions (in particular in frontal pole), insula, temporal
regions and subcortical regions (including amygdala,
hippocampus, striatum, and thalamus).

Further, we tested the following contrasts between
identified bvFTD subgroups: bvFTD-G1 versus
bvFTD-G2, bvFTD-G2 versus bvFTD-G3, and
bvFTD-G1 versus bvFTD-G3. Detailed results are
shown in Supplementary Material 5. Due to lack of
statistical power, most of these results were uncor-
rected for multiple comparisons but were however
informative. The comparison between bvFTD-Gl
and bvFTD-G2 confirmed that bvFTD-G2 presented
higher atrophy within the left lateral prefrontal cortex
than bvFTD-G1 (at p <0.01 uncorrected for multiple
comparisons). Contrasting bvFTD-G2 and bvFTD-
G3 showed that bvFTD-G3 had increased atrophy
compared to bvFTD-G2 in right lateral prefrontal
cortex, right frontal pole, bilateral temporal regions
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bvFTD-G2

bvFTD-G3

(1-p) Value

Fig. 5. Three bvFTD subgroups and their VBM—derived GM atrophy maps. bvFTD-G1 (N =8), bvFTD-G2 (N =5), and bvFTD-G3 (N =7).
The (1-p) value maps show the atrophy patterns compared with HC (N = 16) and are superimposed onto a whole-brain MNI template. Effects
were corrected for age and sex, and statistical significance was set at p <0.05 FWE-corrected for multiple comparisons.

(in particular temporooccipital part) and subcorti-
cal regions (thalamus and pallidum) (at p<0.01
uncorrected for multiple comparisons). The contrast
between bvFTD-G1 and bvFTD-G3 revealed higher
atrophy in bvFTD-G3 in many frontal and temporal
regions (at p<0.01 uncorrected for multiple com-
parisons). Of note, in the lateral prefrontal cortex
and most importantly in the frontal pole, atrophy
was significantly higher in bvFTD-G3 compared to
bvFTD-G1 at p < 0.05 corrected for multiple compar-
isons.

DISCUSSION

The present investigation allowed us to distinguish
subgroups of bvFTD patients showing different pro-
files of apathy and specific characteristics in terms of
atrophy pattern. Although apathy subtypes (accord-
ing to Levy and Dubois’s model [1]) have already
been investigated in bvFTD patients, to our knowl-
edge, this is the first report of being able to stratify
bvFTD patients according to their apathy subtype
combinations. The description of apathy profiles and
atrophy patterns of the identified bvFTD subgroups
is summarized in Fig. 6. We discuss the implications
of our findings: 1) for the accurate characterization of
patients’ profiles of apathy and 2) for the prediction
of the clinical-anatomical profile of bvFTD patients
from DAS assessment.

Apathy profiles of bvFTD subgroups

We isolated three subgroups of bvFTD patients
(bvFTD-G1, -G2 and -G3), with specific character-
istics in terms of their apathy profiles. As detailed
in Fig. 6, apathy profiles in the three subgroups
were labelled as: “reversible apathy” in bvFTD-G1,
“non-reversible apathy” in bvFTD-G2, and “dysexec-
utive non-reversible apathy” in bvFTD-G3. Patients
with reversible apathy reported the highest levels of
disturbed emotional-motivational processing (DAS-
Emotional) and lack of initiation of thought and
actions (DAS-Initiation). They were characterized by
a specific self-initiation deficit explaining their apa-
thy (as indicated by high F2) but they could still
benefit from environmental stimulation to engage in
goal-directed behaviors with external guidance (as
indicated by high Questio_time_ratio). Patients with
reversible apathy were thus close to patients with a
syndrome of auto-activation deficit in whom, despite
the loss of self-initiated behaviors, the ability to exe-
cute externally-driven behavior is relatively spared
[41]. Patients of the “non-reversible apathy” sub-
group did not increase their “goal-directedness” with
external guidance in the guided phase (as indicated
by low F2) and they showed an intermediary capacity
to focus on goal-management (as indicated by Ques-
tio_time_ratio). Like patients of the “non-reversible
apathy” subgroup, patients with “dysexecutive non-
reversible apathy” were characterized by a reduction
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Fig. 6. Summarized characteristics of the three bvFTD subgroups identified by data-driven clustering. DAS, Dimensional Apathy Scale;
FAB, Frontal Assessment Battery; GDB, goal-directed behaviors; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex; PFC, prefrontal

cortex.

of goal-directed behaviors which was not reversible
by external guidance (as suggested by low F2).
These patients were characterized as “dysexecutive”
because they reported the highest executive difficul-
ties (DAS-Executive), and three objective measures
confirmed their lower executive abilities compared
to other subgroups (Hayling-Error, FAB, and Ques-
tio_time_ratio).

Some discrepancies were observed between the
characterization of subgroups exclusively by subjec-
tive measures and their characterization after taking
account of objective behavioral metrics. Patients
with non-reversible apathy (bvFTD-G2 and G3) sur-
prisingly reported lower apathy (measured by SAS
and total DAS) than patients with reversible apathy
(bvFTD-G1), but the global level of apathy indicated
by F1 was in fact similar in all subgroups. These dis-
crepancies reflect a gap between what patients report
and what they actually do, which is consistent with
an observation made by Ducharme et al. [4]: “some
patients with bvFTD report an intact sense of moti-
vation but engage in little productive activity, while
others express remarkable indifference but still per-
form tasks.”

We suggest that SAS and DAS provided only par-
tial information to describe apathy. Apathy profiles
described after taking account of behavioral met-
rics (by the variables F1, F2 and Questio_time _ratio)
appeared more consistent with the atrophy patterns
observed in bvFTD subgroups. For instance, bvFTD-

G2 subgroup presented a pattern of frontal atrophy
which included all the regions of the bvFTD-G1’s
atrophy pattern and was more extended than in
bvFTD-G1. Thus, it seems unlikely that patients
in bvFTD-G2 were less apathetic than patients in
bvFTD-Gl1 (as suggested by SAS and total DAS).
Besides, since bvFTD-G2’s atrophy pattern included
regions typically associated with apathy in the lit-
erature [1, 3, 4, 11, 42], it is also doubtful that this
subgroup could be a “no-apathy” group, as suggested
by their mean SAS score below the clinical cut-off of
14. The characterization of bvFTD-G2 as similar to
other subgroups in terms of global apathy (according
to F1) is therefore more consistent with the atro-
phy pattern observed in this subgroup. Eventually,
bvFTD-G2 might correspond to a profile of patients
with high lack of awareness of their apathy.

Thus, our results demonstrate again the high
importance of using objective behavioral metrics as
a complement to subjective measures by question-
naires in order to precisely assess patients’ profiles of
apathy. To this end, the ecological setting, the behav-
ioral metrics and “composite” dimensions that we
developed in the ECOCAPTURE study could be use-
ful to future research on apathy, especially in bvFTD.
Several previous studies have already used ecological
and objective behavioral methods to assess different
aspects of apathy (such as actigraphy to assess the
motor component of apathy) [22] but our method goes
beyond: it contributes to determine the profile of apa-
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thy (including the underlying mechanisms) and not
only its severity, by combining both objective and
subjective measures.

In a clinical context, the method we used is of
course difficult to implement in everyday practice
(because it takes too long and is not automatized
enough). However, in the future, we could develop
a simplified form of our behavioral method, more
adapted to clinical practice. We could also explore
the correspondence between the apathy profiles iden-
tified in this study (with our behavioral method)
and apathy profiles determined from a clinician’s
point of view using the current diagnostic criteria
of apathy [13]. This could help clinicians to catego-
rize bvFTD patients in terms of their apathy profile
from a simple clinical evaluation. In particular, we
could test the hypothesis that patients with “reversible
apathy” (bvFTD-G1) would be especially high on
the “diminished initiative” criteria (B1 dimension:
“less likely to initiate usual activities”) [13] while
patients with “non-reversible apathy” (bvFTD-G2)
and “dysexecutive non-reversible apathy” (bvFTD-
G3) would show higher “diminished interest” (B2
dimension: “Reduced participation in activities even
when stimulated” and “less persistence in maintain-
ing or completing tasks or activities”) [13].

Atrophy patterns of bvFTD subgroups with
distinct apathy profiles

Identified bvFTD subgroups showing different
apathy profiles corresponded to distinct degrees of
frontal affection. The correspondence between apa-
thy profiles and atrophy patterns of bvFTD subgroups
allows to draw out a few conclusions, but we can only
make assumptions regarding the causal links between
apathy profiles and atrophy patterns. First, atrophy
patterns of bvFTD subgroups provide insight into the
core regions of apathy. In the three bvFTD subgroups,
atrophy pattern included areas usually associated
with apathy in previous literature [1, 3,4, 11, 42]. All
subgroups, including bvFTD-G1 with the smallest
extent of atrophy, showed significantly more global
apathy (F1) compared to controls. Thus, showing an
exclusively right-sided pattern of atrophy within the
OFC, ACC, DLPFC, anterior insula, and striatum is
sufficient to present an apathetic behavior in bvFTD.
Among these regions, the OFC and ACC might be
core regions, as suggested by the results of a recent
study which investigated the neural correlates of apa-
thy measured by the SAS [43]. Of note, the intensity
of global apathy (F1) was not found to be higher in the

subgroup with the highest extent of frontal atrophy
(i.e., bvFTD-G3) than in the subgroup with the lowest
extent of frontal atrophy (i.e., bvFTD-G1). As already
observed in bvFTD, the severity of symptoms does
not depend solely upon the severity of the grey mat-
ter atrophy pattern [44]. The severity of apathy may
be more closely related to specific functional network
disconnections (due to the impairment of specific hub
regions) that are convergent across all bvFTD sub-
groups. Besides, the correspondence between apathy
profiles and atrophy patterns in bvFTD suggests that
as long as frontal atrophy includes the OFC and ACC
and extends little into the lateral PFC and frontal pole
(like in bvFTD-G1), apathy is exclusively due to a
difficulty to self-initiate goal-directed behaviors and
reversible by external guidance. As soon as frontal
atrophy intensifies within areas of the lateral pre-
frontal cortex, especially within areas of the frontal
pole (like in bvFTD-G2 and bvFTD-G3 compared to
bvFTD-G1), apathy may become less reversible and
more related to difficulties to maintain goal-directed
behaviors (i.e., focus on a plan of actions towards
goal-management). This would be consistent with
the theory that one of frontal pole core functions is
enabling cognitive branching (that is, the ability to
put on hold an alternative course of action during the
concurrent performance of the ongoing one) [45].
Interestingly, the bvFTD subgroups identified by
clustering based on DAS may correspond to anatomic
subtypes of bvFTD already evidenced by previous
studies. Like in a recent study investigating disin-
hibition profiles in bvFTD [46], we identified three
patterns of atrophy mirroring those previously iso-
lated in bvFTD patients by Ranasinghe et al. [18],
by clustering according to grey matter loss in some
specific brain regions. These patterns were identified
by clustering according to grey matter loss in regions
of the salience network (SN; in charge of the coordi-
nation of social-emotional processing and executive
processing) and semantic appraisal network (SAN;
in charge of valuation and context appraisal). A more
recent longitudinal study [19] confirmed the stabil-
ity of these identified anatomic subtypes of bvFTD
at baseline and over time. In our study, bvFTD-
G1’s pattern of atrophy appears similar to those in
the “SAN-predominant subgroup” whilst bvFTD-G2
and bvFTD-G3’s atrophy patterns seem similar to
the two “SN-predominant subgroups”. BVFTD-G1’s
profile of apathy (“reversible apathy”) was consis-
tent with a disruption of SAN function, as it affects
the valuation process of external stimuli supposed to
guide the self-initiation of goal-directed behaviors.
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As for the profiles of apathy observed in bvFTD-G2
and G3 (“non-reversible apathy” and “dysexecutive
non-reversible apathy”), they were coherent with
dysfunctional SN since an impaired coordination
between social-emotional and executive processing
may result in a difficulty to maintain incentive and
focus on the management of a given objective.

Upon validation of a stable correspondence
between anatomic subtypes of bvFTD and apa-
thy profiles, apathy profile could be predicted from
anatomic subtype, or conversely, anatomic subtype
predicted from apathy profile. Being able to reliably
predict patients’ profile of apathy from their anatomic
subtype could be very helpful for research on the
tailoring of treatments. In particular, the clustering
of bvFTD patients allowed to identify an anatomic
subtype showing a relatively preserved ability to
execute externally-driven behavior (or “reversible
apathy”). This subtype of patients may represent the
best candidates to respond to environmental stimu-
lations fostering goal-directed behaviors. Detecting
these patients from their pattern of atrophy and test-
ing their reactions to various stimulations is very
promising in the perspective of improving apathy
care strategies. On the other hand, predicting patients’
anatomic subtype (associated with a global clinical
profile) from their apathy profile could be useful to
clinical practice. Further work is however needed to
establish clinical cut-offs on DAS dimensions to facil-
itate the precise identification of a patient’s apathy
profile from DAS measures.

Methodological limits

The relatively small sample size of bvFTD patients
is a first limitation of the present study. However,
despite the small sample size and resulting low
statistical power, comparisons between subgroups
demonstrated that we disentangled distinct profiles
by data-driven clustering. Small sample size is a com-
mon issue in studies investigating the neural bases of
apathy in FTD [4]. This is due to the heavy require-
ments of our protocol (two days of experimental
protocol with extensive neuropsychological testing)
and to our selective inclusion criteria for bvFTD
patients (e.g., MMSE score >20). We included only
patients at arather early stage of the disease so that the
resulting patient stratification can be useful early in
the course of the disease in order to tailor treatments.
Thus, this study is only a first exploration of cluster-
ing of bvFTD patients from DAS measures and results
must be further tested in a larger, more representative

cohort. In particular, the stability of identified clus-
ters and their associated characteristics (in terms of
apathy profile and atrophy pattern) should be inves-
tigated across independent samples of bvFTD and
across time. In this perspective, the observed simi-
larity between identified bvFTD clusters and already
evidenced stable anatomic subtypes of bvFTD is very
encouraging.

The extent of the impact of anosognosia, poten-
tially biasing subjective measures of apathy in bvFTD
patients [2], is difficult to estimate because we lack
reports from the caregiver. Caregiver’s point of view
would be an insightful complementary information,
but our protocol did not include this measure. Clus-
tering based on caregiver’s report would also be
interesting to explore. However, caregiver’s report is
also biased by subjectivity (although not as much
impacted by lack of awareness as in the patients)
and here, the actual behavior observed in ecologi-
cal conditions has been used as the most objective
measure, complementary to subjective measures. We
can assume that in this research, subjective bias was
compensated for by the addition of objective behav-
ioral measures to describe the apathy profile more
accurately. The validity and relevance of measures
used to characterize apathy profiles were indeed sup-
ported by several arguments (e.g., higher consistence
with atrophy patterns of bvFTD subgroups).

Conclusions

From a theoretical perspective, our results go
beyond the already evidenced associations between
distinct apathy subtypes and distinct brain regions.
They allow us to observe how different patterns of
atrophy across the brain, potentially corresponding
to anatomic subtypes of bvFTD, translate into clin-
ical profiles of apathy. More work will be needed
to further explore the causal links explaining the
relationship between these specific patterns of brain
atrophy and associated profiles of apathy. This could
be the objective of future studies to investigate the
underlying neural mechanisms explaining the profile
of apathy observed in each bvFTD subgroup.

For clinicians, our results provide an interesting
basis for the development of tools allowing to pre-
cise the clinical profile of bvFTD patients. The DAS
could become a clinical tool which complements the
evaluation of diagnostic criteria of apathy and facil-
itates the determination of a bvFTD patient’s apathy
profile. Given that apathy is an important source of
morbidity that predicts clinical worsening in neuro-
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logical diseases [2], identification of apathy profile
might prove very useful for disease course prediction
in individual patients. Indeed, the different apathy
profiles might be more or less debilitating and have
distinct impacts on daily living. Moreover, our results
open the way to the possible identification of the
clinical-anatomical subtype of a bvFTD patient from
DAS assessment, which offers interesting perspec-
tives in terms of personalized medicine. This kind of
individualized diagnostic strategy could be applied to
other neurological conditions such as AD, in which
the phenotypical heterogeneity of apathy could also
be investigated by clustering methods.
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