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Abstract.
Background: Social cognition is critically compromised across neurodegenerative diseases, including the behavioral variant
frontotemporal dementia (bvFTD), Alzheimer’s disease (AD), and Parkinson’s disease (PD). However, no previous study
has used social cognition and other cognitive tasks to predict diagnoses of these conditions, let alone reporting the brain
correlates of prediction outcomes.
Objective: We performed a diagnostic classification analysis using social cognition, cognitive screening (CS), and executive
function (EF) measures, and explored which anatomical and functional networks were associated with main predictors.
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Methods: Multiple group discriminant function analyses (MDAs) and ROC analyses of social cognition (facial emotional
recognition, theory of mind), CS, and EF were implemented in 223 participants (bvFTD, AD, PD, controls). Gray matter
volume and functional connectivity correlates of top discriminant scores were investigated.
Results: Although all patient groups revealed deficits in social cognition, CS, and EF, our classification approach provided
robust discriminatory characterizations. Regarding controls, probabilistic social cognition outcomes provided the best char-
acterization for bvFTD (together with CS) and PD, but not AD (for which CS alone was the best predictor). Within patient
groups, the best MDA probabilities scores yielded high classification rates for bvFTD versus PD (98.3%, social cognition),
AD versus PD (98.6%, social cognition + CS), and bvFTD versus AD (71.7%, social cognition + CS). Top MDA scores were
associated with specific patterns of atrophy and functional networks across neurodegenerative conditions.
Conclusion: Standardized validated measures of social cognition, in combination with CS, can provide a dimensional
classification with specific pathophysiological markers of neurodegeneration diagnoses.

Keywords: Classification, dementia, diagnosis, neurodegenerative diseases, social cognition

INTRODUCTION

Social cognition is critically compromised across
neurodegenerative disorders [1, 2]. This has been
shown through canonical, gold-standard measures [3]
of facial emotion recognition (FER) and theory of
mind (ToM, the ability to infer others’ emotional
and mental states). FER and ToM deficits are per-
vasive in behavioral variant frontotemporal dementia
(bvFTD), but also in Alzheimer’s disease (AD) and
Parkinson disease (PD) (see Tables 1 and 2, and Sup-
plementary Table 1). However, critical advances in
neurodegeneration research have not yet been incor-
porated in this field. Only a few studies have used
social cognition outcomes to predict membership
(i.e., diagnosis), or contrasted ensuing predictions
with those afforded by cognitive screening [CS] and
executive function [EF] measures (Tables 1 and 2).
Moreover, no work has jointly compared discrimina-
tion outcomes across bvFTD, AD, and PD samples.
Finally, no single study has reported anatomical
signatures of social cognition classification in these
patients nor their functional connectivity (FC) corr-
elates. Here, we tackle these gaps by developing mul-
tiple group discriminant function analyses (MDAs)
of social cognition, CS, and EF metrics, and correlat-
ing the best classification outcomes with anatomical
and functional network measures in each group and
healthy controls.

FER and ToM deficits are pervasive in bvFTD
patients, even compared with other measures [4]. CS
also discriminates them from controls, albeit with less
specificity than social cognition and EF [5]. Social
cognition impairments in bvFTD are related to fronto-
temporo-insular atrophy [6] and fronto-amygdalar
networks [2, 7, 8], but neural associations of diag-
nostic classification remain unreported.

In AD, FER-ToM deficits (Tables 1 and 2, and
Supplementary Table 1) seem secondary to CS

impairments, offering lower classification power than
other cognitive measures [5] and less sensitivity
than for bvFTD [4, 9–11]. Though no classifica-
tion study on AD has examined neural correlates,
FER/ToM deficits are associated with patients’
temporo-posterior atrophy [6, 12] and activation [13].

In PD, classification studies are wanting, but
FER/ToM deficits are present in 64% of reports [14].
These deficits are linked to basal [2] and fronto-
posterior volumes [15, 16] and networks [17, 18].
As each disease exhibits different core correlates
(with frontal, temporal, and parietal involvement pre-
dominating in bvFTD, AD, and PD, respectively),
dimensional approaches could reveal distinct patho-
physiological and anatomical signatures in them.

Beyond these reports and isolated studies target-
ing one or two of these diseases, no study has tested
the power of social cognition, vis-à-vis CS and EF, to
predict diagnosis across them. Also, unlike atrophy
correlates of social cognition and neurodegeneration,
network properties have been rarely reported –and
no work has tested whether ensuing diagnostic prob-
abilities can predict anatomical and FC markers of
neurodegeneration.

Here, we used the Mini-Social Cognition and
Emotional Assessment (MiniSEA), a gold standard
measure of FER and ToM in neurodegeneration
(Table 1), to test the predictive value of social cogni-
tion (together with CS and EF) outcomes and their
structural and FC correlates across neurodegener-
ative subtypes. We aimed at establishing the best
combination of social cognition and cognitive mea-
sures (CS and EF) to predict individual diagnostic
probabilities via MDA scores. Such probabilities are
normalized relative to healthy controls’ outcomes,
enabling comparisons among standardized measures
of sociodemographically diverse patient samples.
We also implemented a standard receiver-operating
characteristic (ROC) approach. To evaluate whether
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Table 1
Works that used MiniSEA and/or SEA for group membership prediction and/or between-group comparisons in behavioral variant frontotemporal dementia, Alzheimer’s disease, and/or Parkinson’s

disease

Source Groups: N Tasks Behavioral
performance

Prediction of group membership
with social cognition?

Comparison with other
cognitive measures?

Brain structure
associations

Brain function associations

Mariano
et al.,
2020 [91]

AD-apathetic: 10
AD-non-apathetic:
10
bvFTD: 22
HC: 23

MiniSEA bvFTD
< AD < HC
bvFTD < AD-
apathetic
bvFTD < AD-
non-apathetic

Yes, logistic regression and ROC
curve analyses
Accuracy for the MiniSEA
total score:
AD versus bvFTD: 78.6%
AD-apathetic versus bvFTD:
84.4%
AD-non-apathetic versus
bvFTD: 81.3%

Yes
No significant differences
between bvFTD and AD
on MMSE, FAB,
categorical fluency
(animals), FAS, Digit
Span, and BCSB Figure
Memory tests

NA NA

Bertoux
et al.,
2016 [9]

AD: 28
bvFTD-
amnesic: 19
bvFTD-non-
amnesic: 19
HC: 30

MiniSEA bvFTD
< AD = HC

Yes, logistic regression and ROC
curve analyses
Accuracy for the MiniSEA
total score:
bvFTD versus AD: 87.9%
bvFTD-amnesic versus AD:
85.1%
bvFTD-non-amnesic versus
AD: 93.9%

Yes
Free and Cued Selective
Reminding Test: low
accuracy

NA NA

Bertoux
et al.,
2014 [48]

bvFTD: 20 MiniSEA bvFTD
< normative
values

No No NA Perfusion (SPECT)
correlations for bvFTD:
– FER: dorsal medial PFC
(BA 9)
– Faux-Pas: rostral medial
PFC (BA 10)

Bertoux
et al.,
2013 [4]

AD: 20
bvFTD: 20
HC: 30

MiniSEA bvFTD
< AD = HC

Yes, logistic regression and ROC
curve analyses
Accuracy for the MiniSEA
total score:
bvFTD versus AD: 82.5%
bvFTD versus HC: 88%

Yes
Reversal-Learning Test
and Go/No-Go subtest of
the FAB: very good
discriminatory power, but
less than MiniSEA
IGT total score: poor
discrimination

NA NA

(Continued)
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(Continued)

Source Groups: N Tasks Behavioral
performance

Prediction of group membership
with social cognition?

Comparison with other
cognitive measures?

Brain structure
associations

Brain function associations

Bertoux
et al.,
2012 [62]

bvFTD-early: 17
bvFTD-moderate:
20
MDD: 19
HC: 30

SEA
MiniSEA

bvFTD (early
and moder-
ate) < MDD
< HC on SEA
bvFTD (early and
moder-
ate) < MDD = HC
on MiniSEA

Yes, ROC curve analyses
Sensitivity, specificity:
– For the SEA total score:
bvFTD versus MDD: 91.9%,
89.5%
bvFTD-early versus MDD:
94.1%, 89.5%
bvFTD-moderate versus
MDD: 90%, 89.5%
– For the MiniSEA total score:
bvFTD versus MDD: 89.2%,
100%
bvFTD-early versus MDD:
94.1%, 100%
bvFTD-moderate versus
MDD: 85%, 100%

Yes
WCST (number of
perseverative errors),
MMSE, FAB and verbal
fluency test: less
discrimination ability than
MiniSEA

NA NA

Bertoux
et al.,
2012 [92]

bvFTD: 20 SEA bvFTD
< normative
values

No No GM volume (VBM)
correlations for
bvFTD:
– FER: medial
PFC (BA 9, 8)
– Faux-Pas:
rostral medial
PFC (BA 10),
fronto-insular
cortex (BA 13)

NA

Funkiewiez
et al.,
2012 [10]

AD or amnesic-MCI:
22
bvFTD: 22
HC: 30

SEA bvFTD
< AD < HC

Yes, ROC curve analyses
Sensitivity, specificity for the
SEA total score:
bvFTD versus HC: 100%,
100%
bvFTD versus AD: 86.36%,
95.45%

No NA NA

Studies in this table were identified through a systematic literature search conducted on PubMed and Google Scholar, including combinations of the following keywords: MiniSEA, SEA,
social cognition, emotion recognition, recognition of emotions, emotion perception, emotion processing, facial emotion(s), facial expression(s), facial affect, theory of mind, mentalizing,
neurodegeneration, neurodegenerative disease, dementia, bvFTD, frontotemporal lobar degeneration, Alzheimer(’s disease), Parkinson(’s disease). Only original studies written in English until
June 30, 2020 were reviewed. Inclusion criteria were (i) authors assess at least one of the following diagnostic groups: bvFTD, Alzheimer’s disease, Parkinson’s disease, and (ii) report group
membership prediction and/or between groups’ statistical comparisons using the MiniSEA or SEA (a more extended social cognition battery from which the MiniSEA was created). AD, Alzheimer’s
disease; BA, Brodmann area; BCSB, Brief Cognitive Screening Battery; bvFTD, behavioral variant frontotemporal dementia; FAB, Frontal Assessment Battery; FER, Facial emotion recognition;
GM, gray matter; HC, healthy controls; IGT, Iowa Gambling Task; MCI, mild cognitive impairment; MDD, Major depressive disorder; MiniSEA, Mini Social Cognition and Emotional Assessment;
MMSE, Mini-Mental State Exam; NA, not assessed; PFC, prefrontal cortex; ROC, receiver-operating characteristic; SEA, Social Cognition and Emotional Assessment; SPECT, single photon
emission computed tomography; VBM, voxel-based morphometry; WCST, Wisconsin Card Sorting Task.
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Table 2
Works that used emotion recognition and/or ToM tasks (other than SEA/MiniSEA) for group membership prediction (behavioral variant frontotemporal dementia, Alzheimer’s disease, and/or

Parkinson’s disease)

Groups: N Tasks Behavioral performance Prediction of group membership
with social cognition?

Comparison with other cognitive
measures?

Brain structure
associations

Brain function
associations

Chiu
et al.,
2018 [93]

AD: 21
bvFTD: 25
MDD: 20
HC: 31

Congruent and
incongruent
emotion intensity
rating task
(pictures from
FEEST)

– Congruent score:
bvFTD < AD = HC
bvFTD < MDD
MDD > HC
– Incongruent score:
bvFTD
> AD = MDD = HC

Yes, ROC curve analyses
AUC in discriminating bvFTD
versus MDD:
– Congruent and incongruent
ratings: from 93% to 98%
– Contrast score (both ratings
types): 99%

No NA NA

Dodich
et al.,
2018 [94]

AD: 47
bvFTD: 48

Ekman-60
SET
SNQ

bvFTD < AD (social
cognition Z score
comprising all tasks)

Yes, logistic regression analyses
Social cognition + FBI + MMSE
was the best combination in
differentiating bvFTD (85%
accuracy) from AD (90%
accuracy)

No NA NA

Gossink
et al.,
2018 [95]

bvFTD: 22
Other NDs: 24
Psychiatric
disorders: 33

Ekman-60
Faux-Pas test

bvFTD < other NDs and
psychiatric disorders
on Ekman-60
bvFTD = other NDs
and psychiatric
disorders on
Ekman-60

Yes, logistic regression and ROC
analyses
Sensitivity of 66.7% and
specificity of 68.2% for the
Ekman-60 test in discriminating
bvFTD versus other NDs and
psychiatric disorders
Faux-Pas not significant as
predictor

Yes
No significant groups’
differences in executive
functioning, memory, atten-
tion/concentration/tempo,
despite its association with
social cognition
Only visuospatial functioning
was significantly better in
psychiatric disorders

NA NA

Schroeter
et al.,
2018 [59]

bvFTD: 86
HC: 43

Modified RMET bvFTD < HC Yes, ROC analyses
AUC for RMET in
discriminating bvFTD versus
HC: 0.89

Yes
– CDR, FTLD-CDR, and
informant-report behavioral
questionnaires: almost perfect
discrimination (superior to all
measures)
– Verbal fluency (semantic
and phonemic): high
discrimination (better than
RMET)
– Executive functions (Stroop
test, TMT, and
Hamasch-Five-Point Test):
low discrimination

NA NA

(Continued)
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Table 2
(Continued)

Groups: N Tasks Behavioral performance Prediction of group membership
with social cognition?

Comparison with other cognitive
measures?

Brain structure
associations

Brain function
associations

Reul
et al.,
2017 [5]

AD: 43
bvFTD: 26

Ekman-35 bvFTD = AD No, Ekman-35 score was not
statistically selected (i.e., not
discriminative quality)

Yes, discriminant function
analysis
Verbal recall, figure copy,
imitation of face postures and
imitation of limb gestures:
correct classification of
patients as bvFTD (77%) or
AD (90%)
Attention and executive
functions: not discriminative
quality

NA NA

Chiu
et al.,
2016 [11]

AD: 21
bvFTD: 25
MDD: 21
HC: 31

Emotion intensity
rating task
(pictures from
FEEST)

bvFTD < HC
MDD > HC
AD = HC (negative
emotions)

Yes, ROC curve analyses
Sensitivity, specificity in
discriminating bvFTD versus
MDD:
- Total score: 91%, 76%
- Negative emotions: 91%, 80%

No NA NA

Bertoux
et al.,
2015 [96]

AD: 33
bvFTD: 60
HC: 30

Ekman-35 bvFTD < AD < HC Yes, logistic regression analyses
Accuracy for the Ekman-35
total score in differentiating
bvFTD versus AD: 76.7%

No NA NA

Buhl
et al.,
2013 [97]

AD: 10
bvFTD: 11

Emotion Hexagon
RMET
TASIT-EET-SI-M

bvFTD < AD on all
tasks’ total scores

Yes, logistic regression and ROC
curve analyses
Accuracy in discriminating
bvFTD versus AD:
– RMET: 81%
– TASIT-SI-M: 76%
– Emotion Hexagon: 71%
– TASIT-EET: 71%
No added benefit in combining
various social cognition tests in
the model

Yes
Executive tests (FAB, Hayling
and Brixton): less
classification ability than each
of the four social cognition
tests

NA NA

Narme
et al.,
2013 [98]

AD: 13
FTLD
(bvFTD + SD): 13
HC: 26

Ekman-60
Faux-Pas test
Yoni task

FRLD < AD < HC on
Ekman-60
AD < HC on
Ekman-60 (fear)
FTLD < AD = HC on
Faux-Pas test

Yes, ROC curve analyses
Socioemotional Index > 1 (i.e.,
impairment in more than one
social cognition test) had good
sensitivity (69%) and specificity
(100%) for diagnosing FTLD

Yes
Cognitive dysexecutive
syndrome, behavioral
dysexecutive syndrome, and
behavioral change
(disinterest): less accurate
discrimination

NA NA
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Torralva
et al.,
2009 [35]

bvFTD-high
cognitive status:
16
bvFTD-low
cognitive status:
19
HC: 14

Executive and social
cognition battery,
including:
– Multiple
Errands Test
Hospital Version
– The Hotel Task
– IGT
– RMET
– Faux-Pas Test

bvFTD-high cognitive
status = bvFTD-low
cognitive status < HC
on social cognition
global score

Yes, ROC curve analyses
The social cognition global
score showed a sensitivity of
88.9% and a specificity of
94.3% in differentiating bvFTD
versus HC

Yes
bvFTD-high cognitive
status = HC in standard
cognitive tests
Executive functions (WCST
-total score and preservative
errors-, digits backwards span,
TMT-B): significantly lower
ROC curve values than social
cognition global score in
differentiating bvFTD versus
HC

NA NA

Diehl-
Schmid
et al.,
2007 [99]

bvFTD: 33
HC: 25

Ekman-60 FTD < HC Yes, ROC curve analyses
Accuracy for the Ekman-60 total
score in discriminating bvFTD
versus HC: 97% (sensitivity:
94%, specificity: 100%)

No NA NA

Studies in this table were identified through a systematic literature search (see legend of Table 1 for details). Inclusion criteria were (i) authors assess at least one of the following diagnostic groups:
bvFTD, Alzheimer’s disease, Parkinson’s disease, and (ii) report group membership prediction with FER and/or ToM tasks other than SEA/MiniSEA. AD, Alzheimer’s disease; AUC, area under
the curve; bvFTD, behavioral variant frontotemporal dementia; CDR, Clinical Dementia Rating; FAB, Frontal Assessment Battery; FAST, Facial Affect Selection Test; FBI, Frontal Behavioral
Inventory; FEEST, Facial Expressions of Emotion - Stimuli and Tests; FTD, frontotemporal dementia; FTLD, frontotemporal lobar degeneration; HC, healthy controls; IGT, Iowa Gambling Task;
IRI, Interpersonal Reactivity Index; MDD, Major depressive disorder; MMSE, Mini-Mental State Exam; NA, not assessed; NDs, neurodegenerative diseases; RMET, Reading the Mind in the
Eyes Test; ROC, receiver-operating characteristic; SD, semantic dementia; SET, Story-based Empathy Task; SNQ, Social Norms Questionnaire; TASIT-EET, The Awareness of Social Inference
Test - Emotion Evaluation Test; TASIT-SI-M, The Awareness of Social Inference Test - Social Inference-Minimal Test; TMT, Trail Making Test; WCST, Wisconsin Card Sorting Task.
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classification scores predict plausible anatomical
markers, we explored associations between discrim-
inant scores and expected patterns of atrophy and FC
in each condition. The information about previous
studies provided in the tables offers an integrated ref-
erence point for readers, but will not be subject to
systematic review, since it is out of the scope of the
current work. However, we have properly discussed
the findings which are more relevant for our results
in the Discussion section.

We anticipated that, for bvFTD, social cognition
would provide a better prediction than CS and EF
alone; and that diagnostic probabilities would be
associated with fronto-temporo-insular atrophy and
fronto-amygdalar networks. For AD, we hypothe-
sized that, beyond social cognition deficits, CS would
be more sensitive for diagnostic prediction, with
pathophysiological signatures involving temporo-
parietal atrophy and posterior networks. Finally, for
PD, social cognition deficits were expected to rank
among the top predictors (despite yielding lower
classification rates), with outcomes being linked to
fronto-posterior anatomical markers and networks.

METHODS

Participants

This study comprised 223 participants from three
clinical centers, located in Argentina, Chile and
Colombia, that take part in a multicenter protocol [19,
20]. Twenty patients (14 from Argentina and 6 from
Chile) met the revised criteria for probable bvFTD,
lacked primary language deficits, and showed fron-
totemporal atrophy (Supplementary Table 2).

Thirty-three patients (16 from Argentina and
17 from Chile) fulfilled NINCDS-ADRDA crite-
ria for typical AD, presented memory deficits, and
middle-temporal/hippocampal atrophy—alongside
decreased gray matter (GM) volume in other regions
often affected in AD (Supplementary Table 3).
Patients with logopenic progressive aphasia and atyp-
ical forms of AD were excluded.

Fifty-one PD patients (8 from Argentina, 15 from
Chile, and 28 from Colombia) met the United
Kingdom PD Society Brain Bank criteria. Motor
impairments and disease stage were assessed through
the Unified Parkinson’s Disease Rating Scale and
the Hoehn & Yahr Scale, respectively. All patients
were evaluated during the “on” phase of medication.
Patients had no symptoms of PD-plus or antecedents
of deep brain stimulation.

Patients’ clinical diagnoses were established by
a multidisciplinary team following formal criteria,
as done in previous multicentric studies [19–25].
To align local sites’ procedures, each center used
the Multi-Partner Consortium to Expand Dementia
Research in Latin America (ReDLat) standardized
diagnostic assessment [19, 20]. It consists of a brief
questionnaire to be fulfilled for every participant
incorporating impressions from the evaluating neu-
rologist and neuropsychologist. Also, all centers used
a common training manual for clinical and cogni-
tive assessment and a quality assurance checklist.
Thus, all participants performed a harmonized exten-
sive battery of neurological, neuropsychiatric, and
neuropsychological assessments. These procedures
prevent potential biases in participants’ assessment
and diagnosis across centers.

The performance of bvFTD, AD, and PD patients
was compared with that of 29, 35, and 55 healthy
controls, respectively (10 from Argentina, 23 from
Chile, and 23 from Colombia). Matching criteria
(age, sex, and years of education) are provided in
Table 3. No subject in any group reported a history of
alcohol/drug abuse, psychiatric conditions, or other
neurological illnesses. All participants provided writ-
ten informed consent following the Declaration of
Helsinki. The institutional Ethics Committee of each
center approved the protocol.

Materials

CS and EF
Participants’ general CS and EFs were assessed

with the Montreal Cognitive Assessment (MoCA)
[26] and the INECO Frontal Screening (IFS) bat-
tery [27], respectively. There were not missing data
in these variables.

The MoCA [26] is a sensitive cognitive screen-
ing tool for patients with neurodegenerative diseases
[28–31]. It comprises 14 subtests evaluating var-
ious cognitive domains, namely: attention and
concentration, executive functions, memory, lan-
guage, visuoconstructional and visuospatial skills,
conceptual thinking, calculations, and orientation. Its
maximum score is 30, with higher scores indicating
better performance.

The INECO Frontal Screening (IFS) battery [27]
is a sensitive instrument for detecting executive
dysfunction in neurological and neuropsychiatric dis-
orders [27, 32, 33]. It includes eight subtests: 1) motor
programing (Luria series: “fist, edge, palm”); 2) con-
flicting instructions (hitting the table once when the
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administrator hits it twice or hitting it twice when the
administrator hits it only once); 3) motor inhibitory
control; 4) numerical working memory (backward
digit span); 5) verbal working memory (months back-
ward); 6) spatial working memory (modified Corsi
tapping test); 7) abstraction capacity (inferring the
meaning of proverbs); and 8) verbal inhibitory con-
trol (modified Hayling test). Its maximum score is 30,
with higher scores indicating better performance.

MiniSEA
All participants performed the MiniSEA (version

published in the native language of the corresponding
country [20, 25, 34, 35]), which comprises two sub-
tests: a FER test and a shortened version of the Faux
Pas test, tapping ToM. The total MiniSEA score is the
sum of both subscores, yielding a maximum score of
30.

MRI scanning
A subsample (n = 176) of 16 bvFTD, 30 AD, 43 PD

patients, and their matched controls (totaling 17, 30,
and 40 subjects, respectively) underwent structural
T1 scans. Resting-state fMRI recordings (n = 168)
were obtained from 14 bvFTD, 27 AD, 41 PD patients
and their matched controls (17, 30, and 39, subjects
respectively)—see matching criteria in Supplemen-
tary Table 4. Five participants did not perform the
resting-state fMRI recordings adducing claustropho-
bia and 3 were excluded due to excessive motion.
Image acquisition parameters and scanning protocols
followed in each center are detailed in the Supple-
mentary Material.

Data analysis

Behavioral data
Demographic and cognitive data were compared

between groups using independent t and chi-squared
tests, as needed.

To predict individual diagnostic probabilities
(bvFTD, AD, PD) with social cognition and cognitive
measures (CS and EF) we used MDA, a multi-
variate method that combines independent variables
by selecting and assessing the discriminant power
of predictor variables applied in each group. It is
based on a factor analytic method, which can classify
the participants in different groups according to the
discriminative capacity of selected predictors. This
technique was chosen since it is used for classifying
subjects into groups based on assorted measurements
and because it allows for parsimonious interpreta-
tions [36].
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First, to determine which measures best discrim-
inate between patients and controls, we performed
six MDAs for each of the following group pairs:
(a) bvFTD patients and controls, (b) AD patients
and controls, and (c) PD and controls. Second, to
determine which (combination of) measures best dis-
criminate between patient groups, we implemented
six additional MDAs for each of the following group
pairs: (a) bvFTD and AD, (b) bvFTD and PD, and (c)
AD and PD.

Each MDA included the following predictors: 1)
MiniSEA total score alone, 2) MoCA total score
alone, 3) IFS total score alone, 4) MiniSEA total score
jointly with MoCA total score, 5) MiniSEA total
score jointly with IFS total score, and 6) MiniSEA
total score jointly with MoCA and IFS total scores.

Also, we performed ROC curves analyses to test
whether the best predictors (composite scores) identi-
fied by the MDAs successfully discriminated between
patients and controls and between patient groups.
Alpha levels were set at 0.05 for all analyses.

VBM
MRI acquisition and preprocessing steps fol-

lowed guidelines from the Organization for Human
Brain Mapping [37]. Images were preprocessed
using the DARTEL Toolbox following reported pro-
cedures [38]. Then, modulated 10-mm full-width
half-maximum kernel-smoothed images [39] were
normalized to the MNI space and analyzed through
general linear models for 2nd level analyses on SPM-
12 software. Based on previous literature [40, 41],
to analyze the images of each center together and
avoid scanner bias in our results, the normalized
and smoothed outputs were transformed to W-score
images adjusted for specific covariates (age, dis-
ease, total intracranial volume, and scanner type).
W-scores, similar to Z-scores (mean = 0, SD = 1), rep-
resent the degree to which the observed GM volume
in each voxel is higher or lower (positive or nega-
tive W-score) than expected, relative to the healthy
control sample of each acquisition center.

We performed whole-brain multiple regression
analyses to identify GM regions (W-score maps)
associated with individual discriminant scores from
the models that best discriminated between patients
and controls. To render these associations more
interpretable, we transformed individual discrimi-
nant scores by subtracting them from the centroid
of the control group. Thus, a larger value in these
transformed scores indicates that the correspond-
ing case had higher probability of belonging to the

patient group. Associations were studied in each
group of patients conjointly with controls to increase
behavioral variance and statistical power [42]. The
transformed discriminant scores for the two mod-
els that best discriminated between each group of
patients and controls were included independently as
predictors. For all analyses, we set a p value < 0.001,
uncorrected, with an extend threshold ≥ 30 voxels
[37, 43].

Functional connectivity analysis
The first five volumes of each subject’s resting-

state sequence were discarded. Then, as in previous
FC reports [44], images were preprocessed with the
Data Processing Assistant for Resting-State fMRI
(DPARSF V4.3; http://rfmri.org/DPARSF). Follow-
ing previous studies [44, 45], pre-processing steps
included 1) slice-timing correction (using middle
slice of each volume as the reference scan), 2)
realignment to the first scan of the session to correct
head movement, 3) normalization to the MNI space
using the echo-planar imaging (EPI) template from
SPM, 4) smoothing using a 8-mm full-width-at-half-
maximum isotropic Gaussian kernel, and 5) bandpass
filtering (0.01–0.08 Hz). Six motion parameters,
CFS, and WM signals were regressed to reduce the
effect of motion and physiological artifacts such as
cardiac and respiration effects (REST V1.7 toolbox).
Motion parameters were estimated during realign-
ment and CFS and WM masks were derived from
the tissue segmentation of each subject’s T1 scan
in native space with SPM12 (after co-registration of
each subject’s structural image with the functional
image). Included participants did not show transla-
tion movements greater than 3 mm and/or rotations
higher than 3º. There were not statistically significant
differences between groups in translation and rotation
motion parameters (see Supplementary Table 4).

FC analysis was performed as follows. First, for
each subject, we extracted the mean time course
of the BOLD signal in each of the 116 regions of
the Automated Anatomical Labelling Atlas (AAL),
by averaging the signal in all voxels comprising
each region. Second, we constructed a connectiv-
ity matrix for each subject indicating the strength of
association between all pairs of regions (Pearson’s
correlation coefficient; DPARSF toolbox). Third, we
performed a Fisher z-transformation. Finally, to avoid
scanner type effects in our results, we performed a
site normalization following published procedures
for multicenter-imaging data [21]. The FC data of
each participant (patients and controls) were z-scored

http://rfmri.org/DPARSF
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based on the mean and standard deviation of the cor-
responding center’s controls [21]. The resulting FC
z-scores between all pairs of regions (AAL atlas)
were used to perform Spearman’s correlations with
discriminant scores for each patient’s group along-
side its respective control group. To consider results
as significant, the alpha level was set at p < 0.001
(whole-brain, uncorrected) [25].

RESULTS

Demographic data, CS, EF, and MiniSEA

Results are summarized in Table 3. Compared
to their respective controls, bvFTD, AD, and PD
patients exhibited lower total MoCA, IFS, and
MiniSEA scores.

MDA analyses

Here and in Table 4, we summarize the top predic-
tive models (yielding accuracy > 70%). Remaining
models are summarized in Supplementary Tables 5
and 6.

MDA: bvFTD and controls
The model combining MiniSEA + MoCA most

reliably discriminated between bvFTD patients and
controls (Fig. 1A), followed by the model conjoining
the three scores (MiniSEA, MoCA, IFS). The first
model correctly classified 85.7% subjects (75% of
bvFTD patients, 93.1% of controls) and the second
one reached 83.7% accuracy (70% of bvFTD patients,
93.1% of controls) (Table 4).

MDA: AD and controls
The MoCA showed the best discrimination accu-

racy between AD patients and controls (Fig. 1B),
followed by the model combining the MoCA +
MiniSEA and the model including the three mea-
sures. MoCA scores correctly classified 89.7% of
cases (90.9% of AD patients, 88.6% of controls). The
model including MoCA + MiniSEA and the model
including the three measures showed identical accu-
racy (85.3% of cases into their actual group; 81.8%
of AD patients, 88.6% of controls) (Table 4).

MDA: PD and controls
The MiniSEA discriminated most accurately

between PD patients and controls (Fig. 1C), followed
by the model combining MiniSEA + IFS scores. The
first model correctly classified 74.5% of cases (64.7%

of PD patients, 83.6% of controls) and the second
one reached 72.6% accuracy (62.7% of PD patients,
81.8% of controls) (Table 4).

MDA: bvFTD and AD patients
The model combining MoCA + MiniSEA discrim-

inated most reliably between bvFTD patients and
controls, followed by the model including only
MoCA. The former correctly classified 71.7% of sub-
ject (75% of bvFTD, 70% of AD patients) and the
latter reached 71.7% accuracy (68.8% of bvFTD,
73.3% of AD patients) (Table 4).

MDA: bvFTD and PD patients
The MiniSEA correctly classified 98.3% of cases

(93.8% of bvFTD, 100% of PD patients). The models
combining the MiniSEA + MoCA, MiniSEA + IFS,
and the model with the three scores also correctly
classified 98.3% of cases (93.8% of bvFTD, 100% of
PD patients) (see Table 4).

MDA: AD and PD patients
The model combining the total MiniSEA + MoCA

scores correctly classified 98.6% of subjects (96.7%
of AD, 100% of PD patients). The model including
the three measures showed the same classification
accuracy (Table 4).

ROC analyses

Patients versus controls
At a cut-off of 25 points, the average of MiniSEA +

MoCA scores yielded a sensitivity of 100% and a
specificity of 93% to discriminate between bvFTD
and controls (AUC = 0.95, CI: 0.85–1.04; p < 0.001).
The MoCA score, at a cut-off of 21.5 points, showed
a sensitivity and specificity of 93.33% to discrimi-
nate between AD patients and controls (AUC = 0.96,
CI: 0.92–1.01; p < 0.001). For PD patients versus con-
trols, the MiniSEA total score reached a sensitivity of
85% and a specificity of 65% at a cut-off of 23 points
(AUC = 0.78, CI: 0.68–0.88; p < 0.001) (Figs. 1A-C).

Patient group comparisons
At a cut-off of 16.7 points, the average of

MiniSEA + MoCA total scores yielded a sensitivity
of 100% and a specificity of 93% to discrimi-
nate between bvFTD and AD patients (AUC = 0.99,
CI: 0.97–1.00; p < 0.001) and between AD and PD
patients (AUC = 0.99, CI: 0.90–1.00; p < 0.001). For
bvFTD versus PD patients, the MiniSEA total score
reached a sensitivity of 100% and a specificity of 93%
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Table 4
Discriminant functions and classification of models with the best classification accuracy

Predictor Standardized Discriminant Classification
variable coefficient function accuracy (%)

bvFTD patients and controls
MoCA and MiniSEA total scores

MiniSEA 0.424 Wilkis’s λ = 0.493 85.7 (75.0:93.1)
MoCA 0.833 χ2(2) = 32.52

p < 0.0001
MoCA, IFS and MiniSEA total scores

MiniSEA 0.620 Wilkis’s λ = 0.472 83.7 (70.0:93.1)
MoCA 0.946 χ2(3) = 34.19
IFS –0.402 p < 0.0001

AD patients and controls
MoCA total score 1.000 Wilkis’s λ = 0.408 89.7 (90.9:88.6)

χ2(1) = 58.71
p < 0.0001

MiniSEA, MoCA, and IFS total scores
MiniSEA 0.322 Wilkis’s λ = 0.386 85.3 (81.8:88.6)
MoCA 0.903 χ2(3) = 61.43
IFS –0.070 p < 0.0001

MiniSEA and MoCA total scores
MiniSEA 0.309 Wilkis’s λ = 0.386 85.3 (81.8:88.6)
MoCA 0.862 χ2(2) = 61.81

p < 0.0001
PD patients and controls
MiniSEA total score 1.000 Wilkis’s λ = 0.769 74.5 (64.7:83.6)

χ2(1) = 27.13
p < 0.0001

MiniSEA and IFS total scores
MiniSEA 0.854 Wilkis’s λ = 0.760 72.6 (62.7:81.8)
IFS 0.254 χ2(2) = 28.25

p < 0.0001
bvFTD and AD patients
MiniSEA and MoCA total scores

MiniSEA –0.199 Wilkis’s λ = 0.672 71.7 (75:70)
MoCA 1.05 χ2(2) = 17.11

p < 0.0001
MoCA total score 1.000 Wilkis’s λ = 0.679 71.7 (68.8:73.3)

χ2(1) = 16.82
p < 0.0001

bvFTD and PD patients
MiniSEA total score 1.000 Wilkis’s λ = 0.237 98.3 (93.8:100)

χ2(1) = 81.38
p < 0.0001

MiniSEA and MoCA total scores
MiniSEA 1.080 Wilkis’s λ = 0.187 98.3 (93.8:100)
MocA –0.545 χ2(2) = 93.26

p < 0.0001
MiniSEA and IFS total scores

MiniSEA 1.24 Wilkis’s λ = .172 98.3 (93.8:100)
IFS –0.714 χ2(2) = 98.608

p < 0.0001
MiniSEA, MoCA and IFS total scores

MiniSEA 1.23 Wilkis’s λ = 0.165 98.3 (93.8:100)
MoCA –0.275 χ2(3) = 100.74
IFS –0.550 p < 0.0001

AD and PD patients
MiniSEA and MoCA total scores

MiniSEA 0.755 Wilkis’s λ = 0.141 98.6 (96.7:100)
MoCA –0.364 χ2(2) = 137.11

p < 0.0001
MiniSEA, MoCA and IFS total scores

MiniSEA 0.745 Wilkis’s λ = 0.138 98.6 (96.7:100)
MoCA –0.360 χ2(3) = 137.671
IFS –0.166 p < 0.0001

AD, Alzheimer’s disease; bvFTD, behavioral variant Frontotemporal Dementia; IFS, INECO Frontal Screening battery; MiniSEA, Mini
Social Cognition and Emotional Assessment; MoCA, Montreal Cognitive Assessment; PD, Parkinson’s disease.
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Fig. 1. Classification results based on top social and cognitive scores. A) For controls and bvFTD, social cognition (MiniSEA) and CS
(MoCA) provided the best MDA classification accuracy (85.7%, first and second columns) and AUC (0.95, last column). B) For controls
and AD, the MoCA (CS) alone provided the best MDA classification accuracy (89.7%, first and second columns) and AUC (0.96, last
column). C) For controls and PD, social cognition (MiniSEA) alone provided the best MDA classification accuracy (74.5% first and second
columns) and AUC (0.78, last column). D) Classification between patient groups. The discriminant scores providing the best classification
yielded high accuracy (71.7%), sensitivity (100%), and specificity (93%) values for bvFTD versus AD (bottom left inset, social cognition
and CS: MiniSEA and MoCA), bvFTD versus PD (bottom center inset, social cognition and CS: miniSEA and MoCA), and AD versus PD
(bottom right inset, social cognition: MiniSEA). AD, Alzheimer’s disease; bvFTD, behavioral variant frontotemporal dementia; MiniSEA,
Mini Social Cognition and Emotional Assessment; MoCA, Montreal Cognitive Assessment; PD, Parkinson’s disease.
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Fig. 2. Associations between discriminant scores and gray matter volume. Voxel-based morphometry was conducted to identify brain regions
associated with top discriminant scores in each patient group in tandem with demographically-matched controls (p < 0.001 uncorrected, extent
threshold = 30 voxels). A) BvFTD patients and controls. Social cognition and CS (MiniSEA and MoCA) were associated with frontal (gyrus
rectus, superior frontal gyrus), temporal (the superior, middle, and inferior temporal gyri, fusiform gyrus, hippocampus, and parahippocampal
gyrus), parietal (postcentral gyrus), and insular regions as well as the basal ganglia. B) AD patients and controls. CS (MoCA) results were
associated with temporal (hippocampus, amygdala, parahippocampal gyrus, superior temporal, and fusiform gyri), frontal (superior frontal
gyrus), and parietal (postcentral gyrus) regions. C) PD patients and controls. Social cognition (MiniSEA) outcomes were associated with
parietal (inferior parietal lobule and precuneus), frontal (frontal superior gyrus and anterior cingulate cortex), and temporal (superior temporal
and fusiform gyri) regions. AD: Alzheimer’s disease; bvFTD: behavioral variant frontotemporal dementia; L, left; PD, Parkinson’s disease;
R, right.

at a cut-off of 15 points (AUC = 0.99, CI: 0.99–1.00;
p < 0.001) (Fig. 1D).

Relationship between brain volume and
discriminant scores

bvFTD
Higher values in the MoCA + MiniSEA discrim-

inant scores (greater probability of belonging to
the bvFTD group) were associated with lower GM

volumes in frontotemporal, parietal, and insular
regions as well as in the basal ganglia and the cerebel-
lum (Fig. 2A, Supplementary Table 7). Other discrim-
inant scores (including MoCA + IFS + MiniSEA)
showed similar GM volume associations (Supple-
mentary Table 7).

AD
Higher values in the MoCA discriminant scores

(greater probability of belonging to the AD group)
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were associated with lower volumes in temporal,
frontal, and parietal regions, and also in the thalamus,
caudate, and cerebellum (Fig. 2B, Supplementary
Table 8). Associations between discriminant scores
from the model including MoCA + MiniSEA and the
model including the three measures showed similar
GM volume associations (Supplementary Table 8).

PD
Higher values in the MiniSEA discriminant scores

(greater probability of belonging to the PD group)
were associated with lower GM volumes in parietal,
frontal, and temporal regions (Fig. 2C, Supple-
mentary Table 9). Discriminant scores combining
IFS + MiniSEA scores showed no significant asso-
ciations.

Relationship between functional connectivity and
discriminant scores

bvFTD patients and controls
Higher discriminant scores from MiniSEA +

MoCA scores as predictors were associated with
lower FC between frontal and amygdalar hubs. A
negative association also emerged between discrimi-
nant scores and FC between the left middle temporal
gyrus and the cerebellum (Fig. 3A). The same associ-
ations were found for the discriminant scores from the
model including MoCA, IFS, and MiniSEA scores as
predictors.

AD patients and controls
Higher discriminant scores from MoCA outcomes

were associated with lower FC between (a) parietal
and frontal regions, and (b) parietal and basal-ganglia
regions (Fig. 3B). Similar associations were found for
MoCA + MiniSEA and the model including the three
discriminant scores (Supplementary Table 10).

PD patients and controls
Higher discriminant scores from MiniSEA scores

were associated with lower FC between (a) the right
parietal superior lobule and the bilateral hippocampi
and the cerebellum, (b) the right superior frontal
gyrus and the angular gryus and posterior cingulate,
and (c) the right inferior temporal gyrus and right
superior occipital gyrus (Fig. 3C). Similar associa-
tions, although with correlations between additional
frontal and parietal involvement, were found for the
discriminant scores from MiniSEA + IFS discrimi-
nant scores (Supplementary Table 11).

DISCUSSION

We tested the relevance of social cognition and
other cognitive measures as dimensional predictors
of neurodegenerative conditions, while examining
the neurofunctional correlates of the best predic-
tors. Although all patient groups revealed generalized
deficits in social cognition, CS and EF, our classifica-
tion approach combining MDAs and ROC analyses
provided a robust group characterization. Compared
to controls, social cognition impairment probabilities
provided the best classification of bvFTD (together
with CS) and PD, but not AD (where maximal
predictions were afforded by CS alone). Other com-
binations of social cognition, CS, and EF measures
did not improve these classifications. When com-
bining the best MDA probabilities scores of social
cognition, CS, and EF, aiming at classifying patient
groups, we obtained good rates for bvFTD ver-
sus PD (98.3% with social cognition), AD versus
PD (98.6% with social cognition and CS), and
bvFTD versus AD (71.7% with CS and social cog-
nition). The top MDA outcomes were associated
with consistent patterns of pathophysiological com-
promise and FC dysfunctions across patients: ext-
ended fronto-insulo-temporo-parietal atrophy and
reduced fronto-amgydalar FC associated with social
cognition and CS scores in bvFTD; temporo-fronto-
parietal atrophy and reduced parieto-fronto-basal FC
associated with CS scores in AD; and parieto-fronto-
temporal atrophy and reduced network activity
associated with social cognition in PD. Interest-
ingly, the top discriminant scores provided the best
pathophysiological characterization, as adding other
measures did not significantly change the overall
pattern or produced null associations. Briefly, stan-
dardized validated measures of social cognition, in
combination with general CS measures, can pro-
vide robust classification across neurodegenerative
diseases, also unveiling relevant pathophysiological
markers of atrophy and FC.

Dimensional characterization of social cognition
across neurodegenerative disorders

Relative to controls, bvFTD patients were best
classified by hallmark dysfunctions in general (CS
associated with dementia) and specific (social cog-
nition) domains [46]. Social cognition outcomes
provided the best classification, even when com-
pared with other patient groups (be it on its own
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Fig. 3. Associations between discriminant scores and functional connectivity. Whole-brain analyses over 116 regions of interest from the
AAL atlas were performed to test the association between the FC of each pair of brain areas and top discriminant scores in each patient
group in tandem with demographically-matched controls (p < 0.001, uncorrected). A) BvFTD patients and controls. Social cognition and CS
(MiniSEA and MoCA) outcomes were associated with frontal (inferior frontal gyri/pars triangularis and pars opercularis) and amygdalar
networks. B) AD patients and controls. CS (MoCA) results were associated with (a) parietal (parietal superior and inferior lobules, and
precuneus and angular gyrus) and frontal (inferior frontal gyrus triangular and orbital, and frontal superior and middle gyri), and (b) parietal
superior and inferior lobules, supramarginal gyrus) and basal ganglia (pallidum and putamen) networks. C) PD patients and controls. Social
cognition (MiniSEA) results were associated with (a) parietal (parietal superior lobule), temporal (hippocampi) and cerebellar networks, (b)
frontal (superior frontal gyrus) and pariental (angular gryus and posterior cingulate) networks, and (c) temporal (inferior temporal gyrus)
and occipital (superior occipital gyrus) networks. AD, Alzheimer’s disease; bvFTD, behavioral variant frontotemporal dementia; L, left; PD,
Parkinson’s disease; R, right.
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alone or combined with CS). FER/ToM deficits are
early and reliable clinical markers of this disease
despite the variable frequency and severity of EF,
memory, and visuospatial deficits [47]. The MiniSEA
taps specifically on socio-affective deficits in bvFTD
[48], as systematically shown across countries and
settings (Table 1). Present results reliably classi-
fied bvFTD patients vis-á-vis controls and other
neurodegenerative conditions, providing objective
quantifications of social cognition for diagnosis, even
when this feature is absent from current diagnostic
criteria. Fronto-insular and temporo-parietal compro-
mise are the main signatures of both social cognition
outcomes and bvFTD disruptions [22]. The more
extended networks we observed (fronto-amygdalar
and temporo-cerebellar) are also critically involved
in both social cognition and bvFTD [46]. Whereas
social cognition has been widely assessed in bvFTD
[1], less clinical attention has been paid to short,
potentially scalable, validated, and well-designed
tasks compatible with neurocognitive research. Thus,
the MiniSEA, in combination with other cognitive
measures and related anatomo-functional correlates,
seems promising to support clinical assessment and
diagnostic classification.

As expected, relative to controls, AD patients were
maximally classified based on CS outcomes alone [5,
9], with social cognition (and EF) failing to yield
higher classification rates. However, social cogni-
tion outcomes proved relevant for identifying AD
patients from other groups, especially vis-á-vis PD
patients. This reinforces the relevance of social cog-
nition tasks as complements for cross-nosological
classifications. In AD, the atrophy pattern associated
with discrimination scores revealed typical disease
targets, spanning temporal (hippocampus, amyg-
dala, parahippocampal gyrus, superior temporal, and
fusiform gyri), frontal (superior frontal gyrus), and
parietal (postcentral gyrus) regions [49]. Similarly,
classical networks affected in AD, including the
default mode network [50], as well as posterior and
basal ganglia networks [51], were associated with the
MDA scores, supporting a plausible pathophysiolog-
ical model for classification scores.

Finally, regarding controls versus PD, maximal
discrimination was obtained through social cogni-
tion outcomes alone, although classification rate was
lower than for bvFTD and AD. This aligns with
current literature showing moderate deficits in most
(but not all) reports [14]. However, the dimensional
neurodegenerative classification of PD provided
almost perfect classification vis-á-vis bvFTD (social

cognition alone) and AD (social cognition and CS).
Despite potential confounds [14], social cognition
has emerged as a critical marker of PD [52]. Abnor-
mal fronto-posterior volume [16] and networks [16,
17] are consistent with previous studies in PD and
social cognition. Moreover, social cognition outco-
mes have been linked to temporo-parieto-cerebellar
and temporo-occipital networks in PD [15, 16,
18]. Indeed, our results support the view that PD
presents systemic whole-brain disruptions beyond
the basal ganglia [53] alongside long-range net-
work compromise [50]. To our knowledge, this is
the first classification study of PD and other neu-
rodegenerative conditions using social cognition
tasks and related brain correlates, offering impor-
tant breakthroughs for research on PD and its social
impairments.

Our results have important clinical implications.
Social cognition deficits are a hallmark of bvFTD
beyond cognitive and executive dysfunction [47], but
are also present in AD and PD in varying degrees
(Tables 1 and 2, and Supplementary Table 1). Thus,
the development of systematic assessment programs
combining social cognition, CS and EF measures sen-
sitive to pathophysiological mechanisms represents a
promising avenue to overcome diagnosis challenges.
In particular, our work highlights the utility of the
MiniSEA to potentially reduce diagnostic inconsis-
tencies in multicentric settings, despite being subject
to cultural differences [54].

Limitations and further research

Beyond FER and ToM, social cognition encom-
passes other domains assessed in neurodegeneration,
such as empathy [55], social cooperation [56], moral
cognition [57], complex social emotions [31], and
interoception [58]. However, FER/ToM are the core
components of social cognition assessed in clinical
settings [3], and the MiniSEA ranks amongst the
most robustly and cross-culturally replicated tools in
neurodegeneration (Table 1). However, future clas-
sification studies across neurodegenerative subtypes
should incorporate additional domains and tasks.

Across all classifications, our results do not support
diagnosis characterization based on EF performance.
This might contradict the suggested use of combined
social and executive tasks [59]. However, our results
show a well-replicated result, including (a) and gener-
alized deficit of EF across conditions, but (b) yielding
low diagnosis classification power [1, 5] (Tables 1
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and 2). Also, we used a short EF screening, that,
despite its sensitivity across bvFTD, AD and PD, may
not be comparable to an extended EF battery. Future
assessments should test the potential relevance of
extended executive assessment batteries in diagnos-
tic classification. Relatedly, other cognitive domains,
such as visuomotor skills, memory, decision-making,
and motor cognition, should also be combined and/or
compared with social cognition outcomes.

Our study focused on bvFTD, AD and PD, as
social cognition assessments are systematic in these
conditions. However, a dimensional approach to soc-
ial cognition across neurodegeneration [60] should
include comparisons with other diseases, such as
other FTD variants [60], multiple sclerosis, or Hunt-
ington’s disease [61]. Similarly, as social cognition is
extensively impaired in psychiatric conditions, cross-
nosological comparisons [62] may provide novel
insights for both clinical and cognitive neuroscience
research.

Moreover, our study aimed to test the diagnostic
classification power of social cognition outcomes.
Future works should also test the power of this
domain to characterize different (early or prodromal)
disease stages and longitudinal changes, as well as
familiar presentations across neurodegenerative dis-
orders. Similarly, further investigation is needed on
the capacity of social cognition measures to predict
disease onset, progression, prognosis, and behavioral
symptoms.

Finally, this work employed MDA and subse-
quent ROC analyses. Other classification procedures
in different fields [21, 23, 24, 44, 63–69] using
typical machine learning approaches (i.e., support
vector machine, random forest, XGBoost algorithms)
need training/test partitions and specific validation
(leave-one-out or k-fold) techniques to avoid data
overfitting and to perform out-of-sample classifica-
tions. However, MDA does not necessarily follow
those procedures. MDA is a multivariate method that
combines linear independent predictors to assesses
the discriminative power regarding a dependent vari-
able in a simple and parsimonious way. In MDA,
more cases than predictors are required in the small-
est group to prevent overfitting. For that reason, the
typical use of MDA does not involve data partition
and validation procedures [32, 70–90]. Accordingly,
our work follows the standards for MDAs publica-
tions (reporting Wilks’ Lambda, χ2 statistic, p values,
classification accuracy, sensitivity, and specificity).
Considering the above reasons and the complexity
of our results (involving four groups with cognitive

assessment, structural and functional imaging, and
performing both MDAs and ROC analyses), we did
not perform partition and leave-one-out or k-fold pro-
cedures. In any case, future works should compare
the classification power of our multimodal MDA in
regard to other machine learning classifiers.

CONCLUSIONS

To our knowledge, this is the first study offering
diagnostic classifications of three neurodegenerative
subtypes via social and cognitive tasks and providing
convergent pathophysiological signatures via brain
volume and FC metrics. Social cognition outcomes,
in combination with classical cognitive assessments,
and accompanied by anatomo-functional correlates,
provide a powerful dimensional approach to neurode-
generation at both clinical and research levels. The
use of simple, short, scalable, low-demand, validated,
and clinically-oriented social cognition tools, such as
the MiniSEA, would reduce inconsistencies and het-
erogeneity, potentially improving clinical-research
developments in the field.
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Lépine JP, Fossati P, Dubois B, Sarazin M (2012) Social
Cognition and Emotional Assessment differentiates fron-
totemporal dementia from depression. J Neurol Neurosurg
Psychiatry 83, 411-416.

[63] Abrevaya S, Fittipaldi S, Garcı́a AM, Dottori M,
Santamaria-Garcia H, Birba A, Yoris A, Hildebrandt MK,
Salamone P, De la Fuente A, Alarco-Martı́ S, Garcı́a-
Cordero I, Matorrel-Caro M, Pautassi RM, Serrano C,
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