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Abstract

Whether theory of mind (ToM) is preserved in Alzher’s disease (AD) remains a
controversial subject. Recent studies have showat gerformance on some ToM
tests might be altered in AD, though to a lessdergxthan in behavioural-variant
Frontotemporal Dementia (bvFTD). It is however, leac if this reflects a genuine
impairment of ToM or a deficit secondary to the gah cognitive decline observed in
AD. Aiming to investigate the cognitive determinguatf ToM performance in AD, a
data-mining study was conducted in 29 AD patiengntreplicated in an independent
age-matched group of 19 AD patients to performratependent replication of the
results. 44 bvFTD patients were included as a coisgragroup. All patients had an
extensive neuropsychological examination. Hieraahclustering analyses showed
that ToM performance clustered with measures otatkee functioning in AD. ToM
performance was also specifically correlated with éxecutive component extracted
from a principal component analysis. In a finalpstautomated linear modelling
conducted to determine the predictors of ToM pentoice showed that 48.8% of
ToM performance was significantly predicted by axe® measures. Similar
findings across analyses were observed in the emimt group of AD patients,
thereby replicating our results. Conversely, ToMpaimments in bvFTD appeared
independent of other cognitive impairments. Theseilts suggest that difficulties of
AD patients on ToM tests do not reflect a genuilmdTdeficit, rather mediated by
general (and particularly executive) cognitive dexl They also suggest that
executive functioning has a key role in mental estattribution, which support
interacting models of ToM functioning. Finally, ostudy highlights the relevancy of
data-mining statistical approaches in clinical angnitive neurosciences.

Keywords:theory of mind; Alzheimer’'s disease; behavioraliaatr frontotemporal

dementia; data mining; data driven
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1. INTRODUCTION

Social cognition refers to a complex set of beharssuch as emotion recognition
and mental states inference that supports suct¢sssfial interactions (Amodio &
Frith, 2006). It is now considered one of the seimmcognitive domains according to
the most recent edition of the Diagnostic and Stial Manual of Mental Disorder
(DSM-V, American Psychiatric Association, 2013).cAcdingly, strong emphasis is
now placed on its assessment. Theory of mind (Toih) ability to infer others’
knowledge, belief and feelings is a key processtgithg social cognition and is
assessed through various neuropsychological tasymg in their design,
administration and complexity. Several studies rehavn evidences of social
cognition and particularly ToM impairment in neueg@nerative diseases such as in
behavioural-variant frontotemporal dementia (bvFTIO) a review, see Elamin,
Pender, Hardiman, & Abrahams, 2012). By contrastia cognition was found to be
relatively preserved in Alzheimer’s disease (Grggaral., 2002; Torralva et al.,
2007; Bertoux, Funkiewiez, O'Callaghan, Dubois, &rikberger, 2013), although
recent studies have indicated contrary evidenocggesting ToM deficits in AD
(Freedman, Binns, Black, Murphy, & Stuss, 2013; &&ar, Rauzy, Viallet, &
Champagne-Lavau, 2016).

Two distinct views regarding ToM performance in ABd its relationship to general
cognition have been subserved: one highlightinqnherent independence from
general cognition, and the other showcasing ierd#pendence with general
cognition. In particular, the dependency of soc@nition on processes such as
executive functioning (EF) and episodic memory D A&emains unclear, as past
studies examining these interactions have repanthsistent findings (Castelli et al.,
2011; Cosentino et al., 2014; El Haj, Gely-Narg&oRaffard, 2015; Moreau et al.,
2016). Though differences between studies and oewg can be attributed to
methodological, test-choice, and sample differenteemains important to reconcile
these opposing perspectives. Such findings wowe imaplications towards
designing the next generation of ToM tests with Executive or memory demands
SO as to gauge true ToM deficits in AD. This iat$ critical importance considering
that social cognition assessment is currently drikeobest cognitive domain to
discriminate AD from bvFTD clinically, even whertler condition presents with

severe amnesia (Bertoux et al., 2015).
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Recent models propose that ToM is not an isolateidspecific module of human
cognition. The representation and maintaining beat’ mental states is rather be the
result of low-level mechanisms dedicated to sogigdlevant information gathered
from the perceptual environment (e.g. gaze diractimdy movements, emotional
facial or vocal expression) interacting with higtvél domain-general functions such
as memory, language, or EF (Achim, Guitton, JackBomtin, & Monetta, 2013;
Samson, 2009; Stone & Gerrans, 2006). Complex TasMst that supposedly impose
greater load on high cognitive functions may thedailed because of general

cognitive deficit, such as EF impairments.

The question of the neuropsychological determinahiM performance in AD has
been previously driven by hypotheses of indepenglenmter-dependency with
general cognition, and statistical analyses sucdhN3VAs or partial correlations
have been employed to confirm or refute such hygssh. In the current study, we
opted for a different approach, as such classteisical comparisons are suboptimal
to document complex and influential relationshipgin a large set of data. As we
believe that the complex nature of the human méagiires neuroscientists to use the
full spectrum of tools available in modern biolagyd statistics, we conducted a data-
mining study aiming to explore the relationship aodtribution of
neuropsychological domains on ToM in AD. As pastas have shown inconsistent
results, we included an independent group of Alep& in order to perform a

replication of our findings, as well as a groupeFTD patients as a contrast group.

2. MATERIALS AND METHODS

2.1 Participants

Ninety-two patients were included in this studyluding 48 patients with typical AD,
all satisfying the revised criteria (Dubois et 2D07) recruited at two independent
centres to perform an independent replication efrésults. Of these cases, 29
(60.5%) were seen at the Centre for PsychiatryNmgosciences of Sainte-Anne
Hospital (Paris, France) and 19 (39.5%) were sedmedDepartment of Internal
Medicine (Faculty of Medicine) at the Federal Umsrgy of Minas Gerais (Belo
Horizonte, Brazil). Twenty-three patients (47.9%gluding 13 cases from the
French cohort (44.8%) and ten cases from the Baaztlohort (52.6%) had a clinical



ToM in AD

diagnosis supported by abnormal levels of cerelmasfiuid measured phospho-tau,
total-tau, and beta-amyloid levels. The Innotest®yfoid Tau Index (442/240 +
1.18 tau) was used in this purpose (Vanderstiobtedd., 2006).

As a contrast group, we included bvFTD patientgid), all satisfying the revised
criteria (Rascovsky et al., 2011). These patiersevgeen at the Memory and
Alzheimer Institute of Pitié-Salpétriere HospitBEfis, France). We allowed bvFTD
patients with memory impairment if other core diasfic criteria were present.
Sixteen patients (36%) bvFTD cases had a cliniearibsis supported by the absence
of AD biomarker profile as revealed by cerebrosbiled measures. Part of the
bvFTD data showcased here has been presentedimerfstudy (Bertoux,
O'Callaghan, Dubois, & Hornberger, 2016).

All patients underwent extensive neuropsychologiesiing as well as T1-MRI
(and/or SPECT imaging). Patients presenting witlhompeuron disease, severe
depression, focal lesions or severe vascular lesi@re excluded. Biological and
clinical data of all French patients were generah@ang routine clinical workup and
were retrospectively extracted for the purposeénisf $tudy. As per French legislation,
explicit informed consent was waived as patientstheir relatives were informed
that individual data might be used in retrospectiveical research studies. The
recruitment of Brazilian patients was approvedhsy Ethics Committee of the
University Federal of Minas Gerais (CAA-17850516000.5149) and all patients or
their legal representatives provided written infechtonsent.

2.2 Neuropsychological assessments

In addition to a general cognitive screening tddini Mental State Examination,
MMSE: Folstein, Folstein, & McHugh, 1975; Kalafdtat., 2003), all participants
underwent neuropsychological assessments as desdcrabow.

2.2.1 Assessment of memory

All French cohort participants underwent the Fneg¢ @ued Selective Reminding
Test (FCSRT: Grober, Buschke, Crystal, Bang, & bees1988; Van der Linden,
2006), a memory test based on a semantic cueingoehébat controls for effective

encoding of 16 words and facilitates their retridsasemantic cueing. Briefly, the
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word list is presented three times followed by fa@e cued (using semantic cueing)
recall trials, and delayed free and total (freetduecall trials. In the current study,
only performance on free recall, total recall aethgied total recall measures were
considered.

All Brazilian cohort participants underwent the n@gncomponent of the Brief
Cognitive Screening Battery (BCSB: Nitrini et &Q04). Briefly, ten line drawings of
common objects (e.g. shoe, spoon, key) are prekeasked to be named aloud, and
recalled immediately after. The list is then preedrthree times with an interference
trial, a delayed recall trial, and a recognitiomgmnent.

Though the FCSRT and BCSB differ in terms of teshis, administration and
scoring, both tests produced immediate recall fopding), free recall and delayed
recall scores. Therefore in the current study,neatéd these scores across both tests
as measures of the same construct of memory. Grmumparisons on these measures

were assessed based on cohort-spesores.

2.2.2 Assessments of executive functions

The Frontal Assessment Battery (FAB: Dubois, Slaskg, Litvan, & Pillon, 2000;
Dubois et al., 1997), lexical and semantic fluetests (Godefroy & Grefex, 2008),
and forward and backward digit spans (Wechsler719&re administered to all
participants.

2.2.3 Assessment of theory of mind

All patients underwent the reduced and modifieck fipas test, a part of the mini
Social cognition and Emotion Assessment (mini-SBé&rtoux et al., 2013; Bertoux,
2014), which assesses ToM through short storigsesghich contain a social
misconduct (faux pas). Patients have to detegbtésence of a faux pas (detection)
and answer questions assessing its attributiorct@aeacter of the story (attribution),
its identification, knowledge, intentionality, ardhotional impact on the victim
(empathy) (Stone, Baron-Cohen, & Knight, 1998).

3. Statistical analyses
Analyses were conducted using R v3.3.0 (R Core T@&d6). For group
comparisons, variables were plotted and checkeddinality of distribution via

Shapiro-Wilk tests. Between AD groups, where vdeslivere normally distributed,
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t-tests were employed; otherwise Mann-Whitney tesie employedPost-hoc
comparisons between the main AD, independent AD the bvFTD group, were

assessed using ANOVAs with Bonferroni corrections.

To determine how closely ToM, EF, and memory preessvere related, we
conducted a hierarchical cluster analysis, usingdl@amethod. As a first step, all
neuropsychological test scores data were standat@zscores). Briefly, the cluster
analysis defines each variable as an individuateh clusters are then sequentially
merged as per their similarity/distance (squaredifie&an distance) in a geometric
space where the number of variables set the nuaflgimensions. We used Bayesian
Information Criterion value-guided models to detgr@the optimal number of
clusters. The components extracted from the optmualel are then plotted on a
dendrogram representing the relationships of siitylamong the group of variables.
The validity of the clustering architecture in Alasvthen assessed through a
correlation analysis performed between ToM (faug4odal score) and EF measures
that were not previously included in the clusteramglysis. In the Brazilian sample
(n=19), (1) the number of errors from the HayliRgit B) test (Burgess & Shallice,
1997) and (2) from the Stroop (Part B) test (Goldeal., 1978) as well as (3) a
phonemic verbal fluency score (using letter A) weliesen. In the French sample, (1)
the number of correct criteria identified during timodified Wisconsin Card Sorting
Test (NMWCST, Nelson et al., 1976; Godefroy & Gref2308) and (2) the number of
perseverative errors at this test were chosen (dyaavailable for 14 patients). The
validity of the clustering architecture in bvFTD svassessed in a similar way, with
the number of correct criteria identified during tnMWCST and (2) the number of
perseverative errors at this test chosen as exteainables (data only available for 42

patients).

As a second step, all EF variables (FAB, fluencesl digit spans) were entered into
a principal component analysis and a forced extnadif a single component (using
varimax rotation) was performed. Individual pagignt loadings on this single
component were then correlated with their respeclieM scores, using Spearman’s
rank correlation. The same method was employedXtiaction of an episodic

memory factor (using encoding, free and delayedlrereasures).
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Finally, all neuropsychological variables includitmg MMSE were entered into an
Automated Linear Model (ALM) as predictors of ToMrformance, to investigate
the relationships between these variables in tefraariance contributions. ALM
allows identifying the best predictive model givae data, without any a priori
hypothesis. Akaike Information Criterion Correctedsmall sample size was
employed as a selection criterion to account faslssample size. As a major focus
of the current study was on independently validptive determinants of ToM in AD,
for all analyses, we report findings from the maid cohort (French cohort)

followed by findings from the second cohort (Brazhort).

3. RESULTS

3.1 Demographics and neuropsychological test meass (Table 1)

Between the French and Brazilian AD cohorts, naiSant differences on any
demographic or neuropsychological test variablegweted (alp values >0.1),
except on the forward digit span, where the Brazil\D cohort performed
significantly better than the French AD cohqrt@.001). Both AD groups differed
from bvFTD on ToM assessmef=18.02; p<0.00001) and the Brazilian AD group
outperformed bvFTD patients on forward digit span-4.97; p<0.001).

Table 1. Demographic and neuropsychological tetst fve patient groups.

AD (France) | AD (Brazil) | bvFTD AD
(France vs. Brazil)

N 29 19 44 t/Z value| p value
Age (years) 72.00 (10.11) | 71.15(9.20) | 65.25 (9.39) 0.29 0.76
Education (years) 11.47 (3.42) |12.94 (4.14) | 11.37 (3.64) -0.07 0.94
MMSE 23.85 (2.42) | 24.68 (2.08) | 24.47 (3.66) 124 |0.21
Neuropsychological test variables

FAB 14.44 (2.68) | 13.15(2.75) | 13.34 (3.22) 1.60 0.11
ToM (Faux pas test) | 11.45(1.96) | 11.96 (2.08) | 9.26 (2.43) -0.83 0.40
Phonemic fluency 10.13(3.91) |8.89(3.49) |7.95(6.14) 1.14 0.25
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Category fluency 14.27 (5.51) |12.15(3.21) | 13.63 (5.78) 1.67 0.10
Forward digit span | 5.39 (1.10) | 7.47 (1.42] |5.27 (1.26) -5.36 | 0.00006
Backward digit span | 4.03 (0.92) 4.15(1.21) |3.52(1.08) -0.37 0.71
Encoding 13.48 (2.39) |6.68 (1.41) | 12.93 (3.54) 041 |0.67
Free recafl 10.82 (5.81) |6.84 (1.50) | 17.68 (8.39) -0.0003 | 0.99
Delayed recafl 8.72 (4.48) |4.31(1.76) |12.90 (4.00) -0.007 | 0.99

Note.Standard deviation shown in brackéRpst-hoccomparisons evaluated based
on cohort-specifie-scores, given differences in test scoring; AD,h&limer’s
disease; bvFTD, behavioural variant frontotempdesthentia; MMSE, Mini-Mental
State Examination; FAB, Frontal Assessment Batt€ol, Theory of Mind.

T p<0.001 with bvFTD;

3.2 Data mining approach

Clustering results from the hierarchical clustealgsis are shown in figure 1A-C.
Similar variables were joined at earlier stagest@mo of the dendrogram) and less
similar ones at later stages of the analysis (fdhedendrogram). In the French AD
cohort (figure 1A), two independent clusters welentified by the analysis - an
episodic memory cluster (comprising of free, ta@tadl delayed recall measures) and
an EF and ToM cluster (forward/backward digit spa@esnantic/lexical fluency, FAB
and ToM scores). In the Brazilian AD cohort (figui), three independent clusters
were identified by the analysis — one EF and Todtr (semantic/lexical fluency,
backward digit span, FAB and ToM scores), one #tiefshort-term memory cluster

(digit span forward) and one episodic memory clugacoding, free and delayed

recall measures). When analyses were restrictdtetdD patients subgroups that had

CSF-biomarkers confirming the clinical diagnosisMIcontinued to cluster with EF
measures and not with memory scores.

The correlation analysis performed between ToM BRdneasures that were not
previously included in the clustering analysis wagied to assess the validity of the
clustering findings. Moderate correlations withtile of significance were observed
between ToM and Hayling%£-.43;p=.07) and Stroopr€-.39;p=.10) errors as well

as a strong and significant correlation with phoreiA” fluency (r=.71;p<.001) in

the Brazilian sample. In the French sample, moddmstrong significant correlations
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with the number of criteria€.59;p<.05) and perseverative errors{.86;p<.0005)
at the mWCST were also observed. Taken togethesethresults support the validity
of the clustering findings as they show that ToMswaéso significantly related to

external EF measures.

In the bvFTD cohort (figure 1C), four independelisters were identified: one EF
cluster (FAB and digit spans), one episodic menotugter (free, total and delayed
recall measures), another EF cluster (lexical/séim#nency), and an independent
ToM cluster.

The correlation analysis carried to assess theitabf the clustering results showed
that ToM did not correlate with the number of mMWGCSiteria (=.13;p=.40) or with
the number of perseverations{.28;p=.12). Stability of the clusters was also
observed after randomly splitting the bvFTD gromwo subgroups, as the

clustering architecture was identical in these soigs.

3.3 Correlations with components (Figure 2)

From the principal components analysis (PCA), dsagfic memory component and
an EF component were extracted. In the French AixtpToM performance was
significantly correlated with the EF component@.46;p<0.05) but not with the
episodic memory component=€0.19;p>0.1). Similarly, in the Brazilian AD-cohort,
a large significant correlation between the EF congmt and ToM performance was
observedr=0.74;p<0.001) while a moderate coefficient trending tosgastatistical
significance was noted between ToM and the episoiciory component£0.42;
p=0.06). By contrast, in the bvFTD group, these @atrons were non significant (all
p>.5).

3.4 Automated Linear Modelling (ALM)

All neuropsychological measures were entered intdlaM (including the MMSE)
as predictor variables in a forward stepwise manmigh ToM as the target variable.
Plots of correlations between performance on thg fas test and predicted values
by the model are presented on Figure 2C. In thedirdD-cohort, together, all
neuropsychological variables predicted 48.8% of Tmvformance. Of this total
variance, the strongest predictors were forward dgan (explaining 42% of

variancep<0.01) and free recall (22% of varianpg0.05). Lexical fluency and FAB
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were also identified as predictors for ToM perfonoa (20% and 16% of variance
respectively), however these failed to reach siedissignificance.

In the Brazilian AD cohort, all neuropsychologiealkiables predicted 69.8% of ToM
performance. Of this total variance, the strongestlictors were the FAB (explaining
79% of variancep<0.001) and forward digit span (15% of variangz€.05).

Delayed total recall measure was also identified psedictor (7% of variance) but
this failed to reach statistical significance.

In the AD CSF-confirmed subgroup, only one predi¢EAB) emerged to explain
51.6% of the model’s variancp<0.01). Interestingly, in the bvFTD cohort, no

neuropsychological variables emerged as predictofeM (all p values >0.1).

3.5Post-hoc analysis on ToM subcomponents

Similarly to a previous study (Bertoux et al., 2pI&post-hochierarchical clustering
analysis was performed on AD patients in ordent@stigate the differential link
between ToM subcomponents and EF. Due to the petotise nature of the study,
these subscores were only available for the Beaepiatients and thus, this analysis
was only conducted on this sample (n=19). Fourrdistlusters were identified
(Supplementary figure 1): one mixed ToM and exeeutiuster where FAB clustered
with most of the ToM subcomponents including faas’p detection, identification,
attribution, empathy and intentionality subscoeesgxecutive and working memory
cluster that included semantic and lexical flueses well as digit span backward; a
mixed ToM and memory cluster, where faux pas’ kremlgle clustered with all

BCSB's subscores; and a last cluster only commgithe digit span forward.

4. DISCUSSION

The data-mining approach employed in this studgrtfeshows that ToM
performance in AD appears to be heavily linkedxecative functioning. From the
cluster analysis on two independent AD groups,results indicated that ToM
performance, as measured by the faux pas testerdsclosely with executive
performance on measures like the FAB, digit spand,semantic/lexical verbal
fluency. Supporting these findings, correlationlgses conducted in the two
independent AD groups verified that ToM performasigmificantly correlated only

with the PCA-extracted EF component. Similarlyngsan ALM on all

10
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neuropsychological test variables, we demonstriaattention and executive
measures such as the FAB and forward digit spamgates significant predictors of
ToM performance, accounting for ~50-70% of ToM periance across both cohorts.
Importantly, our findings across two independent édhorts were highly similar,
thereby replicating our results. Finally, a lpest-hocanalysis showed that most of
the ToM subcomponents were linked to executivetioning as five dimensions of
the faux pas test, namely detection, identificatadtribution, intentionality and
empathy, clustered with the FAB, a multidimensiamaasure of executive functions.

Taken together, our findings firstly suggest thaMTimpairments remain closely
related to executive performance in AD. Conversallydata-driven analyses
conducted in the bvFTD group corroborate and deepevious findings, suggesting
that ToM impairments in bvFTD remain largely indegent of general cognition,
episodic memory, and executive impairments notdderdisease (Bertoux et al.,
2016; Lough & Hodges, 2002). In more detail, omgentionality and empathy
subcomponents have shown to be linked to execatideattention functioning in
bvFTD in a past study (Bertoux et al., 2016) whilleost all subcomponents of the

faux pas test were linked to executive functionAlh

Another notable result is the link between ToM amemory functioning. Although
episodic memory clustered separately from ToM ithl&D groups and despite the
absence of correlation between ToM and the PCAaetdd episodic memory
component, the ALM showed that short-term memoxyfage recall score of the
FCSRT are among the best predictors of ToM perfaoaan the French AD group
and may explain up to 22% of the ToM variance. Boiggests that impaired verbal
attention abilities and strategic memory recallldmegatively impact ToM

performance in AD, especially with the faux pag that relies on verbal material.

Previous studies evaluating ToM in neurodegenezatiseases have mainly focused
on bvFTD, for its early manifestations of impaigmtial cognition in the evolution of
the disease. Indeed, past studies have shown itha¢avly atrophy of the medial
prefrontal cortex region (MPFC), a key region feedry of mind functioning

(Amodio & Frith, 2006; Carrington & Bailey, 2009;avf Overwalle, 2009), bvFTD

patients show severe impairments on social cognamd ToM tasks such as the faux

11
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pas test as compared to AD (Gregory et al., 20@2t0Bx et al., 2013). These deficits
persist over time and also rapidly worsen in bvR¥ddents with marked mPFC
atrophy compared to those with limited mPFC atrofiiymfor et al., 2014). By
contrast, the evidence for ToM impairment in AD hasked general consensus on
whether deficits on ToM tasks are a result of ahentic impairment of ToM
(Cosentino et al., 2014; Freedman et al., 2013;esloret al., 2016), or due to
deteriorating general cognition in the diseaseg@roach that is compatible with the
interactive models of ToM (Dodich et al., 2016; 18tcet al., 2006). Few studies in
support of a stand-alone ToM deficit in AD havewhdhat AD patients could fail on
basic ToM tasks like gaze-processing (Laisney.e28ll3) and inferring someone’s
(first-order false) beliefs (Freedman et al., 2018Bouc et al., 2012). On the other
hand, studies in support of a ToM deficit secondargeteriorating executive and
general cognitive functions in AD have shown tlgise patients do show relatively
preserved performance across simple first-ordenitiwg and affective belief
inference tasks (Elamin et al., 2012; FernandeztieuBaird, & Black, 2009;
Zaitchik, Koff, Brownell, Winner, & Albert, 2006Jut were impaired on more
complex belief inference tasks (e.g. second-oralsefbelief) that are supposed to
place greater demands on working memory and execfutnctions (Gregory et al.,
2002). A study adopting a neurodevelopmental petsgeat examining ToM in AD
suggested that performance on complex ToM tasksatkaacquired later in the
developmental spectrum (e.g. second-order falsefliatks), appeared to decay first
in AD, and highly correlated with their performarme executive tasks of reasoning
and abstraction (Castelli et al., 2011). A critigppraisal of such inconsistent results
for determinants of ToM performance in AD suggéisét such differences across
studies largely arise due to variations in samjziess methodologies, and more
importantly the design and complexity of the Toldka@dministered to the AD
population (Bora, Walterfang, & Velakoulis, 2015).

Exploring the relationship between the faux pasgesgormance and other
neuropsychological measures of general cognitipisodic memory and executive
functioning, we demonstrated through a pure datgedrapproach that more half of
ToM variance in AD can be explained by EF & attentimpairment as well as
memory deficits. This is in stark contrast with wianes observed in bvFTD, in which

ToM emerged largely independent of executive perforce as well as general

12
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cognition and memory processing. Indeed, while omgntal attribution dimensions
have been shown to be linked to EF performancelTD (Bertoux et al., 2016),
almost all ToM subcomponents rely on EF in AD, uatthg detection, identification
and attribution of faux pas as well as mentallaition dimensions. Our results may
thus bring new evidences in support of interactingalels of ToM architecture,
arguing that the ability to infer mental statesa®bn the interaction between low-
level domain-specific and high-level domain-genenathanisms such as EF
(Samson, 2009; Stone & Gerrans, 2006). In that vegficient complex mental
attributions are dependent on a contextual so@atéwork integrating relevant
information gathered in the environment by low-lgm@cesses (Achim et al., 2013).
Because EF seem to sparsely explain ToM defidwiTD (Bertoux et al., 2016;
Lough & Hodges, 2002), this suggest that other rmeisims, such as contextual
integration (i.e. the collection and integratiorsotial cues) as well as social norms
knowledge and awareness may play a significantingbatients’ difficulties to infer
mental states, especially on the faux pas test(Bbal., 2015; Ibanez & Manes,
2012).

To our knowledge, this study is the first to hawgoyed data-driven approaches to
identify the neuropsychological determinants of Tp&tformance in AD. Previous
studies have mainly relegated this question inkdddckground or have used either
ANOVA or partial correlations analyses to addréss point. These statistical
methods are appropriate to investigateaumiori hypothesized effect of one variable
on another one, but that do not allow identifyiregumal grouping or pattern in data, a
goal that can only be achieved using data-drivethaus. Although highly focused,
hypothesis-driven researches can provide inteigestial powerful results in the
context of known neural circuits and functions, vedieve that more explanatory
methods, not aiming at testing a specific hypothbst instead enabling data-driven
discovery, could provide complementary resultsaaitfor the community (Akil,
Martone, & Van Essen, 2011). In that perspectiyppothesis-free automated or semi-
automated statistical tools can intelligently assigransforming vast amounts of data
into useful information that can, in turn, inforraaut brain networks functioning
(Smith, Hyvarinen, Varoquaux, Miller, & Beckmanr@12), diagnosis procedure
(Wang, Redmond, Bertoux, Hodges, & Hornberger, 20di6cognitive architecture
(Bertoux et al., 2016). Our data-driven findingg@est a strong dependence of ToM
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on EF in AD, directly contradicting a recent stutgt highlighted the independence
of ToM impairment and general cognition performamc@D (Cosentino et al., 2014).
One possible reason for such differences is thas€@tino et al., 2014) measured
social cognition using a carer-reported deficitesthat may be affected strongly by
caregiver bias and reflect less accurate patiemireg ToM deficits while our study
used a performance-based, objective measure of grobkssing. Moreover, the
confirmation of our results in a subgroup of patsenith biological evidence of
diagnosis and replication of our findings in angpdndent group of AD patients
strengthened our findings. Our results are aldméwith recent meta-analyses and
systematic reviews that examined ToM performancesacmultiple tasks and found
ToM to be modestly impaired in AD, with more complEoM tasks closely linked to
general cognitive impairment and executive procggsiernandez-Duque et al., 2009;
Sandoz, Demonet, & Fossard, 2014), as opposetifaesiToM tasks like first-order
false beliefs (Aboulafia-Brakha, Christe, Martog/Annoni, 2011).

From our findings, speculations may arise regarduhdjtional cognitive processes
that may possibly interfere with ToM processinghiD, as a proportion of ToM
performance was not explained by EF. Although cdihgs showed that transversal
cognitive processes such as EF or attention caitldadly impact on ToM processing,
ToM is a multicomponent function that depends dreospecific and independent
cognitive mechanisms. As stated above, strongaotiens with semantic memory
(e.g. understanding of social rules and norms)camiext processing (e.g.
understanding of the social context and actorsabs@important for ToM processing,
particularly in the multi-dimensional faux pas tédtese other dimensions of social
cognition have been shown to be processed by alegrprtical network that is
particularly vulnerable across different neurodegative diseases. Given that the
field of affective neurosciences is so young, ladl tognitive processes involved in
ToM processing and, by extension, all the ceref@gibns supporting these processes
have not been described or characterized in degaiMWhile mounting evidences
from bvFTD have pointed to the role of mPFC atrophdl its direct association with
ToM impairment (Adenzato, Cavallo, & Enrici, 20Iertoux et al., 2012; Bertoux et
al., 2014), strong evidences suggest the involvemiea larger cerebral network
dedicated to ToM processing. As examples, theabtbe polar temporal pole (Ross

& Olson, 2010) and the temporo-parietal junctiangferring other's mental-states
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(Schurz, Radua, Aichhorn, Richlan, & Perner, 20ia5 been pointed out. Moreover,
some imaging studies evidenced common cerebrafaticins during ToM and self-
projection in other times, places or other’'s miBdg¢kner & Carroll, 2007; Rabin,
Gilboa, Stuss, Mar, & Rosenbaum, 2010); this seiveflapping regions being
related to the default mode network (Raichle et28l01; Spreng & Grady, 2010), a
functional network particularly fragile in AD (Hadkneijer, van der Grond, &
Rombouts, 2012; Simic, Babic, Borovecki, & Hof, 201Taken together, these
results support the need for future studies tostigate components of ToM that
could be selectively impaired or preserved in ABhvagoncomitant atrophy of these

regions

A number of limitations in our study warrant coresigtion. We used a single test of
ToM when including other ToM tasks may have streaged our findings. However,
sieving through ToM tasks for their sensitivityetimeta-analysis by (Bora et al.,
2015) suggested the faux pas task is the mosttisents discriminating AD from
bvFTD, as opposed to false belief tasks where pedace by both groups may
appear indistinguishable. In addition, this tegirie of the few ToM tests allowing for
a multi-dimensional assessment of ToM (exploringgdgon of faux pas as well as
cognitive (inference of belief and knowledge) affécive (empathy) aspects of ToM.
The sample size of the patient groups includetiimdtudy is also a limitation to the
interpretation of our findings, as automated proced usually require bigger sample
sizes. However, given the number of different asedyconducted, all of which
converge to support our findings, we believe thatinterpretations are strong and
valid, though further studies with larger sampleeshould confirm them. Another
limitation is that only half of our patients hacgignostic confirmation via
cerebrospinal fluid data. Results in this samplesi®wever similar to those
observed in patients with clinical diagnosis (whidwever include MRI evidences of
medial temporal lobe atrophy). Furthermore, thiglgtemployed a replication
method on an independent group of AD patients, thodgerarely employed in
neuropsychology that, we believe, strengthenedliserved results. Finally, by
choosing a group composed from Brazilian AD pasig¢atreplicate findings observed
in a group of French AD patients, this study shbat fToM, a cognitive function
embedded in culture and local norms relies on ainpitocesses regardless of cultural

differences.
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5. Conclusions

Our findings have strong implications, especiatlelinical diagnosis and test
development. The most recent edition of the DSM ¢Ainan Psychiatric Association,
2013) has acknowledged the importance of asseseirigl cognition, placing
emphasis on the use of standardized tests/batterassess social cognition functions.
However, the current ToM tasks have not been dedigs pure ToM assessments
and rely heavily on language and EF that couldcatlyy impact performance. This
study highlights the need for developing ToM tektt are more independent of
executive, attention, language and memory perfocean order to capture more
specific ToM impairment that some patients may havéhis line, the work by Roux
and colleagues in schizophrenia (e.g. Roux, Br@wmiet, Passerieux & Ramus,
2016), using eye-tracking measures during ToM [@siog, is very interesting
although such measures could be difficult to im@atrin clinical practice.
Paradigms involving patients in real social intéi@acare also of great interest. They
not only allow a more realistic approach of ToM lexgéion but they also may capture
a different form of ToM functioning, since studiesve suggested that cognitive
processes elicited by tasks where patients arelyrsgectators could be different
from those involved in tasks where a real intetactvas needed (de Bruin, van EIKk,
& Newen, 2012; De Jaegher, Di Paolo, & Gallaghed,®@ Gallotti & Frith, 2013). In
these interactive tasks, ToM functioning is indpeabably more implicit and less
dependent on EF since participants do not havgpticély represent or explain the
mental state they attribute (Champagne-Lavau & lslor@013). The development of
new ToM tests is even more crucial as recent stuthwe demonstrated that typical
and atypical AD patients can present with mildd¢eese dysexecutive profiles (de
Souza et al., 2013; Ramanan et al., 2016; Wonb, &2(4.6), thereby complicating
interpretation of their ToM performance. Moreowvauy results show that ToM testing
should become commonplace in diagnosis of AD, batukl be used with caution, in
that, attention and EF tests should be administesadomitantly to control for EF
contribution to ToM impairment. One interesting eg@gch would be to deconstruct
ToM in order to identify all its subcomponents (&afsma, Pfaff, Spunt, & Adolphs,
2015), which could provide a comprehensive thecaébasis to investigate the
neural correlates of ToM processing and to deseym tests tapping into these

processes and cerebral regions. Finally, our fogladso highlight the relevance of
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using data mining techniques and visualizationrotiging patterns in data in clinical
neurosciences, which could complement group compamnalyses to map and
visualize clusters of brain atrophy in neurodegatmez diseases. We believe that
such approaches should be employed more frequentlnical neurosciences as
they can help to delineate the respective coniohatof several variables in large or

complex datasets.
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Figure’s legends

Figure 1. Dendrogram using Warsllinkage, showing the cluster architecture of faux
pas (FP) performance and memory or executive sior¢sA) AD (French cohort),
(1B) an independent group of AD (Brazilian cohamy (1C) bvFTD.

TR: Total recall; DTR: Delayed total recall; FR: ekr recall; FAB: Frontal
Assessment Battery; LexF: Verbal lexical fluencen®: Verbal semantic fluency;
DSF: Digit span forward; DSB: Digit span backwardear.: Learning; Imm.:

Immediate recall; FR: Free recall after 5min.

Figure 2. Plot of correlation for AD (French cohort), indepent AD group
(Brazilian cohort) and bvFTD between faux pas (p&formance and (2A) executive
functioning (EF) and (2B) episodic memory composeaid (2C) the values
predicted by the automated linear model.
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