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Social cognition deficits and biometric 
signatures in the behavioural variant 
of Alzheimer’s disease
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The behavioural variant of Alzheimer’s disease (bvAD) is characterized by early predominant behavioural changes, 
mimicking the behavioural variant of frontotemporal dementia (bvFTD), which is characterized by social cognition 
deficits and altered biometric responses to socioemotional cues. These functions remain understudied in bvAD.
We investigated multiple social cognition components (i.e. emotion recognition, empathy, social norms and moral 
reasoning), using the Ekman 60 faces test, Interpersonal Reactivity Index, empathy eliciting videos, Social Norms 
Questionnaire and moral dilemmas, while measuring eye movements and galvanic skin response. We compared 
12 patients with bvAD with patients with bvFTD (n = 14), typical Alzheimer’s disease (tAD, n = 13) and individuals 
with subjective cognitive decline (SCD, n = 13), using ANCOVAs and age- and sex-adjusted post hoc testing.
Patients with bvAD (40.1 ± 8.6) showed lower scores on the Ekman 60 faces test compared to individuals with SCD (49.7 ± 
5.0, P < 0.001), and patients with tAD (46.2 ± 5.3, P = 0.05) and higher scores compared to patients with bvFTD (32.4 ± 7.3, P 
= 0.002). Eye-tracking during the Ekman 60 faces test revealed no differences in dwell time on the eyes (all P > 0.05), but 
patients with bvAD (18.7 ± 9.5%) and bvFTD (19.4 ± 14.3%) spent significantly less dwell time on the mouth than indivi-
duals with SCD (30.7 ± 11.6%, P < 0.01) and patients with tAD (32.7 ± 12.1%, P < 0.01). Patients with bvAD (11.3 ± 4.6) exhib-
ited lower scores on the Interpersonal Reactivity Index compared with individuals with SCD (15.6 ± 3.1, P = 0.05) and 
similar scores to patients with bvFTD (8.7 ± 5.6, P = 0.19) and tAD (13.0 ± 3.2, P = 0.43). The galvanic skin response to em-
pathy eliciting videos did not differ between groups (all P > 0.05). Patients with bvAD (16.0 ± 1.6) and bvFTD (15.2 ± 2.2) 
showed lower scores on the Social Norms Questionnaire than patients with tAD (17.8 ± 2.1, P < 0.05) and individuals 
with SCD (18.3 ± 1.4, P < 0.05). No group differences were observed in scores on moral dilemmas (all P > 0.05), while 
only patients with bvFTD (0.9 ± 1.1) showed a lower galvanic skin response during personal dilemmas compared with 
SCD (3.4 ± 3.3 peaks per min, P = 0.01).
Concluding, patients with bvAD showed a similar although milder social cognition profile and a similar eye-tracking sig-
nature to patients with bvFTD and greater social cognition impairments and divergent eye movement patterns com-
pared with patients with tAD. Our results suggest reduced attention to salient facial features in these phenotypes, 
potentially contributing to their emotion recognition deficits.
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Introduction
The behavioural variant of Alzheimer’s disease (bvAD) is a rare 
atypical variant of Alzheimer’s disease, characterized by early 
and predominant behavioural and personality changes with under-
lying Alzheimer’s disease pathology.1–3 The clinical phenotype of 
bvAD overlaps substantially with that of the behavioural variant 
of frontotemporal dementia (bvFTD),3 which is characterized by so-
cial cognition deficits that are thought to underlie its behavioural 
disturbances.4 Social cognition refers to all processes necessary 
for adequate social behaviour, i.e. the identification, perception 
and interpretation of socially relevant stimuli.5 Although currently 
a lack of consensus exists on the theoretical framework regarding 
subdomains of social cognition,6 several functions have been de-
scribed as central social cognitive abilities, including emotion rec-
ognition, empathy, theory of mind and social and moral 
reasoning.7 These subcomponents rely on multiple sensory and 
cognitive processes and may be interdependent. For instance, a 
prerequisite for adequate social behaviour is that social cues such 
as facial expressions are sufficiently and accurately perceived (per-
ception and attribution of salience).7,8 Next, these elementary per-
ceptions are interpreted to extract the affective states of the other 
person and form the basis for adequate emotion recognition, em-
pathy and ‘theory of mind’ (interpretation).7,8 Furthermore, this 
perspective taking serves as necessary input to guide social deci-
sion making, as well as higher-order social reasoning based on 
knowledge of social norms and moral reasoning.8

Deficits along all components of social cognition have been de-
scribed in bvFTD4 and may contribute substantially to the behav-
ioural and personality changes. Social cognition deficits have 
been suggested as a possible underlying mechanism in the bvAD 
phenotype as well.9–12 However, these reports are mainly based 
on case studies. Moreover, social cognition tests are prone to con-
founding by deficits in other cognitive domains such as memory 
or executive functioning that are likely to be impaired in demen-
tia. To overcome this hurdle, biometric measures have been used 
to capture experiential aspects of social cognition in the context 
of frontotemporal dementia. For example, eye tracking and gal-
vanic skin response (GSR) may yield more direct and sensitive 
measurements of elementary, bottom-up, processes of emotions 
and social behaviour,13 as previous studies have captured emo-
tional blunting using GSR14,15 and deficits in emotion recognition 
using eye tracking16 in frontotemporal dementia. As such, these 

tools may help unveil primary physiological processes contribut-
ing to social cognitive functioning, in addition to potentially pro-
viding earlier and objective measures to capture decline in social 
cognition. As adequate social cognition relies on the complex 
interplay between elementary sensory (bottom-up) processing, 
as well as semantic cognitive appraisal (top-down) processing,17

it is important to capture both sensory and cognitive processing 
underlying social cognition.

Group studies of social cognition test scores in conjunction 
with biometric measures in bvAD are currently lacking. In this ex-
ploratory study, we examined social cognition across multiple 
components, including emotion recognition, empathy, knowledge 
of social norms and moral reasoning in patients with bvAD com-
pared to bvFTD, typical Alzheimer’s disease (tAD) and subjective 
cognitive decline (SCD) in conjunction with eye tracking and 
GSR. We hypothesized that bvAD participants would show inter-
mediate social cognition performance compared with bvFTD and 
tAD (i.e. worse than tAD and better than bvFTD), based on the simi-
lar yet milder behavioural profile in bvAD compared with bvFTD.3

Materials and methods
Participants

Between February 2020 and October 2021, we included 12 pa-
tients clinically diagnosed with bvAD from the Amsterdam 
Dementia Cohort, the Netherlands (Table 1).18 In accordance 
with inclusion procedures in our previous work,19,20 we included 
cases if they showed at least two of six bvFTD features21 in con-
junction with positive amyloid-β biomarkers based on CSF or 
PET examinations (Table 2). Owing to the absence of formal diag-
nostic or research criteria for bvAD, we recently proposed re-
search criteria for this phenotype, defining ‘clinical bvAD’ as a 
combined behavioural and cognitive syndrome including two of 
five bvFTD behavioural features21 in conjunction with either 
memory or executive impairments, and defining additional le-
vels (i.e. ‘possible’, ‘probable’ and ‘definite’ bvAD) based on dif-
ferent levels of biomarker, genetic and/or histological 
confirmation.3 As all bvAD cases showed memory and/or execu-
tive impairments on neuropsychological assessment as con-
cluded by a trained neuropsychologist during clinical workup, 
in addition to two of five bvFTD behavioural features (Tables 1
and 2), all bvAD cases retrospectively met criteria for at least 
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‘possible bvAD’ (i.e. clinical bvAD in combination with positive 
amyloid-β biomarkers3; Table 2). In the same period, we consecu-
tively included patients with ‘tAD’ (defined as amyloid-β-positive 
patients with mild cognitive impairment or Alzheimer’s disease 
dementia with an amnestic-predominant presentation) and pa-
tients with probable bvFTD behavioural variant of frontotempor-
al dementia according to the Rascovsky criteria21 and with a 
negative amyloid status. All tAD and bvFTD cases showed amyl-
oid and tau positivity based on CSF assessment or amyloid posi-
tivity on PET assessment. Furthermore, all cases with bvFTD 
were amyloid negative, except for one amyloid-positive case 
who had a strong family history and a clinical profile suspect 
for bvFTD. Importantly, this bvFTD case was p-tau negative 
based on CSF, whereas all bvAD cases were p-tau positive (10/ 
12) or amyloid PET positive (2/12). The cognitively normal control 
group consisted of individuals who presented to our clinic with 
SCD in whom objective cognitive impairment was ruled out by 
neuropsychological assessments during screening.22 The major-
ity of SCD cases were amyloid negative (76.9%) on CSF assess-
ment, the mean Mini-Mental State Examination (MMSE) was 
28.1 ± 1.4, domain Z-scores for memory (−0.14 ± 0.73), attention 
(0.17 ± 0.60), language (0.05 ± 0.50) and executive functioning 
(0.19 ± 0.60) were within the normative range (compared to a ref-
erence group of cognitively normal amyloid-β-negative indivi-
duals; n = 583)23 and neuropsychiatric symptoms were limited 
as indicated by a mean Geriatric Depression Scale score of 1.58 
± 1.68 and a mean Neuropsychiatric Inventory score of 2.43 ± 
4.16. In addition, no significant neurodegeneration was observed 
by trained neuroradiologists during clinical workup, as indicated 
by median Fazekas, Medial Temporal Atrophy and Global Cortical 
Atrophy  scores of 0.00 (0, 1.00) (Supplementary Table 1). 
Supplementary Fig. 1 provides an overview of the inclusion 
flow for each diagnostic group. Age, sex and level of education 
were ascertained for all participants. Level of education was clas-
sified using the Verhage system ranging from 1 (no or little edu-
cation) to 7 (highest academic degree).24 All participants 
provided written consent according to the Declaration of 
Helsinki. This study was approved by the ethical review board 
of the Amsterdam University Medical Center.

Experimental procedures

Participants underwent social cognition testing at the Alzheimer 
Center Amsterdam in a room with consistent lighting conditions. 
The test protocol included all tasks and biometric measures 

described below and had a total duration of approximately 1 h. 
While participants were tested, their caregiver filled out question-
naires in the waiting room. In the case of the SCD group, relatives 
filled out the questionnaires at home and returned them by mail.

Cognitive measures

Domain Z-scores were normalized to a reference group of 583 cog-
nitively normal individuals from the Amsterdam Dementia 
Cohort18 with negative amyloid-β biomarker status.23 Attention do-
main Z-scores were based on the Digit Span forward, Trail Making 
Test A and Stroop 1 and 2 cards. Memory domain Z-scores were 
based on the Rey Verbal Auditory Memory Test immediate and de-
layed recall conditions and the Visual Association Test. Language 
domain Z-scores were based on the Visual Association Test naming 
condition and Animal Fluency. Executive domain Z-scores were 
based on the Digit Span backward, Trail Making Test B, Stroop 
card 3 and Letter Fluency.23 In addition, for all behavioural variant 
of Alzheimer’s disease patients, clinical charts were examined for 
results of formal neuropsychological assessment in order to ascer-
tain memory and/or executive impairments.

Social cognition measures

All tasks were presented in the iMotions platform (iMotions 8.0, 
iMotions A/S) that integrates several biometric measures, enabling 
the investigation of eye movements and GSR simultaneously in 
each participant, while performing a social cognition test (Fig. 1). 
For part one, emotion recognition, the Ekman 60 faces test was 
used.25 Subjects were asked to identify which of the six basic emo-
tions (i.e. angry, sad, happy, surprise, fear or disgust) is shown by 
the facial expression on each of the 60 images. The test consists of 
60 items, with 10 different faces of men and women each expressing 
the six basic emotions. Each correct item is awarded one point, with 
scores between 0 and 60 for the total score and 0 and 10 for individ-
ual emotions. During the Ekman test, eye movement patterns were 
recorded using the iMotions platform (see the next section). For each 
item, a 5-s window was presented within the platform with the face 
only, followed by the same face with the answer options below. This 
5-s window was presented without the answer options in order to 
capture conscious face processing and to avoid capturing search be-
haviour involved in matching the face to the answer option. The 5-s 
window was preceded by a fixation cross for 2 s. There was no time 
restriction for participants to provide answers. For the eye-tracking 
analyses, only data from the first 5-s window were included. Missing 

Table 1 Demographic characteristics across diagnostic groups

bvAD tAD bvFTD SCD P-value

n 12 12 14 13
Age 66.6 (5.7) 64.6 (6.7) 66.4 (7.0) 57.5 (5.8) 0.09
Sex, % male 75.0 38.5 64.3 38.5 0.38
MMSE 24.8 (2.5) 24.7 (4.6) 26.2 (2.3) 28.1 (1.5) 0.05
Education (Verhage score 1–7) 5.1 (1.4) 5.8 (1.3) 5.4 (0.9) 5.8 (0.7) 0.008
APOE ϵ4, % carrier 6/10 (60.0%) 10/12 (83.3%) 1/6 (17.0%) 5/12 (38.5%) 0.04
Attention domain Z-score −1.04 (1.12) −0.94 (1.30) −0.67 (0.84) 0.17 (0.60) bvAD < SCD, P = 0.05, tAD < SCD, P = 0.04
Language domain Z-score −1.22 (1.85) −0.59 (0.44) −1.50 (1.23) 0.05 (0.50) bvAD < SCD, P = 0.002, bvFTD < SCD, P = 0.003
Memory domain Z-score −2.34 (1.55) −3.38 (2.60) −1.36 (0.77) −0.14 (0.73) bvAD < SCD, P = 0.009, tAD < SCD, P < 0.0001,
Executive domain Z-score −1.49 (1.36) −0.77 (1.16) −1.11 (0.73) 0.19 (0.60) bvAD < SCD, P = 0.002, bvFTD < SCD, P = 0.03

Mean (SD) are reported unless stated otherwise. Domain Z-scores were calculated in reference to a cognitively normal amyloid-negative control group (n = 583).23 Cognition 

scores were age- and sex-adjusted.
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data were imputed using the R package ‘mice’, with 5% missing va-
lues for the Ekman (Supplementary Fig. 2). Cases with missing data 
were distributed evenly across diagnostic groups (SCD, four; bvAD, 
three; tAD, five; and bvFTD, four). For part two, empathy, two 
empathy-eliciting videos were shown according to previously re-
ported procedures.26 Briefly, an ‘uplifting’ empathy-eliciting video 
about a surf project for children with autism and Down syndrome 
and a ‘distressing’ empathy-eliciting video about a charity founda-
tion for severely malnourished children were shown. The duration 
of each video was between 60 and 80 s. Immediately after watching 
the video, participants were asked to rate on a 5-point Likert-scale (1 
= not at all, 5 = extremely) the degree to which they felt ‘sympathet-
ic’, ‘moved’, ‘compassionate’, ‘disturbed’, ‘upset’ and ‘worried’. The 
three former phrases were averaged as a measure of empathetic 
concern, while the average of the three latter phrases was used as 
a measure of personal distress.27,28 During this task, the GSR was ad-
ministered using the iMotions platform. As a baseline condition, na-
ture videos (i.e. scenes showing a desert landscape or forest views) 
were shown of approximately the same duration as the empathy 
videos. In addition, the Dutch version of the Interpersonal 
Reactivity Index was administered in informants.29 This is a ques-
tionnaire consisting of 28 items with a 5-point Likert scale, measur-
ing four subscales: Perspective Taking (the tendency to adopt 
another’s psychological perspective), Empathetic Concern (the ten-
dency to experience feelings of warmth, sympathy and concern to-
ward others), Fantasy (the tendency to identify strongly with 
fictitious characters) and Personal Distress (the tendency to have 
feelings of discomfort of concern when witnessing other’s negative 
experiences). For part three, higher-order social reasoning functions 
were assessed, including knowledge of social norms and moral rea-
soning. For knowledge of social norms, the Dutch version of the 
Social Norms Questionnaire was administered in participants, con-
sisting of 22 questions assessing the ability to understand and iden-
tify social boundaries,30 each marked as correct or incorrect, with a 
total score between 0 and 22. A break score indicated a tendency to 
break social norms (for example, indicating whether it is socially ac-
ceptable to tell a stranger you think he or she is overweight) and an 
over-adherence score indicated a tendency to over-adhere to a so-
cial norm (i.e. applying a social rule too rigidly; for example, indicat-
ing that it is not socially acceptable to laugh when you trip and fall 
yourself). Missing data were imputed using the R package ‘mice’ 
with 4% missing values (Supplementary Fig. 2). No data were im-
puted for bvAD cases and the cases for whom data were imputed 
were evenly distributed across the remaining groups (SCD: three; 
tAD: two; bvFTD: two). For moral reasoning, two classic moral dilem-
mas were presented to participants, consisting of the trolley (imper-
sonal) and footbridge (personal) dilemmas.31 In the trolley dilemma 
participants were asked whether they would hit a switch that would 
redirect a trolley that is on its way to kill five individuals on a train 
rail to a train rail heading for one individual (yes/no). In the foot-
bridge dilemma, participants are asked whether they would push 
a man off a bridge in order to stop the train from killing the five in-
dividuals. These stories were presented using prerecorded audio 
fragments with an average duration of approximately 1 min per di-
lemma and were additionally presented in text on the screen. The 
percentage of rational answers was calculated per condition. 
During this task, GSR was administered using the iMotions platform.

Biometric measures

Eye movements were recorded with a Tobii Pro X2-60 screen-based eye 
tracker with a sampling rate of 60 Hz. The tasks were presented on a 24′′ T
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monitor with a screen resolution of 1920 × 1200 pixels. Patients were po-
sitioned between 55 and 75 cm from the screen. Before the task, partici-
pants completed a 9-point calibration procedure to ensure optimal eye 
tracking accuracy. The eye tracker uses near-infrared technologies to 
track and calculate gaze points. The dwell time is recorded as the per-
centage of time that the gaze was directed in a specific (manually de-
fined) area of interest during presentation of the stimulus.32 Areas of 
interest of the same size were drawn on the eyes and mouth of each 
Ekman face (Supplementary Fig. 3) as these form the most salient fea-
tures of the face to extract emotions33 and form the central regions of 
interest in the psychiatry literature on eye-tracking patterns in emotion 
recognition.34 GSR was measured using the Shimmer 3 GSR+ system 
(Shimmer, Consensys, https://shimmersensing.com/) attached to the 
plantar side of two fingers of participants’ non-dominant hand. 
Signals were sampled at 128 Hz. Data were online band-pass filtered be-
tween 0.01 and 1 Hz and were subsequently analysed through a stan-
dardized R notebook (see Supplementary Table 3 for details) according 
to previously reported procedures,35 resulting in GSR peaks per minute 
per stimulus per respondent. For sensitivity analyses, mean GSR within 
nature and empathy-eliciting videos were calculated in addition to 
peaks per minute.

Statistics

Differences in demographic variables were assessed using χ2 tests 
for dichotomous data and ANOVAs for continuous variables. 
Differences among groups were assessed using ANCOVAs and em-
means post hoc tests, adjusting for age and sex, in R version 4.0.2. 
The Supplementary material additionally shows the results with-
out adjusting for age and sex (Supplementary Tables 4–11) and 
when excluding the three individuals with SCD with unknown 
amyloid status (Supplementary Tables 12–22).

Data availability

The data that support these findings are available from the author 
upon reasonable request.

Results
Demographic characteristics

Demographic characteristics are shown in Table 1. Patients with 
bvAD had an average age of 66.6 ± 5.7 versus 64.6 ± 6.7 in tAD, 66.4 
± 7.0 in bvFTD and 57.5 ± 5.8 in SCD. Seventy-five per cent of the 
bvAD cases were male versus 38.5% in tAD, 64.3% in bvFTD and 
38.5% in SCD. No significant differences were found in MMSE scores 
or education between groups (all P > 0.05) and bvAD (60.0%) and tAD 
(83.3%) showed higher proportions of APOE ϵ4 carriers than the 
bvFTD (17.0%) and SCD (38.5%, P = 0.02). Cognition scores showed 
no significant differences in all domains between bvAD and tAD 
or bvFTD (all P > 0.05; Table 1 and Supplementary Fig. 4).

Emotion recognition

Ekman 60 faces test scores and eye tracking

Participants with bvAD (40.1 ± 8.6) showed lower scores on the 
Ekman 60 faces test compared with SCD (49.67 ± 5.02, P < 0.003) 
and tAD (46.2 ± 5.3, P = 0.05) and higher scores compared to bvFTD 
(32.4 ± 7.3, P = 0.003, Fig. 2 and Supplementary Table 4). Compared 
with tAD, bvAD showed lower scores on the angry faces (6.2 ± 2.4 
versus 8.4 ± 1.3, P = 0.02) and did not differ on the other emotions 

(all P > 0.05). The bvAD and the bvFTD groups did not differ on any 
emotion (all P > 0.05). Compared to SCD, bvAD showed significantly 
lower scores on the angry (6.2 ± 2.4 versus 8.8 ± 1.5, P = 0.005), dis-
gusted (5.4 ± 2.5 versus 8.3 ± 1.6, P = 0.001) and surprised (8.1 ± 1.7 
versus 9.0 ± 0.7, P = 0.05) faces and did not differ on the other emo-
tions (all P > 0.05). Despite comparable dwell time in the eyes across 
groups (all P > 0.05; Fig. 3 and Supplementary Table 5), bvAD (18.7 ± 
9.5) showed lower dwell time percentages in the mouth area of 
interest compared to SCD (30.7 ± 11.6, P = 0.01) and tAD (32.7 ± 
12.1, P = 0.001), and did not differ from the bvFTD (19.4 ± 14.3, 
P = 0.78). This pattern was observed across all six emotions (Fig. 3
and Supplementary Table 6).

Empathy

Interpersonal Reactivity Index

On this informant-rated questionnaire measuring empathy, the 
bvAD participants showed lower scores on the Perspective Taking 
subscale of the Interpersonal Reactivity Index (11.3 ± 4.6 versus 
15.6 ± 3.1, P = 0.05) compared to SCD (Fig. 4 and Supplementary 
Table 7), while showing no significant differences with tAD 
(Perspective Taking: 13.0 ± 3.2) and bvFTD (Perspective Taking: 8.7 
± 5.6, all P > 0.05). No significant differences were observed between 
groups on the Empathetic Concern and Personal Distress subscales 
(all P > 0.05) of the Interpersonal Reactivity Index and bvFTD 
showed lower scores on the Fantasy subscale compared to SCD 
(8.6 ± 4.0 versus 13.6 ± 1.9, P = 0.01) and tAD (13.0 ± 3.1, P = 0.02).

Empathy-eliciting videos

No significant differences were found among groups in empathetic 
concern and personal distress scores after watching empathy- 
eliciting videos, or in their GSR while watching those videos (all 
P > 0.05; Fig. 4 and Supplementary Table 8). In order to capture a 
change from baseline in the GSR, sensitivity analyses were per-
formed comparing the mean GSR in a nature baseline video condi-
tion versus the empathy-eliciting videos. There were no differences 
between the nature and empathy video conditions, nor did the 
groups differ in the mean difference between these conditions (all 
P > 0.05; Supplementary Fig. 5 and Supplementary Table 9).

Social norms and moral dilemmas

Knowledge of social norms

The bvAD participants  (16.0 ± 1.6) showed lower scores on the 
Social Norms Questionnaire total score compared to SCD (18.3 ± 
1.4, P = 0.01), and tAD (17.8 ± 2.1, P = 0.05; Fig. 5 and Supplementary 
Table 10). The bvAD participants showed a higher break score com-
pared to SCD (2.1 ± 1.5 versus 1.1 ± 0.5, P = 0.05), indicating a ten-
dency to break social rules, while the bvFTD showed a higher 
over-adherence score compared to SCD (5.1 ± 2.3 versus 2.6 ± 1.1, P 
= 0.004) and tAD (3.1 ± 2.1, P = 0.02), indicating a tendency to apply 
social rules too rigidly.

Moral dilemmas

No significant differences were found among groups in the percent-
age rational responses provided to moral dilemmas (all P > 0.05). 
Except for lower GSR peaks per minute in the personal dilemma 
condition in the bvFTD compared to SCD (0.9 ± 1.1 versus 3.4 ± 3.3, 
P = 0.01; Fig. 5 and Supplementary Table 11), there were no differ-
ences in GSR peaks per minute to moral dilemmas across groups 
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(2.9 ± 2.3 in bvAD versus 3.4 ± 4.1 in tAD and 3.4 ± 3.3 in SCD (all P > 
0.05)).

Sensitivity analyses

Sensitivity analyses were performed excluding three cases in the 
SCD group with unknown amyloid status and are presented in 
Supplementary Tables 12–22. The only significant change was the 
disappearance of the difference between bvAD and SCD in the 
Perspective Taking subscale of the Interpersonal Reactivity Index. 
However, because the effect size was comparable between the n = 

10 and n = 13 groups (i.e. t = −1.99 versus t = −1.89), we argue this 
can largely be attributed to the reduced statistical power.

Discussion
In this exploratory study, we found social cognition deficits in mul-
tiple components of social cognition in bvAD and an eye-tracking 
signature that overlapped with bvFTD. The impairments on emo-
tion recognition in patients with bvAD were observed in parallel 
with lower dwell time on the mouth while viewing emotional facial 

Figure 1 Social cognition framework and biometrics implemented in the current study. This figure shows the different social components measured in 
this study (first column), with the corresponding social cognition tests and biometric measures (second and third columns). Images under the biometrics 
column were provided by iMotions (iMotions 8.0, iMotions A/S, Frederiksberg, Denmark).

Figure 2 Emotion recognition measured by the Ekman 60 faces test scores and total eye tracking dwell time across groups. (A) Scores on the Ekman test for 
emotion recognition across groups. (B) Total dwell time on the eyes as measured by eye tracking across groups. (C) Total dwell time on the mouth as measured 
by eye tracking across groups. (D) Examples of eye-tracking heat maps averaged across participants in each group while viewing a happy face. (E) Examples of 
eye-tracking heat maps averaged across participants in each group while viewing a sad face. The dwell time is a percentage of time that participants’ gaze was 
upon certain features of the image of the total time the stimulus was presented. Pixels with the highest amount of time spent by gaze are represented by red 
colours while pixels with the lowest amount of time spent by gaze are represented by green colours. For visualization purposes, one of the 10 persons is depicted 
in this figure as an example condition. Significant differences are age- and sex-adjusted at P< 0.05. 
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expressions compared to SCD and tAD. Regarding empathy, deficits 
were reported by informants of patients with bvAD while no differ-
ences were observed on subjective and biometric responses to 
empathy-eliciting videos. In addition, patients with bvAD showed 
impairments in knowledge of social norms. Interestingly, these pa-
tients showed a higher break score than SCD, indicating a potential 
tendency to break social norms. No differences were observed in 
the subjective and biometric responses to moral dilemmas across 
diagnostic groups. This multidimensional study of social cognition 
in bvAD, combining a wide range of social cognition tests with bio-
metric measures, points towards deficits across different compo-
nents of social cognition, showing a similar yet milder profile 
compared to bvFTD, and distinct elementary perceptual processes 
in bvAD compared to tAD.

A main finding in the present study was that eye movement pat-
terns showed lower dwell time on the mouth and similar dwell 
times on the eyes in bvAD and bvFTD compared to tAD and SCD. 
This differs from eye movement patterns observed in other condi-
tions where social cognition is impaired. For example, reduced so-
cial cognition in autism is observed in parallel with a lack of gaze on 
the eyes,36 while Williams syndrome (a hypersocial developmental 
disorder) is characterized by hyperfixation on the eyes.37 Our re-
sults also differ from recent work in bvFTD showing increased fixa-
tions on the eyes while spending the same amount of time on the 
mouth as SCD.33,38 A commonality between all studies is the sug-
gestion of a mechanism by which patients with bvFTD ‘look but 
don’t recognize’, as they do spend most time on the salient features 
of the face. The question whether this represents a deficit in encod-
ing or interpretation of emotionally salient stimuli is a topic of de-
bate. The fact that the previous study showed a hyperfixation on 
the eyes in bvFTD may point towards interpretation deficits or com-
pensatory mechanisms, while our findings of lower dwell time on 
the mouth in bvAD and the bvFTD may suggest that the elementary 
perceptual process of identification of salient features (i.e. encod-
ing) is altered in these diseases, as they may not utilize all relevant 
facial features to extract emotional meaning. In addition, patients 
may spend more time on other features of the face than the eyes 
and mouth that hold less relevance for accurate detection of emo-
tions. Either way, our exploratory results suggest that the analysis 
of eye-tracking patterns may hold potential for the differentiation 
of bvAD and bvFTD from tAD and SCD in addition to traditional so-
cial cognition scores. However, as our current results do not suggest 
that biometrics show superior differential diagnostic value to con-
ventional social cognition test scores, biometrics may serve as a 
tool to better understand behavioural phenotypes in dementia. It 
is, for instance, important to determine to what degree sensory me-
chanisms versus more cognitive appraisal processes such as defi-
cits in categorizing emotions contribute to deficits in emotion 
recognition in bvFTD and bvAD.

Despite evident differences in perceptual processes during the 
emotion recognition subcomponent of social cognition in bvAD, 
these patients did not exhibit lower scores on all tests across all 
subcomponents of social cognition compared with SCD and tAD. 
For example, they did not show differences in their own emotional 
valuations after watching empathy-eliciting videos or the amount 
of rational responses to moral dilemmas, or in GSR to those tasks. 
Regarding moral dilemmas, this may be due to the high cognitive 
demand of the tasks, hampering patients’ understanding of the di-
lemmas, which may influence bvAD and tAD disease groups to a 
greater extent than bvFTD. The empathy-eliciting videos may 
draw patients’ attention more exogenously and require less cogni-
tive engagement. Indeed, in the uplifting empathy-eliciting video, a 

trend towards lower GSR was observed in bvAD and bvFTD com-
pared to SCD, and in the personal condition of the moral dilemmas, 
bvFTD showed a significantly lower GSR compared to SCD (Figs 3
and 4 and Supplementary Tables 7 and 9). In addition, while a clin-
ically well-validated test was used for emotion recognition (i.e. the 
Ekman 60 faces test), more experimental tests were used on other 
components (i.e. empathy-eliciting videos and moral dilemmas), 
with lower variance in scores. This may have hampered finding differ-
ences in these small samples.

Our results expand upon the scarce existing literature on social 
cognition deficits in bvAD, which is mainly based on case studies. 
Emotion recognition deficits were reported in a sample of eight be-
havioural variant of Alzheimer’s disease cases using the mini-SEA 
(Social cognition and Emotional Assessment)9 and two case studies 
using the Facial Emotion Recognition Test and the emotion recogni-
tion subtests of the TASIT (The Awareness of Social Inference 
Test).10,12 These studies involved patients with an initial bvFTD 
diagnosis, who had an Alzheimer’s disease biomarker profile. 
Impairments of Theory of Mind (ToM) were reported in the sample 
of eight behavioural variant of Alzheimer’s disease cases using the 
mini-SEA9 and one case study describing bvAD using the Reading 
the Mind in the Eyes Test and the ToM-15.11 Impairments in knowl-
edge of social norms were reported in one clinical bvFTD case with 
Alzheimer’s disease biomarkers previously, based on the Social 
Norm Knowledge Questionnaire.11 The limited studies on social 
cognition in bvAD showed a lack of inclusion of tests along different 
components of social cognition and a lack of measurements cap-
turing the experiential, non-cognitive processes of social cognition. 
Our findings in a group study including tests along multiple compo-
nents of social cognition firmly established deficits in emotion rec-
ognition, empathy and knowledge of social norms in bvAD. In 
addition, the combination of social cognition tests and biometric 
measurements yielded insights into the elementary perception of 
emotional facial expressions. The elementary processing of social 
cues may contribute to higher-order social cognition deficits in 
bvAD and FTD.

The neurobiological origins of the observed social cognition 
deficits in bvAD are poorly understood. Neuroimaging studies 
have shown either a mix of anterior and posterior predominant 
patterns or a predominant temporoparietal pattern of neurode-
generation based on atrophy or hypometabolism,2,39–41 with a rela-
tive lack of involvement of anterior brain regions. Compared with 
bvFTD, bvAD participants showed less involvement of the salience 
network, which is one of the networks that regulate socioemo-
tional processing and social cognition,42 alongside the semantic 
appraisal network43 and components of the default mode net-
work.44,45 Moreover, neuropathological small samples of patients 
with bvAD suggested that they may not show a selective loss of 
Von Economo neurons in the anterior cingulate cortex,20,46 which 
are specialized neurons located within key regions of the salience 
network that serve social functioning in humans and highly intel-
ligent mammals.47 Therefore, traditional regions implicated in so-
cial cognition in bvFTD may not underlie social cognition deficits in 
bvAD. In typical (amnestic-predominant) Alzheimer’s disease, dif-
ferent regions have been proposed to underlie social cognition, in-
cluding the precuneus, posterior cingulate cortex, temporoparietal 
junction and hippocampus, either directly or indirectly.48

Alternatively, unique ‘bvAD’ features such as anterior default 
mode network involvement or altered amygdalar volumes41 com-
pared to tAD may contribute to the observed deficits in bvAD, in 
addition to mild involvement of ‘bvFTD’-specific regions, such as 
subtle frontoinsular involvement.41
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The strength of this study is that we applied a multidimensional 
social cognition test battery spanning multiple central subcompo-
nents of social cognition and combined it with biometric measure-
ments in biomarker-confirmed bvAD patients. There are also 
limitations. First, although this is the largest study of its kind to 
date, the sample size of this exploratory study was modest. 
Because GSR can show substantial variation across participants, 
as exemplified by large heterogeneity across individuals with 
SCD, the small samples sizes may have hampered the detection 
of group differences. Second, the groups differed substantially in 
proportions of males versus females due to inherent overrepresen-
tation of males in both bvAD2 and bvFTD.49 As females are known to 
show better performance on social cognition tests,50 this may have 
influenced results in favour of the tAD and SCD groups. However, as 
all results were corrected for age and sex, the effects in the current 
work are deemed minimal. Third, due to the exploratory nature of 
this study and the low sample sizes, no correction for multiple test-
ing was applied. Future, hypothesis-driven, work with larger 
groups should incorporate adequate correction. Fourth, the 

inclusion of cognitively unimpaired individuals with SCD as control 
group may be suboptimal, given the potential for these individuals 
to be in early stages of the Alzheimer’s disease continuum.51

However, as the majority of cases were amyloid negative, showed 
no cognitive impairments on extensive neuropsychological testing 
and showed limited neuropsychiatric symptoms and neurodegen-
eration (Supplementary Table 2), we minimized the potential con-
founding effect of early Alzheimer’s disease on the performance 
on social cognition tests. Fifth, although all bvAD cases met our re-
cently proposed research criteria for ‘possible bvAD’,3 it is import-
ant to note that establishing consensus on the clinical criteria for 
this phenotype remains an active research area. Sixth, while the 
previous two studies38,52 on eye tracking in bvFTD assessed the 
number of fixations, the present work assessed dwell time as the 
eye-tracking metric, potentially hampering comparisons between 
studies. Dwell time represents the time that gaze coordinates 
were directed towards a specific area of interest,32 while fixation 
counts represent the amount of fixations made within the area of 
interest and as such do not contain a measure of time.32 In addition, 

Figure 3 Heat maps of eye-tracking dwell time on the mouth in Ekman 60 faces test images across diagnostic groups. (A) The dwell time on the mouth 
across groups while viewing happy, angry and disgusted faces. (B) Examples of eye-tracking heat maps averaged across participants per group while 
viewing happy, angry and disgusted faces. (C) The dwell time on the mouth while viewing fearful, sad and surprised faces. (D) Examples of eye-tracking 
heat maps averaged across participants per group while viewing fearful, sad and surprised faces. The dwell time is a percentage of time that partici-
pants’ gaze was upon certain features of the image of the total time the stimulus was presented. Pixels with the highest amount of time spent by gaze 
are represented by red colours while pixels with the lowest amount of time spent by gaze are represented by green colours. For visualization purposes, 
one of the 10 faces is depicted here as an example condition. Significant differences are age- and sex-adjusted at P < 0.05. TQ = top quartile; LQ = lower 
quartile.
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because increased fixation counts have been interpreted both as 
heightened attention (beneficial)53 and hyperscanning (detrimen-
tal),54 the exact interpretation of fixation count remains poorly 
understood. Sixth, while the present exploratory work focused on 
crude regions of interests cardinal for emotion recognition, i.e. 
the eyes and mouth,33,34 more detailed work should focus on other 
facial areas as well, such as the nose, as differences in this region of 
interest have been observed in bvFTD compared to SCD.52 For the 
present study, we aimed to include a selective number of outcomes 
to minimize potential type one errors. Seventh, although differ-
ences in general cognitive functioning may hamper adequate com-
parison between bvAD and bvFTD on social cognition measures, 
this bias is deemed minimal, as the former showed better social 
cognition levels compared to the latter and the analyses of biomet-
ric responses showed similar patterns in these groups. Lastly, it 
should be noted that the social cognition tests for empathy and 
moral reasoning have not been clinically validated and these re-
sults should be interpreted with caution.

Future research should focus on multiple issues. Our findings 
should be replicated in larger cohorts, both in terms of social cogni-
tion tests and biometrics. In addition, future, hypothesis-driven, 
work with larger groups should incorporate adequate multiple test-
ing correction. Ideally, future work should include an age- and sex- 
matched cognitively unimpaired group that did not present with 
subjective cognitive complaints at a memory clinic, in order to pro-
vide a more representative reference group for social cognition. 
Regarding eye tracking, future work should especially investigate 
the role of perception of the mouth as a salient facial feature for 
emotion recognition in the context of normal ageing and disease, 

as well as investigating gaze patterns in more detail in bvAD and 
bvFTD. Moreover, future research should employ a similar study 
design with lower cognitive demands that sufficiently stimulates 
arousal to investigate the role of GSR to emotional stimuli. Future 
research should also incorporate more clinically validated tests 
for empathy and social and moral reasoning with larger statistical 
variety that are suitable for the acquisition of biometric measure-
ments in order to capture experiential processing directly. Our cur-
rent results suggest that validated social cognition tests and 
questionnaires, such as the Ekman 60 faces test, Interpersonal 
Reactivity Index and Social Norms Questionnaire, may support a 
clinical diagnosis of bvAD. Future work should investigate the 
added value of incorporating these tests into the recently proposed 
research criteria for bvAD.3 Furthermore, future work should inves-
tigate the relationship between biometric measures and social cog-
nition scores and their potential additive diagnostic accuracy above 
social cognition tests alone. Lastly, given that the neurobiological 
underpinnings of social cognitive deficits likely differ between 
bvAD and bvFTD,48 extensive profiling of social cognitive deficits, 
their biometric and regional brain correlates in both disorders 
should be compared.

Conclusion
In conclusion, bvAD showed a similar although milder pattern of 
social cognition deficits compared to bvFTD, characterized by def-
icits in emotion recognition, empathy and knowledge of social 
norms compared to tAD and SCD, with a similar eye-tracking 

Figure 4 Empathy measured by the Interpersonal Reactivity Index scores and responses to empathy-eliciting videos across diagnostic groups. (A) 
Scores on the four subscales of the Interpersonal Reactivity Index across groups. (B) Scores on ratings of empathetic concern and personal distress after 
watching empathy-eliciting videos and GSR while watching these videos. Significant differences are age- and sex-adjusted at P < 0.05. PPM = peaks per 
minute.
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signature to bvFTD. Future research should focus on including lar-
ger sample sizes when assessing social cognition in conjunction 
with biometrics, incorporating multiple social cognition tasks 
with low cognitive demands and investigating brain correlates of 
social cognition. These social cognition and biometric measures 
provide important insights into the basis of the behavioural and 
personality changes in bvAD, and might serve as valuable tools 
for an accurate diagnosis of this atypical variant of Alzheimer’s 
disease in investigational and clinical settings in the future.
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