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Abstract

Normal adult aging is associated with difficultiasprocessing social cues to emotions such
as anger, and also altered motivation to focus roarpositive than negative information. Gaze
direction is an important modifier of the sociajrsils conveyed by an emotion, for example an
angry face looking directly at you is considerabigre threatening than an angry face looking
away. In the current study we tested the hypothisis older adults would show less neural
differentiation to angry faces with direct and dwggize compared to younger people, with the
opposite prediction for happy faces. Healthy ol@&-75 yearsM = 69.75) and younger (17-27
years;M = 20.65) adults completed an fMRI experiment inichihthey were asked to identify
happy and angry expressions displayed either widtdor averted gaze. While younger adults
showed neural sensitivity to eye-gaze directionimdurecognition of angry expressions, older
adults showed no effect of eye-gaze direction ouoraleresponse. In contrast, older adults
showed sensitivity to eye-gaze direction duringogeation of happy expressions, but younger
adults did not. Additionally, brain-behavior coagbns were conducted to investigate the
relationships between emotion recognition and ntirig brain network in both age groups.
Younger (but not older) adults’ social cognitiverfpemance was differentially correlated with
activation in two brain networks when looking aggnfaces with direct compared to averted
gaze. These novel findings provide evidence forratped differences in the neural substrates
underlying the capacity to integrate facial affecid eye-gaze cues. The results of this study
suggest that age-related differences in integrdtegl cues may be related to engagement of
the mentalizing network, with potentially importantplications for social cognitive functioning

in late adulthood.
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Introduction

People rely on eye gaze and emotional expressioftsrh expectations about others’ mental
states (Graham & Labar, 2012). For example, thegoed significance of an angry expression
depends on whether it is accompanied by direcwverted gaze. Aging diminishes the ability to
process information from eye gaze (Slessor, Phijll Bull, 2008) and emotional expressions
(Ruffman, Henry, Livingstone, & Phillips, 2008), aeell as the integration of these cues
(particularly for angry facial expressions; Slesgehillips, and Bull, 2010). Reduced sensitivity
to expression and eye-gaze cues may be indicativaderlying structural and functional neural
change in old age and may have potential conseqadnc social interaction in late adulthood.
Emotion recognition constitutes a critical skilléffective social communication particularly for
maintaining positive interaction and interpersonalationships. Thus, any difficulties
recognizing emotional expressions and facial cue® the potential to negatively impact on a
person’s capacity to develop and maintain strormasmetworks, with attendant consequences
for health and wellbeing. Reduced sensitivity taogonal expressions and eye-gaze cues may be
indicative of age-related changes in the underlyiagral correlates involved in social cognitive

processing.

There is now evidence that social cognitive praogssnposes demands on a large number
of different brain regions and their connectivise¢ e.g. Molenberghs, Johnson, Henry, and
Mattingley, 2016). However, it remains important gain a more complete and nuanced
understanding of the functional networks that snleséhese processes, as well as how these
networks change in the context of normal adult ggifhis is because social cognitive
difficulties are early and salient features of matipical disorders, including many common
neurodegenerative disorders associated with old(Bgea, Velakoulis, & Walterfang, 2016;
Henry, von Hippel, Molenberghs, Lee, & Sachdev, @0Kemp, Despres, Sellal, & Dufour,
2012; McCade, Savage, & Naismith, 2011). A bettedtenstanding of the neural networks that
subserve core aspects of change in social cognitimetion in late adulthood could inform

differential diagnosis and treatment of social ¢tga impairment in this age group.

A number of neuroimaging studies have assessedetgjed differences in processing

emotional facial expressions (e.g., for a review Zei and Fischer, 2016). While some studies
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found age-related decline in neural response tathegfacial emotions, including regions of the
medial temporal lobe such as the amygdala (lidalkéd.,e2002) and anterior-ventral insula cortex
(Fischer et al., 2005), other studies reported yhahg and older adults recruited different brain
regions irrespective of emotional valence (Gunridigpn et al., 2003). Direct comparisons
between happy and angry expressions revealed tvio fimdings (Ebner, Johnson, & Fischer,
2012). First, greater ventromedial prefrontal cortermPFC) activity was seen during
recognition of happy (relative to angry) faces asrdooth age groups. Second, greater
dorsomedial PFC (dmPFC) activity in response tonaricelative to happy) faces was more
pronounced for older relative to younger adultkeFatogether, these findings suggest that older
and younger adults differ in the neural networkeythrecruit when processing emotional
expressions, and that for older adults, more cognéffort may be required to recognize angry
(relative to happy) facial expressions. Howevergthbr there are also age differences in the
brain networks involved in processing and integgttommunicative facial cues (i.e., directed
and averted gaze), and in interaction with facigdressions, remains to be established. It also
remains unclear whether age-related neural difteenn processing facial affective cues are
related to social cognitive functioning, such asotly of mind and social behavior. To our
knowledge, our study is the first to examine the-edated changes in the neural networks
involved in processing facial communicative cues éimeir implications for social cognitive

performance.

Angry expressions in the context of direct gazenaigmmediate threat to the observer.
Neural responses to such threatening cues are atito{8hepherd, 2010) and reflexive (Adams
et al., 2012). In contrast, angry expressions apammed by averted gaze signal that the anger is
directed towards something else in the environrtiamnd less likely to be interpreted as personal
threat and may invoke higher-order social cognitivain regions to determine the intentions of
the angry individual (Pfeiffer, Vogeley, & Schildgac2013). However, because older adults
show a lack of sensitivity to eye gaze in angryregpions (Slessor et al., 2010), they may also
show more similar neural patterns when observingryafaces with direct and averted gaze.
Additionally, age-related changes in integratingdhcues may reflect a lack of recruitment of
mentalizing networks when processing social infdroma Recruitment of these networks may
be most critical when understanding of the mentalesof others is required, such as when

processing angry faces with averted gaze.
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Although happy expressions presented with dirertuseaverted eye-gaze orientations might
convey different meanings, being targeted with nagxss is less critical for survival than being
targeted with anger. It therefore is possible that neural level, there is less differentiation i
the brain regions activated for direct versus @&aekdaze in happy expression relative to angry
expressions, especially among younger adults. irast, given evidence that older adults are
particularly motivated to attend to and processitp@s information such as happy faces
(Carstensen, 2006; Mather & Carstensen, 2003) cadp®a their younger counterparts, older
adults may show greater neural differentiation wpestessing happy expressions with different

eye-gaze directions which has not been addresgatbinliterature.

To fill this research gap, the aim of this studyswa identify age differences in the neural
substrates involved in processing happy and aragialf expressions with different eye-gaze
cues. We predicted that in younger adults, distim@tin substrates would be activated in
response to angry expressions with differing gams cFor angry faces with direct gaze, activity
in the salience network, involved in identifyingetmost relevant stimuli in the environment and
orienting attention towards them in order to adagyi guide behavior (Barrett & Satpute, 2013;
Menon, 2015) should be more prominent. On the othamd, in averted gaze conditions,
additional brain networks involved in mentalizimggluding regions such as mPFC and superior
temporal gyrus (STS) (Frith & Frith, 2006; Roy, &amy, & Wager, 2012; Van Overwalle,
2009; Van Overwalle & Baetens, 2009), should beagad in decoding intentions. This study is
the first to test this prediction and will therefgprovide novel insights on how brain networks
involved in processing facial features changinghe context of healthy aging. Because older
adults showed less distinction between angry deadt averted eye gaze cues, we hypothesized
attenuated neural differentiation between theselitions in older adults.

Consistent with socioemotional selectivity theo§ST) (Carstensen, Fung, & Charles,
2003), we expected older adults might show gredalifflerentiation in processing facial
expressions of happiness, because of their higivatioin to attend to positive stimuli. However,
the neural differentiation between direct and aaigaze should be smaller for happy than for
angry expressions in younger adults. We expectenbs®rve increased activity in the reward
brain network, including regions such as vmPFC rigeibach & Rolls, 2004; O'Doherty,
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Kringelbach, Rolls, Hornak, & Andrews, 2001; Royatt 2012), during recognition of happy

expressions.

Material & Methods

Participants

Twenty-one healthy older adults (aged 65-75 yddrs; 69.75,SD = 2.97; 10 females) and
21 healthy younger adults (aged 17-27 yelts; 20.65,SD = 2.66; 10 females) participated in
this study. One older and one younger adult weokuded from the analysis due to brain signal
loss, leaving 20 patrticipants in each group. Yoursgghilts were undergraduate students at the
University of Queensland who were reimbursed witheg course credits or $15 AUD per hour.
The older adults were community volunteers who weisbursed with $20 AUD per hour.
Older adults were recruited through advertisingpumblic notice boards of different clubs,
libraries, churches, and the University of Queerdka Aging Mind Initiative. All participants
were right-handed English speakers who had normaboected-to-normal vision using MRI
compatible glasses and no history of neurologitglairment, psychiatric ilinesses, head or heart
surgery, or cardiovascular disease. Participante wereened for MRI compatibility as well as
claustrophobia, neurological and psychiatric madeoaincluding mood disorder and epilepsy
before taking part in this study. Participants tpalkt in two separate sessions of testing, the firs
involving fMRI scanning and the second involvinghbeioral/neuropsychological assessment.
The two sessions were conducted 3 to 4 days apart €ach other. All participants were
provided with written consent forms approved by theanan Research Ethics Committee at the

University of Queensland and were debriefed uperctimpletion of the second session.

Task materials
Angry, happy, and neutral faces (100 for each esgio@) were drawn from the FACES
database (Ebner, Riediger, & Lindenberger, 201@uthl faces were used as control to remove
the effects of the visual perception component. fAles were colored, front-view, and high
quality (300 Dots per Inch). The presented facespsed two age groups (young posers: 18-31
years and old posers: 69-80 years). The gazesqgidkers were photoshopped so that an equal
number of direct and averted gazes were used éosthnner task. All faces were categorized
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into five lists, using MATLAB (The MathWorks IncMA), according to four selection criteria:
age of the posers, gender of the posers, gazetidire@and emotional expression. The lists
consisted of equal number of male and female pd86reach), old and young posers (30 each),
and emotional expressions (20 for each expressiod)were presented in each fMRI run for a
total of five runs. The order of the runs presentedhe scanner was counterbalanced among
participants. To control for effects of facial atttiveness on recognition of emotional
expressions, faces in each list were also matchsddoon their attractiveness ratings from an
independent studyM = 41.66,SD = 13.08; Ebner and Johnson, 2010). All of the slirwere
presented against a gray background using E-profieare, adjusted to be standardized in size
(600 x 450 pixels) prior to presentation in the MiR&nner.

Experimental design

The 50-minute scanner session consisted of two caegs: structural magnetic resonance
imaging (sMRI), functional MRI (fMRI). Prior to thecanning, participants were provided with
verbal and visual instructions about the emotiotogaition task and subsequently asked to
practice it until they were completely familiarizedth the instructions and timing of the task.
The reason for training participants prior to th@Ril task was to ensure that the behavioral
performance of accurate detecting the faces fdr goiups was equated, so that any differences
at the neural level could not simply be attributedlifferences in performance. Faces used in the

practice run were different to those used durirgrtfain task in the scanner.

In the scanner, participants performed two runshefemotion recognition task (described
below), followed by an sMRI acquisition, followedy another three runs of the emotion
recognition task. During the emotion recognitioskt@Figure 1), each face was presented one at
a time for 3.5 sec, followed by a fixation crossesentation of the fixation cross was jittered
using three time intervals: 0.5 sec, 1 sec, andsg®in order to allow for an independent
estimation of the blood-oxygen-level dependant (BPlLesponse on a trial-by-trial basis.
Furthermore, using jittered inter-trial intervalancenhance statistical power in the analyses
(Huettel, Song, & McCarthy, 2014). Each of the fit@sk runs, lasted for 4.5 minutes.
Participants were required to indicate, as fast ama@ccurately as possible, whether each face

displayed a happy, angry, or a neutral emotionpftession by pressing the relevant button on an
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MRI-compatible response box — using index fingerdiher angry or happy, the middle finger

for neutral, and the ring finger for either happyaogry (counterbalanced across participants).
[Insert Figure 1 about here]

Neuropsychological measures
During the behavioral sessions, all participantsrevasked to complete a range of
background measures assessing executive contitelligance, emotion recognition, social
functioning, personality, empathy, and theory oheh{TOM) ability. Descriptive and inferential
statistics of background measures are reportedabieTl. Descriptions of the measures are as

follow:

National Adult Reading Test (NART): The NART (Nelson, 1982) is a valid and reliable
measure of crystalized intelligence that consig&0oirregular words. Participants were required
to read each word aloud and their responses weredsdy two independent coders. Interrater
reliability was reported .88 (Crawford, Parker, i&€et, Besson, & Lacey, 1989).

Trail Making Test: The Trail Making Test consists of two parts, A aBd(Reitan &
Wolfson, 1986). In part A, participants were instad to connect the circled numbers in
sequential orders. In part B, they were instrudtedlternate between numbers and letters (e.qg.,
1-A-2-B). This measure provides an index of exe®utontrol. Part A predominantly measures
visuoperceptual abilities, whereas part B additignandexes working memory and mental
flexibility. In order to minimize visuoperceptuaéghands, we used the B-A index to provide a

relatively pure indicator of executive control aels (Sanchez-Cubillo et al., 2009).

Ekman Emotion Recognition test: The faces used in this experiment were drawn frioen t
“Facial Expressions of Emotion: Stimuli and Testimulus set (Young, Perrett, Calder,
Sprengelmeyer, & Ekman, 2002). Sixty black and #hihages from six basic emotional
categories: anger, sadness, surprise, happinesgjsti and fear, were presented for 3.5 secs.
Participants were asked to choose the best laheb#scribes each face and press the respective
key on the keyboard. Reaction times and responses rgcorded.

Peer-Report Social Functioning Scale (PRSF): This scale is a peer-report assessment of

social functioning (Henry, von Hippel, & Baynes,0®). A 10-item subscale assesses socially
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inappropriate behaviow & .87; e.g., “enquires about potentially embarrassssues in public”

or “comments negatively on someone else’s physippkarance”). A 17-item subscale assesses
socially appropriate behaviot £ .92; e.qg., “speaks positively about others” etslother people
have their say”). A 3-item subscale assesses peglidnd stereotyping behaviot £ .75; e.g.,
“ignores stereotypes when making decision abouple&p Participants’ peers provided their
responses on a 4-point scale with labaksyer, rarely, occasionally, frequentligher scores
indicate a higher level of socially inappropriatehbvior, socially appropriate behavior, or
prejudicial behavior on the three subscales. laleconsistency reliability was reported high (

= .94) (Henry et al., 2009).

Big Five Personality Inventory (BF1): A 44-item self-report personality inventory waeds
(John, Donahue, & Kentle, 1991). This test compgrisé five subscales measuring five
personality dimensions, includirtgxtraversion(a = .88; 8 items;e.g., “I| am someone who is
talkative”), Agreeablenesé = .79;9 items;e.g., “I am someone whis helpful and unselfish
with others”) Conscientiousness = .82; 9 items; e.g., “I am someone who does a tigiro
job™), Neuroticism(« = .84; 8 items; e.g., “I am someone who is depressed, bluaf)d
Opennesga = .81;10 items;e.g., “I am someone who is original, comes up wighv ideas”).
Participants provided their responses on a scafa fr €trongly disagreeto 5 Gtrongly agreg
for each item to indicate the extent to which thgyeed or disagreed with each statement. The

reliability of this test has been estimated to8%(John & Srivastava, 1999).

Empathy Quotient (EQ): A 40-item adult version of the empathy quotienveleped by
Baron-Cohen and Wheelwright, 2004 was used in stusly. Participants responded to this
guestionnaire by choosing one of the 4-scale respaptions;strongly agree, slightly agree,
slightly disagree, and strongly disagré@n each item, a person can obtain 2, 1, or thed&Q
score has a maximum score of 80 and a minimum raf. #¢igh test-retest reliability (= .83)

was reported (Lawrence, Shaw, Baker, Baron-CoheDagid, 2004).

Reading the Mind in the Eye Test (RMET): This is a measure of theory of mind, which
broadly refers to the ability to understand the talkerstates of others (Bardgbohen,
Wheelwright, Hill, Raste, & Plumb, 2001). This tesinsists of a series of 36 photographs of the
eye region of a person’s face. Participants araired to choose which word (out of four words)

best describes what the person in the picturesiinfpor thinking. The RMET assesses how well
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people can decode others’ mental states, and i®btie best-validated measures of theory of
mind (Henry, Phillips, Ruffman, & Bailey, 2013).

[Insert Table 1 about here]

Image acquisition and analysis

Functional images were acquired using a 3T Siemseasner equipped with a 32-channel
head coil. The acquisition of functional data wabiaved by using a whole-brain ‘Feighted
echo-planar image (EPI) sequence (93 interleaviedsslrepetition time (TR) = 3000ms, echo
time (TE) = 45ms, flip angle = 90°, field of view@V) = 192mm, voxel size = 2nmin High
resolution T1-weighted images were acquired witiRRAGE sequence (126 slice with 1mm
thickness, TR = 1900ms, TE = 2.3ms, inversion t{ifi¢ = 900ms, FOV = 230ms, voxel size =
0.9mn?, flip angle = 90°). The tasks were presented ttigigants on a computer screen through
a mirror mounted on top of the head coil. Partiotpavere using earplugs and cushions inside

the head coil to dampen the noise and minimizéndael movement.

For functional analysis, images were preprocessétl tatistical Parametric Mapping
Software (SPM8;_http://www.fil.ion.ucl.ac.uk/spnmplemented in MATLAB 2010b. Following

the realignment to a mean image for head-motiorection, the images were segmented to gray

matter and white matter, and then spatially norredliinto a standard stereotaxic space with a
voxel size of 2mrh using the Montreal Neurological Institute (MNI)niplate, and finally

spatially smoothed with a 6-mm Gaussian Kernel.aDaere examined for artifacts, such as
ghosting in the initial stages, and individual tiseries were checked for motion artifact. Trials

with more than 1 mm movement were excluded frontyaea.

The imaging data were analyzed using a multivaretalytical technique Partial Least
Squares analysis (PLS; Mcintosh, Bookstein, Haxdng Grady, 1996; Mcintosh, Chau, and
Protzner, 2004, for a detailed tutorial and revi#wWLS, see Krishnan, Williams, Mcintosh, and
Abdi, 2011, as implemented in PLS software run@ngVIATLAB 2010b. PLS decomposes all
images into a set of patterns that capture thetegeamount of covariance in the data, rather
than making assumptions about conditions or imgpsontrasts for each pattern. PLS analysis
uses singular value decomposition (SVD) of a simgherix that contains all participants’ data to

find a set of orthogonal latent variables (LVS),iethrepresent linear combinations of the

10
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original variables. Therefore, PLS enables one itferdntiate the degree of contribution of
different brain regions associated with task demsat@havioral or anatomical covariates, or
functional seed activity.

The first LV usually accounts for the largest caoaace of the data, with progressively
smaller amount of covariance for subsequent LVshH&/ delineates cohesive patterns of brain
activity related to experimental conditions. Adalitally, brain scores are calculated as the dot
product of a participant’s image volume of each MWe brain score reflects how strongly each
participant contributes to the pattern expressedach LV. Therefore, each LV consists of a
singular image of voxel saliencese(, a spatiotemporal pattern of brain activity), iagalar
profile of task saliences.€., a set of weights that indicate how brain agtivit the singular
image is related to the experimental conditionsicfwnal seeds, or behavioral/anatomical
covariates), and a singular value.( the amount of covariance accounted for by thé IGiven
that the task was event-related, the analysis waducted on the 15-sec period (5 TRs), starting
at the onset of each face to account for the duraif the BOLD response. Activity at each time
point in the analysis was normalized to activitythre first TR. As the activation patterns
identified by PLS and corresponding brain respomse®ne in a single mathematical step, there

is no need for multiple comparison correction (Mokh et al., 2004).

The statistical significance of each LV was assgsgsing a permutation test, which
determines the probability of a singular value fr&®0 random reordering and resampling
(MciIntosh et al., 1996). In addition to the perntista test, to determine the reliability of the
saliences for each brain voxel, a standard erroeaafh voxel's salience on each LV was
estimated by 100 bootstrap resampling steps (E&ohibshirani, 1985). Peak voxels with a
bootstrap ratio (BSRj;e., salience/standard error) > 3.0 were considerdoetoeliable, as this
approximatep < 0.01 (Sampson, Streissguth, Barr, & Bookste@89). In the current study, we
used task PLS and brain-behavior PLS, to examire whole-brain activity pattern for
processing each emotional category as a functioayefgaze and to assess the link between

performance in the emotion recognition task and Tahity.

The procedure of the fMRI analysis was twofold.sEiour main aim was to examine the
impact of age on whole-brain activity during thddbng of emotional faces presented with

different eye-gaze direction. We conducted whokdrbanalyses of brain activity during angry

11
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and happy conditions, which were compared betwhentwo age groups. Neutral faces were
included in the experimental design as a controldd@mn to remove the effects of the visual
perception component (for a review see Sabatimllal., 2011. However, the ambiguity of
neutral faces may lead to uncertainty and heighkitengilance, which in turn may increase
amygdala activation (Blasi et al., 2009) and may ebaluated as more negative in some
situations (Lee, Kang, Park, Kim, & An, 2008). Téfere, all analyses were conducted only on
happy and angry facial expressions in order todaactivation confounds due to the presence of
neutral pictures. In order to demonstrate the rotess of brain responses to happy and angry
expressions, additional analyses including newoaditions were also conducted. The results
are reported in the Supplementary Material in Feglur Overall, the brain pattern responses to
happy and angry expressions did not change asué tésincluding neutral expressions in the
whole-brain analysis. For the whole-brain analysdisyoxel activities for both age groups were
included in the analyses for the four experimeateadditions; angry direct, angry averted, happy
direct, and happy averted. However, for simplifimatand greater visual clarity, conditions are

illustrated separately in Figures 3&4.

Second, given that our ability to understand andpoad to emotional cues in the
environment is an integral part of our social ctigai ability, we examined the relationship
between the recognition of facial cues and TOM queneince. To explore any age-related
differences in integrating facial cues in relatitansocial cognitive abilities, we conducted a
brain-behavior analysis, examining the relationgbgiween the neural activation involved in
gaze and emotion processes and the TOM perform#meescores obtained on the RMET. For
angry expressions, we included the accuracy of\bets performance in the scanner task and
correlated them with TOM scores. Because accum@cketognition of happy expressions was at
ceiling for both age groups, TOM scores were cateel with the brain activity in the two happy
experimental conditions without including the bebeaal performance accuracy from the
emotion recognition task. For the brain-behavioalgses, all voxel activities for both age
groups, accuracy from the emotion recognition tasid behavioral scores from the TOM task
were included in the analyses for the two angryddmns (see Figure 5). For simplification
however, we depicted the age groups in separateeBg(see Figure 6). For happy expressions,
all voxel activities for both age groups as welkaeres from the TOM task were included in the

analyses. These results are illustrated in Figure 6

12
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Reaction times and accuracies during the emotioogration task were subjected to mixed-
model analyses of variance (ANOVAs) with age grag the between-subjects factor and

emotional expression and eye-gaze orientationeawithin-subjects factors.

Results
The descriptive and inferential statistics of atkground measures were reported in Table 1.
Older adults scored above the recommended cutfd¥ @n a widely-used dementia scredh (
= 28.38,SD = 1.28), the Mini Mental State Examination (Failstd-olstein, & McHugh, 1975).
Significant difference between both age groupsieaTOM scores measured by RMET was also

found as reported in Table 1.

Emotion identification performance
A 2 (gaze direction: direct, averted) by 2 (emasloexpression: angry, happy) by 2 (age
group: young, older) repeated-measures ANOVA wikponse accuracy as the dependent
measure showed that there was a significant mdattedf emotional expressioifr(1, 38) =
34.85,p < .Ol,npzz A7. This reflected greater accuracy in recoggiziappy relative to angry
facial expressions in both age groups (Figure 2a&l& 1). No other main effects or interactions

were significant (alFs <1).

A similar analysis on response times of accuragpaeses revealed a main effect of
emotional expressiond;(1,37) = 87.68,p < .01,n,° = .70, with faster responses for happy
relative to angry facial expressions (Figure 2 @atlle 1). None of the other main or interaction

effects were significant (abs <1).

[Insert Figure 2 about here]

Whole-brain analyses
The whole-brain responses for angry and happy sgjmes for both age groups are reported
in this section. First, the findings for angry eaggions and then happy expressions findings for

both age groups will be presented.

Angry expressionsThe results from the whole-brain analyses showwed significant and

distinct LVs for recognition of angry expressiorsafunction of eye gaze among younger but

13
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not older adults. The first LV accounted for 33%lué covariance in the data and included brain
regions such as inferior frontal gyrus (IFG), aitiecingulate cortex (ACC), inferior parietal
lobule (IPL), posterior cingulate cortex (PCC), amdygdala. This pattern of brain activation in
young adults was found only for angry expressioith averted gaze. In contrast, older adults
recruited these regions during recognition of arexpressions witlboth direct and averted gaze
(Figure 3, Panel A & Table 2). LV2, which accounted 25% of the covariance in the data,
yielded a pattern that was related to the recagmitif angry expressions with direct gaze only
among younger adults. This pattern included insml& medial prefrontal gyrus, the main nodes
of the salience network (Menon, 2015). In olderledthere was no reliable recruitment of these
regions in any of the conditions (Figure 3, Pan& Bable 2). These results indicate that social
cognitive brain regions, such as mPFC, IPL, STSygamla (Frith & Frith, 2006; Van
Overwalle, 2009), were engaged among younger adiutgBg recognition of expressions in
which the understanding of the intention of expeessas required, that is angry expressions
with averted gaze. The salience network, includivegla, medial prefrontal gyrus, in contrast,
was activated in young participants when recoggizemgry expressions with possible
threatening signals to the self, i.e. direct gd8Zese data further demonstrate that at the neural
level, younger, but not older adults, are diffel@img between angry facial expressions with

direct versus averted gaze.
[Insert Figure 3 & Table 2 about here]

Happy expressiondDuring the recognition of happy expressions, ltssiiom the whole-
brain analyses revealed two LVs. The first LV irg#d brain regions such as ACC, PCC,
precuneus, angular gyrus, middle temporal gyrus @y Tand hippocampus — known as major
nodes of the default mode network (DMN; Buckner,dfaws-Hanna, and Schacter, 2008;
Raichle et al.,, 2001). These brain regions wereaged by older adults for happy facial
expressions with direct gaze. In contrast, youragults recruited these regions for happy
expressions with both direct and averted gaze (Eigy Panel A & Table 3). LV2 yielded a
network of brain regions including medial and mal&#FC, ACC, MTG, superior temporal gyrus
(STG), PCC, and precuneus. These regions were etidagolder adults for happy expression
with averted gaze and by younger adults for bothatliand averted gaze (Figure 4, Panel B &

Table 3). Overall, the whole-brain analyses forgyapxpressions indicate that older, but not
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younger adults, recruit two orthogonal networksimtyirecognition of happy expressions as a
function of eye gaze while younger adults showedemsitivity in their neural activity patterns
to the eye-gaze orientations in happy faces.

To summarize the results so far: younger adultsveddhe predicted differential brain activation
to angry faces with direct and averted gaze, wiider adults showed no such differentiation. In
contrast, older adults were sensitive to gaze timecwhen processing happy faces, while
younger adults were not.

[Insert Figure 4 & Table 3 about here]

Brain-behavior analyses
Lack of sensitivity to eye-gaze cues during recbgni of angry expressions might have
consequences for social cognitive abilities. Thiu)e capacity to integrate facial cues declines
in late adulthood, such age-related changes mightelated to the differential engagement of
mentalizing or social cognitive brain regions. Braehavior analyses were conducted to assess
the correlation between brain activity during thegry and happy recognition conditions with
TOM scores obtained on the RMET (administered detsie scanner).

Angry expressionsAccuracy scores from the angry conditions in theotson recognition
task were included in the brain-behavior analystk #he scores from the TOM task for both age
groups in one single analysis. Brain-behavior asedyfocused on angry expressions revealed
one significant LV, which accounted for 36% of tbevariance in the data and yielded two
patterns of brain activity. The first of these pats included superior, middle, and inferior PFC
regions as well as insula. This network subsereedgnition of angry expressions wakerted
gaze among younger adults and correlated positivély TOM scores and accuracy during the
recognition of angry averted gazes. That is, th@senger adults who performed better on the
TOM task and the recognition of angry averted gaasgaged the frontal brain regions to a
larger extent than those young adults with poossfgpmance (Figure 5, Panel A & Table 4).
The second brain pattern mainly included postebin regions such as PCC, precuneus,
cuneus, middle occipital gyrus, inferior temporgiug, MTG as well as mPFC and caudate. This
network subserved the recognition of angry expoessivithdirect gaze among younger adults

and was correlated positively with TOM scores aodugacy during recognition of angry faces
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with direct gaze. In other words, younger adultovaitained higher scores on the TOM task
and were better at recognizing angry faces witkeatligaze recruited a set of posterior brain
regions when processing angry direct gaze facems thase younger adults with poorer

performance (Figure 5, Panel A & Table 4).

In older adults group, brain-behavior analyses akagtwo important findings. First, activity
of the posterior brain regions (i.e., PCC, precsnauneus, middle occipital gyrus, inferior
temporal gyrus, MTG as well as medial PFC and da)daas correlated with TOM scores
during recognition of angry expressions, irrespectof eye-gaze directions. Moreover, these
regions were only correlated with TOM scores, aod with accuracy of recognizing angry
faces. In other words, there were no reliable aasons between TOM scores and task
performance in the scanner among older adults.r@idelts who obtained higher scores on the
TOM task engaged only the posterior areas whilegeizing angry expressions with both direct
and averted eye-gaze orientation. However, activityhese regions was not related to older
adults’ behavioral performance in the recognitiéramgry expressions in the scanner (Figure 5,
Panel B & Table 4).

[Insert Figure 5 & Table 4 about here]

Happy expressiong-or the happy conditions, accuracy scores wepeilihg, thus, only the
correlations between TOM scores and brain actigatituring the recognition of happy
expressions were considered for both age groups. ddrresponding analyses for happy
expressions revealed one significant LV. This L\éamted for 32% of the covariance in the
data and yielded a set of regions that were aefilvdtiring the recognition of happy averted gaze
among older adults and positively correlated wiM scores. This network included superior,
middle, and inferior PFC, ACC, STG, IPL, and presus regions. Older adults who obtained
higher scores on the TOM task recruited these baedas when they were recognizing happy
expressions displayed with averted gaze more thi#im direct gaze, and more than younger
adults (Figure 6 & Table 5).

[Insert Figure 6 & Table 5 about here]
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Discussion

The present results provide novel insights into iearal substrates underlying age-related
differences in integrating facial affect and eyeeaues. First, the whole-brain results showed
that, in contrast to younger adults, older adubtslin activity was not modulated by eye-gaze
direction during the recognition of angry expreasiocSecond, the brain-behavior results showed
that the ability to integrate angry expression gade cues was related to TOM ability; for
younger, but not older adults. TOM ability was diffintially correlated with two distinct
networks of brain regions activated as a functibreye-gaze direction in the presence of an
angry expression. The brain-behavior correlatiomdicated that older adults’ lack of neural
sensitivity to eye gaze with angry expressions medteted to decreased recruitment of the main
nodes of the mentalizing network, such as mPFC,, 3R amygdala (Frith & Frith, 2006;
Molenberghs et al., 2016; Van Overwalle, 2009)itnagions in which interpreting the intentions

of the expresser is important; angry expressiomis averted gaze.

In keeping with previous research indicating thiaieo adults are more motivated to process
positive facial expressions, older, but not youngelults’ brain activity was modulated by eye-
gaze direction during the recognition of happy esgions by recruiting the major nodes of the
default mode network, such as vmPFC, PCC, and peasu(Buckner et al., 2008; Raichle et al.,
2001). For happy expressions, older adults reatuite mentalizing brain regions for averted
gaze conditions more than in the direct gaze cmmjitas well as relative to their younger
counterparts. This finding is in line with the résurom the whole-brain analyses, and might
reflect well-documented motivational changes awaymf negative and towards positive

information shown to occur with age (Carstensef620
Eye- gaze modulation to angry expression

Younger adults recruited areas of a more localibein network including insula and
anterior cingulate regions — major nodes of a sa#enetwork — during recognition of angry
expression with direct relative to averted gazee #&hgagement of the salience network is in line
with the notion that angry expressions with dirgare are considered to be more self-relevant
(N'Diaye, Sander, & Vuilleumier, 2009; Sander, Glj@an, Kaiser, Wehrle, & Scherer, 2007,

Sander, Grandjean, & Scherer, 2005) and importansdrvival. Therefore, a less distributed
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neural activation and fewer executive control ragishould be required to recognize angry
expressions with direct gaze. On the other handnger adults recruited a more distributed
network of regions, including more fronto-parietagions during averted gaze. Because angry
expressions with averted gaze convey ambiguousisign the observer (Adams, Gordon, Baird,
Ambady, & Kleck, 2003; Adams & Kleck, 2005), it wasticipated that angry expressions with
averted gaze would impose greater demands on oagiperations such as executive control
and core social cognitive brain regions to undecstthe mental states of the expresser. The
whole-brain results therefore aligned with our jcedns that two different networks of brain
regions should be involved among young adults foc@ssing angry expressions, one involved
in encoding threatening signals with direct gazd ane engaged social cognitive processes
when the expressions were presented with avertasl ffahas to be noted that the two LVs yield
two brain patterns that are orthogonal to eachrothgggesting that the two brain patterns

revealed for the angry direct and averted condsteme meaningfully different from each other.

Older adults, on the other hand, recruited a tisted and large-scale pattern of brain
activity, during the recognition of angry expressdrrespective of the eye gaze. This finding
provides support for the age-related neural dedifféation hypothesis, whereby older adults
show reduced distinctiveness of neural represemtatin domain-specific areas (Li,
Lindenberger, & Sikstrom, 2001). Dedifferentiatibas been evidenced in a variety of cognitive
tasks in late adulthood, including memory procesg@arp, Gmeindl, & Reuter-Lorenz, 2010;
Carp, Park, Polk, & Park, 2011; St-Laurent, AbdiyiBnova, & Grady, 2011), visual perception
(Park et al., 2004), as well as cognitive load-aejgat processes (Burianova et al., 2015; Grady,
2008). The pattern of dedifferentiation among olaéults in the present study suggests that they
might exert greater executive control than needdokenw processing angry expressions
(Dirnberger, Lang, & Lindinger, 2010). The lack sgecificity in recruiting brain networks for
angry expressions with different eye gaze amongratdhorts is also consistent with behavioral
findings showing less distinction between intenmggtaingry expressions with direct and averted
gaze (Slessor et al.,, 2010). This finding may otfla neural inefficiency in older adults
processing threatening stimuli. This pattern opoese may be related to the greater cognitive
control resources older adults recruit while preogs angry expressions or the regulatory effort

they employ during processing of these emotionsi€¢Elt al., 2012).
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In the current study we found no age differencdehavioral performance on the emotion
recognition task. However, given that the task a¢ demanding in general and all our older
adults’ participants were high functioning as iradéd by their performance on the background
cognitive assessments, behavioral differences wetanticipated. It is also important to note
that all participants were trained and practicezdltdsk prior to the fMRI session. The reason for
training participants prior to the fMRI task wasfact to try and ensure that the performance of
the groups for accurate detecting the faces waateduso that any differences at the neural level
could not simply be attributed to differences inrfpemance. Therefore, the relatively low
demands of the task, the high functioning naturthefolder adult cohort, as well as the training
procedure used likely all contributed to the twougrs’ similar behavioral performance.

Angry expressions and TOM

Younger adults who were better at recognizing afigcgs with averted gaze and who also
obtained higher scores on the measure of TOM obdaitom RMET, showed greater
recruitment of the anterior PFC regions, such agdiah®FC and IFG. In revealing a correlation
between activity in mPFC, TOM scores, and accuna@motion recognition in the present data
suggests that the recognition of angry expressiotisaverted gaze (relative to direct gaze) may
impose greater social cognitive demands relyingndPFC and IFG as key regions of the
mentalizing network (Schurz, Radua, Aichhorn, Rachl & Perner, 2014). Task-related
activation differences also emerged, whereby amypressions with averted gaze engaged
anterior brain regions and angry expression witlealigaze engaged more posterior regions,
supporting functional specialization of the mermialy network (Schurz et al., 2014).

In contrast to their younger counterparts, oldedtadshowed no reliable association between
task performance and TOM scores. In addition, oskits’ TOM capacity was only correlated
with activity in the posterior parts of the mergalg network, such as the parietal region, when
they were making explicit judgments about emotiamgbression of angry faces in the scanner
task. The absence of any association between antefiC and TOM scores in older adults is
consistent with the results of Moran et al. (201&)o also found age-related decline in
recruitment of dorsal mPFC during various sociajrétive tasks. The age-related decline in
integrating facial cues during recognition of ang®pressions could potentially be associated

with older adults’ difficulties in reorienting s@di attention or higher-order mentalizing
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processes during averted gaze in angry faces,isswHs the condition that imposed greatest
demands on social cognitive ability. It is possitilat the extent of age-related differences in
neural regions is predictive of behavioral ageedéhces in processing and implicitly responding

to basic facial cues as well as social cognitisi&ga
Eye-gaze modulation to happy expression

For happy expressions, whole-brain analyses redettiat older adults recruited two
networks of brain regions as a function of direst averted gaze. This gaze-dependent
differentiation was unique to older adults, as earal modulation was found for younger adults
in response to eye-gaze direction. Older adultsaggr sensitivity to eye gaze when processing
happy expressions coupled with older aduitisensitivity to eye-gaze cues when processing
angry expressions, align with findings on the pajt effect in aging (Reed & Carstensen,
2012; Reed, Chan, & Mikels, 2014), showing ageteelabiases in attention, memory, and
decision-making towards positive emotional infonimat (Brassen, Gamer, & Buchel, 2011;
Mather & Carstensen, 2003, 2005; Ziaei, von Hippknry, & Becker, 2015). Specifically, the
current data showing greater sensitivity to hapgyressions with different eye gaze cues may
most parsimoniously be explained in terms of thd-d@ecumented motivational shifts seen in
late compared to young adulthood. One of the waysghich this motivational shift is argued to
manifest is via an age-related positivity effechaneby older adults exhibit greater attention
towards and memory for positive relative to negdsiwalenced information (Reed et al., 2014).
The current study indicates that older adults’raiteal bias may also be reflected at the neural
level, via the recruitment of differential neuralbstrates toward positive expressions with
different social communicative cues. As noted, theural sensitivity was not evident for
negative facial expressions. It has to be noteddépending on this region’s functional network,
mPFC could be involved in mentalizing, self-refeéi@n pain, reward, or social cognitive
processing (Roy et al., 2012). Although much remaito be addressed about the role of the
vmPFC in each of these domains, the functional oktwonnected to this region seems to be

essential in understanding the processes thatdtien subserves for any particular task.

In line with the dedifferentiation hypothesis, metpresent study older adults’ brain activity
was indistinguishable for direct and averted eysegdhat is, older adults recruited the same,

single network for both angry direct and avertedegeonditions. However, recognition of happy
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expressions is presumably easier for older aduligoa they are more motivated to process these
expressions in general (consistent with Socioemati®electivity Theory). Therefore, as a result
of greater availability of cognitive resources wehilrocessing happy expressions, older adults are
able to differentiate between direct and avertezedar happy expressions. Taken together, the
dedifferentiation explanation for angry expressiansot in contradiction with the findings for

happy expressions, as angry and happy conditiogiffar in their relative cognitive demands.
Happy expressions and TOM

Additionally, the brain regions involved during ogmition of happy expressions and
correlated with TOM scores support the motivatiosiaift toward positive information. Brain
areas mainly included the parietal lobes, mPFC, RG@&, superior temporal gyrus - the main
nodes of default mode network (Buckner et al., 20R8ichle et al., 2001). Previous studies
found increased activity of ventromedial prefrontartex during happy relative to angry
expressions (Ebner et al., 2012). There is an apdsetween the coordinates they reported with
the mPFC region found in this study. Activity ofighregion is thought to reflect affective
responses to cues which may be associated withrdefRay et al., 2012) and lower cognitive
demand. In other words, happy expressions seera todre easily accessible and require lower
cognitive demand, which consequently engage DMNentioan angry expressions. Furthermore,
engagement of DMN during recognition of happy espiens is consistent with TOM studies
that reveal activity of DMN components. One of gwbregions of this network, the mPFC, is
activated when “thinking about the complex inteiats among people that are conceived of as
being social, interactive, and emotive like onég@tickner et al., 2008, p. 24). The correlations
identified between DMN activity and TOM scores dgrirecognition of happy expressions,
therefore suggest that older adults may be motivideengage in social cognitive processing
when the facial cues are of particular interesthtm (i.e., depict positive affective states), and
consequently they will notice the facial cues egpesl with happy facial expressions more than

angry expressions.

One potential mechanism that may contribute todibserved age differences are the well-
documented changes in neural structural integeignsn late adulthood (For reviews see Grady,
2012; Li et al., 2001). Several studies have noenshimportant links between gray and white

matter structural integrity and functional brairtiéty (Burianova et al., 2015; de Chastelaine,
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Wang, Minton, Muftuler, & Rugg, 2011; Legon et &Q15; Persson et al., 2006; Zhu, Johnson,
Kim, & Gold, 2015). Therefore, it is possible th&ttuctural changes underlie the age-related
differences processing emotional expressions ifiedtin the present study. Future studies are
needed to test this possibility, and investigate lage-related structural changes in main nodes
of emotional processing, such as the amygdalawdnte matter tracks between the amygdala
and PFC, such as uncinate fasciculus, are relatdnfain activity when processing emotional

expressions.

Finally, two methodological limitations of this siyineed to be acknowledged. First, most of
the neuroimaging literature focused on emotion gsemg used three emotions, angry, happy,
and neutral expressions which limit inferences aljpatential age-related change for other
emotions. Future neuroimaging studies should adslude other emotional expressions such as
fear and disgust to advance insight into the na&me magnitude of age-related change in the
neural networks that subserve these critical saoghitive operations. Second, the perceptual
properties of the happy faces, and in particular fidact that teeth were visible, could have
influenced the findings of this study. This is bhesa visible teeth have been shown to create an
advantage in detecting happy faces in visual sepachdigms (Horstmann & Ansorge, 2009),
and may therefore have facilitated faster respdimes for happy expressions in both age
groups. Thus, while an important considerationhiis study was to use stimuli that represent
natural emotional expressions as closely as pessfblther investigation is now needed to
examine the contribution of specific perceptualtdess, e.g., teeth, in integrating facial cues
among both age groups.

Nevertheless, these caveats aside, the presentisttite first to provide evidence that the
brain networks that subserve the recognition ofrfamxpressions are modulated by eye-gaze
direction for younger but not older adults. For pygxpressions, the reverse pattern of neural
specificity emerged, with older (but not youngedults showing neural sensitivity to eye gaze
direction. These results are consistent with tluadber gerontological literature that shows there
are motivational shift toward positive emotionafoimation in late adulthood. Moreover, the
pattern of brain-behavior correlations showed thab networks of brain regions were
differentially correlated with TOM abilities andehability to recognize angry expressions as a

function of eye gaze, but only among younger addleken together, these findings provide
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novel insights into the underlying brain networkgalved in processing socially communicative
signals. Given that a core feature of many psydhjabeurological, and neurodegenerative
illnesses is impaired social cognitive abilitiese(iy et al., 2016; Poletti, Enrici, & Adenzato,
2012; Sprong, Schothorst, Vos, Hox, & Van Engeld@)7; Stewart, Catroppa, & Lah, 2016;
Yu & Wu, 2013), in the long term, this informatibias the potential to be used as biomarkers for

early diagnosis of many clinical disorders.
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Legends

Figure 1. Example of Experimental DesignEach trial consisted of a presentation of a face
with happy, angry, or neutral expressions for 36osd. Equal numbers of male and female
faces with direct and averted gaze were preseriix@tion crosses were jittered using 0.5
second, 1 second, and 1.5 second time intervatstdh the task consisted of 5 runs, 4.5 minutes
each. During the task, participants were requicethtlicate the emotional expressions of each

face by using a MRI compatible response button&rélaation: ITI = Inter-Trial Interval.

Figure 2. Behavioral Results from Emotion Recognitn Task Recognition of happy
expressions was faster and more accurate relativengry expressions for both age groups.
However, there were no significant differences leetmvavert or direct gaze in accuracy rates and

RTs in either of the age groups.

Figure 3. Whole-Brain Results for Angry Expressions.Patterns of whole-brain activity
during the recognition of angry expressions witleread gaze among younger adults (YA) and
both eye-gaze directions among older adults (OA) éAgry expressions with direct gaze among
YA, without any reliable effects among OA (B), rela to other conditions (derived from LV1
& 2). Error bars denote 95% confidence intervals ttee correlations calculated from the
bootstrap procedure. All reported regions have BSIRand cluster size 100 voxels. All of the
analyses were conducted by including both age grobporder to simplify the visuals of the
findings in the figures, the results are preserseparately for each age group and condition.
Abbreviations: L = left hemisphere, R = right hephisre, OA = older adults, YA = younger
adults, LV = latent variable.

Figure 4. Whole-Brain Results for Happy Expressions.Pattern of whole-brain activity
during the recognition of happy expressions witlersead gaze among OA and both eye-gaze
directions among YA (A), and happy expressions wlitect gaze among OA and both eye-gaze
directions among YA (B), relative to the other ctioths (derived from LV1 & 2). Error bars
denote 95% confidence intervals for the correlaicalculated from the bootstrap procedure. All
reported regions have BSR3 and cluster size 100 voxels. All of the analyses were conducted

by including both age groups. In order to simptife visuals of the findings in the figures, the
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results are presented separately for each age grodpcondition. Abbreviations: L = left

hemisphere, R = right hemisphere, OA = older adiflés= younger adults.

Figure 5. Brain-behavior Results for Angry Expressons and Theory of Mind Measure.
(A) Left panel: a pattern of whole-brain activityrthg recognition of angry expressions with
averted gaze (top row) and direct gaze (bottom rihaj correlated with scores on theory of
mind (TOM) as measured by the Reading the Mindhm Eye Test (RMET) among younger
adults. Right panel: correlations between TOM ssaad performance on the scanner task
during recognition of angry expressions. (B) Ledhpl: a pattern of whole-brain activity during
recognition of angry expressions that correlateth WiOM scores among older adults during
angry expressions with averted gaze (top row) amecidgaze (bottom row). Right panel:
correlations between TOM scores and performancéhenscanner task during recognition of
angry expressions. The brain activity presentedctkgbin the Direct gaze condition for younger
adults and Direct and averted gaze for older adafes identical. Error bars denote 95%
confidence intervals for the correlations calcudateom the bootstrap procedure. All reported
regions have BSR 3 and cluster size 100 voxels. All of the analyses were conducted by
including both age groups. In order to simplify tisuals of the findings in the figures, the
results are presented separately for each age guodpcondition. Abbreviations: L = left

hemisphere, R = right hemisphere.

Figure 6. Brain-behavior Results for Happy Expressins and Theory of Mind Measure.
Left panel: a pattern of whole-brain activity dyrimecognition of happy expressions with
averted gaze that positively correlated with theotly of mind (TOM) scores measured by
Reading the Mind in the Eye Test (RMET) among olagults. This analysis was conducted by
including both age groups. Right panel: correlatitietween TOM scores and performance on
the scanner task during recognition of happy exgioes. All reported regions have BSR and

cluster size> 100 voxels. Abbreviations: L = left hemispheres Rght hemisphere.
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Table 1.Descriptive and inferential statistics for the bgrckuind cognitive measures

Younger adults Older adults Inferential statistics
Measure Effect size
M SD M SD t
(Cohen’s d)
Age 20.65 2.66 69.75 2.97
Education (years) 14.26 1.48 15.29 3.00 1.34 38 43
NART FSIQ 113.84 3.76 118.33 2.93 4723 38 1.37
Trail Making Test
Trail A in ms. 1789.17 667.67 2780.0 635.94 474 37 1.55
Trail B in ms. 3758.26 1971.73 5830.19 2103.62 3.20° 38 1.03
B-A Index 2031.00 2126.95 3050.19 1763.61 1.63 37 .53
RMET 27.47 1.94 23.65 5.54 269 35 .90
Ekman emotion
recognition
Sadness 7.78 1.81 7.71 1.48 0.14 38 .04
Disgust 7.68 1.56 7.85 1.79 0.32 38 .10
Happiness 9.60 0.58 9.85 0.35 1.14 38 .36
Surprise 9.15 1.06 8.66 1.71 1.07 38 .34
Fear 7.21 2.55 7.57 2.11 0.48 38 15
Anger 7.36 1.64 8.00 1.54 1.25 38 40
PRSF
Social Inappropriateness 19.73 4.90 17.28 5.44 149 38 48
Social Appropriateness 58.10 6.90 61.57 5.38 1.78 38 57
Prejudice 6.84 1.06 6.71 0.90 041 38 13
Empathy Quotient 42.16 10.35 46.57 14.04 1.12 38 .36
Big Five Inventory
Extraversion 27.89 6.05 25.61 6.25 1.16 38 .37
Agreeableness 31.31 3.41 33.33 2.72 2.07 38 .67
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Conscientiousness 30.78 5.66 36.80 5.17 351 38 1.13
Neuroticism 21.10 6.17 19.05 6.26 1.03 37 .33
Openness 33.36 6.29 36.76 6.43 1.68 38 .54

Note.* p < .05, ** p < .005. NART FSIQ = National Adult Reading Testlf&cale Intelligence
Quotient, RMET = Reading the Mind in the Eye TERSF = Peer-Report Social Functioning

Scale, ms. = millisecond.
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Table 2.Peak coordinates for clusters fravhole-brain analyses for angry facial expressions

MNI coordinates

Regions Hem BA BSR
XYZ
Angry averted gaze — Younger adults
Angry direct and averted gaze — Older adults
Middle frontal gyrus R 9 [51 26 27] 7.77
L 9 [-58 8 26] 5.10
Inferior frontal gyrus R 45/47 [46 22 -1] 6.77
L 45/47 [-44 20 -6] 5.13
L 46/10 [-43 45 10] 5.17
Anterior cingulate cortex R 32 [0 24 41] 6.86
Insula L 13 [-31 17 10] 5.42
R 13 [46 21 -1] 6.63
Postcentral gyrus L 3 [-36 -24 55] 5.81
R 2 [54 -14 29] 4.60
Inferior parietal lobule L 40 [-45 -26 41] 6.03
R 40 [47 -27 41] 4.06
Posterior cingulate cortex R 31 [32 -68 30] 4.28
Precuneus R 7 [36 -52 48] 5.55
L 7 [-26 -54 50] 2.97
Fusiform gyrus R 37 [48 -64 -9] 6.83
L 37 [-39 -67 -9] 4.40
Cerebellum L [-9 -76 -22] 6.60
R [9-74 -22] 5.03
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Middle occipital gyrus R 18 [32 -82 3] 7.80
L 18 [-34 -88 3] 7.44
Occipital gyrus R 19 [32 -77 -9] 5.72
L 19 [-34 -75 -9] 5.73
Thalamus R [14 -12 9] 5.07
L [-9 -20 9] 3.80
Amygdala R [23 -7 -13] 4.97

Angry direct gaze — Younger adults

Insula R 13 [42 22 4] 451
L 13 [-34 22 4] 4.83

Medial prefrontal gyrus R 6 [6 20 46] 5.82

Precentral gyrus R 9 [43 12 30] 3.94

Hem = hemisphere, BA = Brodmann Area, BR = BoopsRatio, x coordinate = right/ left; y

coordinate = anterior/posterior; z coordinate =esigy/inferior.
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Table 3.Peak coordinates for clusters from whole-brainysed for happy expressions

MNI coordinates

Regions Hem BA BSR
XYZ

Happy direct gaze — Older adults

Happy direct & averted gaze — Younger adults

Anterior cingulate cortex L 24 [-7 36 -8] 4.83
L 10 [-363 8] 3.91

Supramarginal gyrus L 40 [-58 -50 38] 3.83

Angular gyrus L 39 [-44 -73 38] 3.64

Middle temporal gyrus L 21 [-54 -8 -19] 3.63

Posterior cingulate cortex L 31 [-2 -32 44] 4.45
L 30 [-12 -56 20] 4.23

Precuneus R 7 [32 -66 39] 3.89
L 23 [-4 -58 16] 4.38

Middle occipital gyrus R 19 [36 -87 12] 4.48

Hippocampus R [35-35 -9] 3.79

Happy averted gaze — Older adults

Happy direct & averted gaze — Younger adults

Medial prefrontal cortex R 9 [4 60 13] 4.42

Anterior cingulate cortex R 24 [2 28 -14] 4.69
R 32 [0 46 -5] 5.91

Middle frontal gyrus L 8 [-25 35 43] 3.81
R 8 [27 30 43] 4.11

Middle temporal gyrus R 39 [50 -66 26] 3.88
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Superior temporal gyrus L 22/42 [-64 -31 6] 5.07
L 39 [-47 -54 26] 4.39
Posterior cingulate cortex L 31 [-2 -45 43] 3.84
Precuneus L 31/23 [-2 -64 25] 5.42
Cerebellum L [-11 -57 -5] 4.61

Hem = hemisphere, BA = Brodmann Area, BR = BoopsRatio, x coordinate = right/ left; y

coordinate = anterior/posterior; z coordinate =esigy/inferior.
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Table 4. Peak coordinates for clusters from brain-behaviwlyses for angry expressions and

Reading the Mind in the Eye Test (RMET) performance

MNI coordinates

Regions Hem BA BSR
XYZ

Angry averted — Younger adults

Superior frontal gyrus R 8 [0 42 41] 3.92
L 6 [-3 14 59] 4.41

Middle frontal gyrus L 8/9 [-44 14 43] 5.39

Inferior frontal gyrus L 45 [-51 27 6] 4.50

Middle frontal gyrus L 10/46 [-40 44 4] 4.15

Insula L 13 [-32 22 4] 4.77

Angry direct — Younger adults

Angry direct and averted — Older adults

Medial prefrontal gyrus 6 [3761] 4.70

Inferior temporal gyrus R 37 [50 -54 -4] 451
R 19 [29 -56 -4] 5.23

Middle temporal gyrus L 39 [-41 -79 20] 4.61
L 22 [-49 -49 0] 5.49

Middle occipital gyrus L 19 [-34 087 12] 577

Posterior cingulate cortex L 30 [-18 -62 15] 3.87
R 31 [0 -50 33] 5.05

Precuneus R 7 [26 -63 33] 4.66
L 317 [-12 -64 33] 3.50

Cuneus R 7 [23 -71 38] 3.75
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L 7 [-24 -81 38] 4.34
Thalamus R [0-27 15] 3.23
Caudate R [25 -33 15] 3.75

L [-26 -35 20] 4.38

Hem = hemisphere, BA = Brodmann Area, BR = BoopsRatio, x coordinate = right/ left; y

coordinate = anterior/posterior; z coordinate =esigy/inferior.
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Table 5. Peak coordinates for clusters from brain-behavi@lyses for happy expressions and

Reading the Mind in the Eye Test (RMET) performance

MNI coordinates
Regions Hem BA BSR
XYZ

Happy averted gaze — Older adults

Superior frontal gyrus R 10 [28 60 5] 511
10 [-21 54 18] 7.10
Anterior cingulate cortex L 32 [-4 41 9] 4.42
Middle frontal gyrus R 6/8 [44 15 41] 5.32
Insula 13 [-56 -36 24] 4.06
Inferior frontal gyrus L 9 [-57 12 24] 5.11
45/47 [-36 27 -4] 6.55
Postcentral gyrus L 3 [-44 -17 44] 4.74
Precentral gyrus L 4/6 [-47 -4 49] 5.10
Cingulate gyrus L 23 [-4 -11 33] 4.07
Superior temporal gyrus R 39 [44 -48 27] 6.63
39 [-42 -56 25] 4.63
Inferior parietal lobule L 40 [-54 -23 31] 5.14
40 [52 -48 35] 7.01
Angular gyrus L 39 [-44 -66 33] 5.11
Precuneus R 31 [22 -64 27] 4.62
31 [-4 -60 25] 4.44
Cuneus R 18 [0 -87 25] 4.24
Cerebellum L [-4 -62 -4] 4.84
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Hem = hemisphere, BA = Brodmann Area, BR = BoopsRatio, x coordinate = right/ left; y
coordinate = anterior/posterior; z coordinate =esigy/inferior.
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Supplementary Material

Additional Whole-brain Analyses

Additional analyses were conducted includingthiiee emotions at the whole-brain level.
One significant LV was found. LV1 accounted for 4@&iance of the data. For older adults,
LV1 reflected a brain pattern that included inferfimntal gyrus (IFG), anterior cingulate cortex
(ACC), inferior parietal lobule (IPL), posteriorngulate cortex (PCC), and amygdala during
recognition of neutral expressions with averted ggee (Supplementary Figure 1- panel B).
Younger adults, however, recruited different braggions, including insula and medial
prefrontal gyrus, the main nodes of the saliende/ork, for neutral expression with direct eye-

gaze direction (Supplementary Figure 1 — panel A).

These findings are in line with previous studieggasting that neutral emotions may be
perceived as uncertain and in turn may activateathggdala (Blasi et al., 2009) and may be
evaluated as more negative (Lee et al., 2008).r&studies are now needed to clarify the factors
contributing to age-related differences in peraap®f neutral emotions. The age of the posers
used in the task provide one potential reason wianbregions known to be involved in
processing angry emotions were also activated wihecessing neutral expression. Specifically,
older posers’ facial features, such as wrinklesy heave influenced the perception of the faces
whereby neutral faces are more likely to be pesztias angry when expressed by older relative

to younger posers.

(A) Neutral direct - YA (B) Neutral direct - YA

Neutral avert - OA
= Younger adults
& % = Older adults
-3 9 )

Brain scores
Brain scores

[\
Co

a6 - FHBH- w
: 15 Gaze orientations - : | Gaze orientations
33 45 ‘

L

Supplementary Figure 1. Whole-BrainResults for Neutral Expressions.Pattern of whole-brain activity during the

recognition of neutral expressions with direct gam®ng YA (A), and neutral expressions with diractong YA and averted
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gaze among both OA (B), relative to the other ctouds. Error bars denote 95% confidence intervalstifie correlations
calculated from the bootstrap procedure. All repdntegions have BSR 3 and cluster size 100 voxels. All analyses were
conducted by including both age groups, howeveoriter to simplify the visuals of the findings tmetfigures, we presented the
results separately for each age group and condifibhreviations: OA = older adults, YA = youngeuitd, L = left hemisphere,

R = right hemisphere.
Additional Brain-Behavior Analyses

Prior to assessing brain-behavior correlations witeory of mind (TOM) scores, brain-
behavior correlations were computed to investigae brain networks that were related to
performance on the emotion recognition task, agxad by response latency and accuracy.
Given that responses to happy faces were at ceibmdy behavioral performance during

recognition of angry expression contributed to ¢hasalyses.

These analyses focused on angry expressions rdveagesignificant LV, which accounted
for 46% of the covariance in the data and yieldeal patterns of brain activity. The first of these
patterns included right medial frontal gyrus, katal cingulate gyrus, superior parietal cortex,
left inferior parietal lob, right insula, bilaterptecuneus, and cerebellum (Blue regions in panel
A, Supplementary Figure 3). This network correlgpegitively with RTs during the recognition
of angry expression witldirect gazes among younger adults. That is, younger sadwuifio
responded slower to angry direct gaze recruitedethiwain regions more. The second pattern
included bilateral IFG, superior frontal gyrus,higACC, bilateral superior temporal gyrus, left
middle temporal gyrus, bilateral caudate, leftdnals, left insula, posterior cingulate gyrus, and
left fusiform gyrus (yellow regions in panel A, Su@mentary Figure 2). This pattern correlated
with RTs for angry expressions with averted gazeragryounger adults. That is, younger adults
who were slower in responding to angry expressiwith averted gaze engaged these brain

regions to a larger extent. Neither of these padgteras reliably engaged by older adults.
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Correlations

Supplementary Figure 2. Brain-behavior Results for Angry Expressions and Response Times during Emotion
Recognition Task.Left panel: a pattern of whole-brain activity dhgirecognition of angry expressions that correlatét the
Response latencies during the emotion recogniisk which was reliable only among younger adulighRpanel: correlations
between brain activities and performance duringgetion of angry expressions with direct and aagrjaze. Red/yellow brain
pattern correspond to the averted gaze conditiehbdme brain pattern corresponds to the direct garelition. All reported

regions have BSR 3 and cluster size 100 voxels. Abbreviations: L = left hemispheres Rght hemisphere.

The analyses focused on the accuracy of angry ssipres among both age groups revealed
one significant LV, which accounted for 45% of tbevariance of the data and yielded one
pattern of brain activity. This pattern included diz¢ frontal gyrus, middle frontal gyrus,
caudate, parahippocampus, supramarginal gyrusrisupemporal gyrus and correlated with the
accuracy scores during recognition of angry expoasswith bothdirect andavertedeye-gaze
directions. That is, younger adults who recognizedyry expressions with higher accuracy
recruited these brain areas for both direct andtedegaze. Older adults did not recruit any of

these brain regions reliably.
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Supplementary Figure 3. Brain-behavior Results forAngry Expressions and Accuracy during Emotion Recogition
Task. Left panel: a pattern of whole-brain activity dwgirecognition of angry expressions that correlatéti the accuracy in
the emotion recognition task which was reliableycanong younger adults. Right panel: correlatioesvieen brain activities
and performance during recognition of angry expoesswith direct and averted gaze. All reportedaeg have BSR- 3 and
cluster size> 100 voxels. Abbreviations: L = left hemispheres Rght hemisphere.
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Older adults demonstrate neural dedifferentiation to angry stimuli.

Older adults do not demonstrate neural dedifferentiation to happy stimuli.

No correlation was found between angry emotion recognition and TOM of older
adults.

Significant correlation was found between happy expressions and TOM of older
adults.



