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Abstract

Trait anxiety diminishes with age, which may result from age-related decline in registering salient 

emotional stimuli and/or enhancement in emotion regulation. We tested the hypotheses in 88 

adults 21 to 85 years of age and studied with fMRI of the Hariri task. Age-related decline in 

stimulus registration would manifest in delayed reaction time (RT) and diminished saliency circuit 

activity in response to emotional vs. neutral stimuli. Enhanced control of negative emotions would 

manifest in diminished limbic/emotional circuit and higher prefrontal cortical (PFC) responses 

to negative emotion. The results showed that anxiety was negatively correlated with age. Age 

was associated with faster RT and diminished activation of the medial PFC, in the area of the 

dorsal and rostral anterior cingulate cortex (dACC/rACC) – a hub of the saliency circuit – during 

matching of negative but not positive vs. neutral emotional faces. A slope test confirmed the 

differences in the regressions. Further, age was not associated with activation of the PFC in whole-

brain regression or in region-of-interest analysis of the dorsolateral PFC, an area identified from 

meta-analyses of the emotion regulation literature. Together, the findings fail to support either 

hypothesis; rather, the findings suggest age-related automaticity in processing negative emotions 

as a potential mechanism of diminished anxiety. Automaticity results in faster RT and diminished 
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anterior cingulate activity in response to negative but not positive emotional stimuli. In support, 

analyses of psychophysiological interaction demonstrated higher dACC/rACC connectivity with 

the default mode network, which has been implicated in automaticity in information processing. 

As age increased, individuals demonstrated faster RT with higher connectivity during matching of 

negative vs. neutral images. Automaticity in negative emotion processing needs to be investigated 

as a mechanism of age-related reduction in anxiety.
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1. Introduction

Aging is associated with changes in cognitive and affective functions. Trait anxiety 

represents a tendency to experience negative emotions and a risk factor of mood disorders 

(Weger and Sandi, 2018). Older as compared to young and middle-aged adults showed 

lower susceptibility to anxiety disorders (Jorm, 2000). Of the anxiety symptoms, older adults 

reported comparable somatic symptoms but less worry (Brenes, 2006). Previous studies have 

reported age-related reduction in trait anxiety (Machado et al., 2019), consistent with the 

positivity effect – the observation that older vs. younger adults experience negative emotions 

to a lesser extent and “see” things more in positive lights (Carstensen et al., 2011; Charles et 

al., 2003; Mather, 2003; Reed et al., 2014).

The two mostly discussed theories of the positivity effect are the cognitive control 

hypothesis (CCH) and dynamic integration theory (DIT). CCH posits top-down regulation 

of negative emotion as the mechanism of positivity under Carstensen’s socioemotional 

selectivity theory, which allows the elderly to have more emotionally gratifying experiences. 

DIT explains the positivity effect from the perspective of age-related cognitive decline 

and neural degradation such that relative difficulty in processing negative emotion forces 

the elderly to focus on positive information (Carstensen and DeLiema, 2018; Reed and 

Carstensen, 2012). The evidence supporting either hypothesis is somewhat mixed (Barber 

and Kim, 2021). Further, how these processes may be associated with age-related changes in 

anxiety has not been thoroughly studied.

A widely used paradigm to query brain activation to negative emotional stimuli, the Hariri 

task requires participants to match one of two faces with the same emotional expression 

as the target face (Hariri et al., 2002) and reliably engages corticolimbic structures, 

including the amygdala and those of the saliency circuit (Foland-Ross et al., 2010; Preckel 

et al., 2019). Aging is associated with brain network reorganization (Sala-Llonch et al., 

2015; Tomasi and Volkow, 2012) that may affect emotion processing. For instance, older 

relative to young adults (age>60 vs. <30 years) demonstrated higher prefrontal cortical 

and lower amygdala and posterior fusiform activity during negative emotion processing in 

the Hariri task (Tessitore et al., 2005). A study noted greater insula and reduced amygdala/

hippocampus activations in older as compared to younger adults during angry versus neutral 

face processing (Fischer et al., 2005). Another study did not report higher cortical but noted 
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reduced amygdala and hippocampus activity each during negative and positive emotion 

perception in older vs. young adults (Iidaka et al., 2002). Other studies did not observe age 

differences in amygdala activity during exposure to fearful vs. familiar neutral faces (Wright 

et al., 2007, 2006). A meta-analysis of studies pooled across affect experiences highlighted 

greater frontal, anterior insula, and anterior cingulate activations in older and greater 

amygdala, hippocampus, posterior insula and middle cingulate activations in younger adults, 

especially during negative emotion processing (MacCormack et al., 2020). Collectively, with 

some discrepancy the literature appears to support age-related, diminished and enhanced 

activity in the amygdala and frontal cortex, respectively, in accord with the CCH that the 

positivity effect arises from down-regulation of amygdala activity via frontal cortical signals 

(Hariri et al., 2003).

The DIT accounts for the positivity effect in terms of age-related reduction in cognitive 

capacity to react to and process negative emotions (Ruffman et al., 2008; Woods et al., 

2015). Thus, with age, attention is biased towards positive and away from negative stimuli 

early in emotion perception (Gronchi et al., 2018; Hilimire et al., 2014; Houston et al., 

2018). According to the DIT, one would hypothesize age-related delay in reaction time 

(RT) and reduction in neural responses to matching negative vs. neutral but relative sparing 

of positive vs. neutral emotional faces – an interactive effect of age and valence – in the 

Hariri task. Ex-tant studies have not systematically investigated age-related changes in RT in 

the Hariri task. Studies that employed other paradigms mostly reported faster RT in young 

compared to older adults (Birmingham et al., 2018; Fernandes et al., 2019; Izumika et al., 

2022; Liao et al., 2017; Loi et al., 2021; Yankouskaya et al., 2014; Ziaei et al., 2021), but 

none examined the age effects on RT to emotional vs. neutral stimuli.

Here, we tested the two hypotheses by examining behavioral and neural responses to 

emotional faces in the Hariri task. Age-related cognitive decline as posited by the DIT 

would manifest in delayed RT along with reduced saliency/emotional circuit activity in 

processing negative but not positive vs. neutral emotions. Age-related enhancement in 

emotion regulation as posited by the CCH would manifest as higher prefrontal cortical 

activities during negative vs. neutral emotion processing. This effect may be less pronounced 

during positive vs. neutral emotion processing. We used the Hariri emotional face processing 

task, which to our knowledge is a well-validated and effective paradigm to probe facial 

affect processing. Although the task is not designed specifically to examine active emotion 

regulation, studies have reported and attributed frontal cortical activation (Kim et al., 2022; 

Sladky et al., 2022) to top-down regulation of emotion during individuals’ natural responses 

to emotional human faces (Sladky et al., 2022). A review recognizes and discusses implicit 

emotion regulations during emotional face processing (Braunstein et al., 2017). A broad 

literature has employed the Hariri task and noted altered emotion regulation activities in 

individuals with affective, including anxiety, disorders (Binelli et al., 2016; Li et al., 2020; 

Sokołowski et al., 2020; Townsend et al., 2010). Moreover, emotion regulation in older 

vs. young adults demonstrated higher frontal regulatory activity over saliency responses 

during exposure to negative emotions (Urry and Gross, 2010), even during simple emotion 

processing, including the Hariri, tasks, where participants were not explicitly instructed to 

regulate their emotions (Braunstein et al., 2017; Lindquist et al., 2012; MacCormack et al., 

2020).
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Individual trait anxiety may affect processing of negative emotions. Chronic exposure to 

inescapable stress leads to defective PFC control and aberrant amygdala activation along 

with the development of anxiety and depressive disorders (Quirk and Gehlert, 2003). 

Amygdala response was elevated to matching fearful relative to happy facial expressions, 

in correlation with trait anxiety and among people with anxiety disorders, as compared to 

controls (Fonzo et al., 2015). Another study likewise associated trait anxiety with higher 

amygdala and insula activation during exposure to emotional facial vs. shape stimuli 

(Stein et al., 2007). A meta-analysis found greater activity in the amygdala and insula in 

response to negative emotional stimuli in patients with anxiety disorders vs. comparison 

subjects (Etkin and Wager, 2007). During fear conditioning, trait anxiety was associated 

with higher amygdala activation to fear-eliciting cues and less recruitment of the ventrolat-

eral PFC (Indovina et al., 2011) in young, healthy adults. In a meta-analysis, patients 

with post-traumatic stress disorder relative to controls showed hypoactivation of the dorsal 

anterior cingulate cortex (ACC), ventromedial PFC/rostral ACC and dorsomedial PFC, 

and hyperactivetion of the amygdala and insula during negative emotion processing (Etkin 

and Wager, 2007). A critical question is whether and how age-related changes in negative/

positive emotion processing is associated with anxiety. One previous study observed age by 

stress interaction in the fusiform gyrus with enhanced responses to stress only in older adults 

(Everaerd et al., 2017); however, the interaction effect was not distin-guished or contrasted 

for negative vs. positive emotions. Here, we identified age-related regional responses to 

negative and positive emotions and associated these responses to anxiety.

To summarize, in the current study, we 1) confirmed age-related reduction in trait anxiety; 2) 

investigated how age influences the RT and regional responses during matching of negative 

and happy relative to neutral emotional faces in the Hariri task; and 3) in the case where 

we failed to identify age-related changes in PFC activity during exposure to emotional vs. 

neutral stimuli, conducted a meta-analysis of emotion regulation in tasks that employed 

facial stimuli and characterized how age influenced the regulatory activities. To anticipate, 

we observed that age was associated with faster RT and diminished activation of the medial 

PFC during matching of negative but not positive vs. neutral emotional faces. Further, 

activity of the dorsolateral PFC – the only regulatory region identified from meta-analyses – 

did not show significant age differences in identification of emotional vs. neutral faces. Not 

consistent with the CCH nor with DIT, these findings are discussed in terms of spontaneity 

or automaticity in negative emotion processing as a mechanism of age-related reduction in 

anxiety (Dolcos et al., 2014).

2. Materials and methods

2.1. Subjects and assessments

Eighty-eight healthy adults (43 women) 21 to 85 years of age volun-teered to participate 

in the study. Candidates were recruited from the greater New Haven, Connecticut, area. All 

participants were physically healthy with no major medical conditions. Those with current 

use of prescription medications or with a history of head injury or neurological illness were 

excluded. Other exclusion criteria included current or history of Axis I disorders according 

to the Structured Clinical Interview for DSM-IV (First et al., 1996). Candidates who 
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reported current use of illicit substances or tested positive for cocaine, methamphetamine, 

opioids, marijuana, barbiturates, or benzodiazepines were not invited to participate. All 

participants were assessed with the State-Trait Anxiety Inventory (STAI). The trait anxiety 

scale (O scale or Form 2-M) contains 20 statements that measure how the subject feels in 

general (Spielberger, 1989). The STAI trait score ranged from 20 to 60 with a mean ± SD 

of 34.7 ± 10.3 in the current sample. The Human Investigation Committee at Yale School of 

Medicine approved the study procedures. All participants signed an informed consent prior 

to the study.

2.2. MRI protocol and behavioral task

Brain images were collected using multiband imaging with a 3-Tesla MR scanner (Siemens 

Trio, Erlangen, Germany). Conventional T1-weighted spin echo sagittal anatomical images 

were acquired for slice localization. Anatomical 3D magnetization prepaired-rapid gradient 

echo (MPRAGE) image were next obtained with spin echo imaging in the axial plane 

parallel to the AC–PC line with TR = 1900 ms, TE = 2.52 ms, bandwidth = 170 Hz/pixel, 

field of view = 250 × 250 mm, matrix = 256 × 256, 176 slices with slice thickness = 1 mm 

and no gap. Functional, blood oxygen level-dependent (BOLD) signals were acquired with 

a single-shot gradient echoplanar imaging (EPI) sequence. Fifty-one axial slices parallel to 

the AC–PC line covering the whole brain were acquired with TR = 1000 ms, TE = 30 

ms, bandwidth = 2290 Hz/pixel, flip angle = 62°, field of view = 210 × 210 mm, matrix 

= 84 × 84, 51 slices with slice thickness = 2.5 mm and no gap, 392 vol, and multiband 

acceleration factor = 3. Images from the first ten TRs at the beginning of each scan were 

discarded to ensure that only BOLD signals in steady-state equilibrium between RF pulsing 

and relaxation were included in data analyses.

In the Hariri task, 48 different images were used, with 12 (6 male and 6 female) each 

of happy, angry, fearful, and neutral emotional faces (Ekman and Freisen, 1976) in a 

block design. The target face was shown on the top and two faces either matching or not 

matching the target were shown at the bottom. Participants were asked to match one of two 

simultaneously presented faces with the target face by pressing a left or right buttons on their 

right or dominant hand (Fig. 1A). A session com-prised 10 s of dummy scans, followed by 

the instruction “choose one to match the picture at the top” for 2 s and 10 blocks. The 10 

blocks included two each to match happy, angry, and fearful facial expressions interleaved 

with four to match neutral faces, in the sequence: one neutral block → two happy blocks 

→ one neutral block → two angry blocks → one neutral block → two fearful blocks → 
one neutral block (Supplementary Figure S1). Each block started with a fixation period of 

2 s, followed by 6 stimuli (3 images of each sex with the target affect) each lasting 6 s. 

The 6 stimuli were presented consecutively without inter-stimuli gap. The scan session last 

approximately 392 s (7 m). During imaging, subjects responded by pressing one of two 

buttons, allowing for the determination of accuracy and reaction time (RT). Subjects were 

told that the stimuli would be presented long enough for them to make an accurate match 

but were not explicitly instructed to respond as fast as possible. This allowed us to assess 

the natural preferences in emotion processing across subjects (Fakra et al., 2008). Previous 

studies have noted the positivity effect to be more evident when the experimental goals (e.g., 
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fast RT), which may alter preferences and bias attention (Carstensen and DeLiema, 2018; 

Reed et al., 2014), were not revealed.

2.3. MRI data preprocessing and modeling

Data were analyzed with Statistical Parametric Mapping (SPM12, Wellcome Department of 

Imaging Neuroscience, University College London, U.K.), following our published routines 

(Li et al., 2021, 2020). Images of each individual subject were first realigned (motion 

corrected) and corrected for slice timing. A mean functional image volume was constructed 

for each subject per run from the realigned image volumes. These mean images were 

co-registered with the high-resolution structural image and segmented for normalization 

with affine registration followed by nonlinear transformation. The normalization parameters 

determined for the structure volume were then applied to the corresponding functional image 

volumes for each subject. The resampled voxel size is 2.5 × 2.5 × 2.5 mm3. Finally, the 

images were smoothed with a Gaussian kernel of 8 mm at Full Width at Half Maximum.

A statistical analytical block design was constructed for each individual subject using a 

general linear model (GLM) by convolving the canon-ical hemodynamic response function 

(HRF) with the boxcar function in SPM, separately for angry, fearful, happy, and neutral 

faces. Realignment parameters in all six dimensions were also entered in the model. The 

GLM estimated the component of variance that could be explained by each of the regressors.

In the first-level analysis, we combined blocks of angry and fearful face targets and 

constructed for each individual subject contrasts of “negative ˗ neutral face”, and “happy ˗ 
neutral face”, blocks to evaluate brain regions that responded differently to matching these 

images. The contrast images of the first-level analysis were used for group statistics. In 

random effects analyses, we performed a linear regression of the contrast images against age 

across all subjects, and one-sample t tests of the contrasts for the whole brain. Following 

current reporting standards, all results were evaluated at voxel p<0.001, uncorrected, in 

combination with cluster p<0.05, FWE corrected, on the basis of Gaussian random field 

theory (RFT) as implemented in SPM.

On the basis of the literature, we would specifically examine for amygdala and prefrontal 

cortical (PFC) activities that may be implicated in emotion processing and regulation. If 

these regional activities were not observed in whole-brain analyses, we would use the 

bilateral amygdala mask from the Automated anatomical labeling (AAL) atlas and conduct 

a meta-analysis (as described in Section 2.5) to identify the PFC area for region of interest 

(ROI) analyses.

In ROI analysis, we used MarsBaR (http://marsbar.sourceforge.net/) to derive for each 

individual subject the β contrasts of the functional ROIs identified from whole brain 

regression, the amygdala mask, and the PFC mask identified of the meta-analysis. In post-

hoc analyses, we used slope test (Zar, 1999) to assess differences in the correlation of β 
and age for those clusters identified in “negative ˗ neutral face” and “happy ˗ neutral face” 

alone. Note that these analyses did not represent double-dipping as we identified the clusters 

in whole-brain analysis with a threshold, and the clusters showing a significant correlation, 

say in the regression of “negative ˗ neutral” vs. age may have just missed the threshold in 
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“happy ˗ neutral” vs. age, and vice versa. Thus, we needed to perform slope tests to confirm 

the differences. We also assessed the correlations between the β’s and clinical/behavioral 

data, and, where appropriate, evaluated the interactive effects of variables.

To assess the sample size with a sufficient power (set at 80%), we performed power 

analysis using a web-based toolbox (www.neuropowertools.org; (Durnez et al., 2016)). We 

performed the analysis in a pilot sample of 15 subjects who were not included in the study 

sample (Supplement). We showed that a sample size of 40 would have 80% power for us to 

observe regional responses to both negative and positive vs. neutral face matching at p<0.05 

FWE-corrected (Supplementary Figure S2, Table S1). Hence, with a sample size of 88 in the 

current study, we expected sufficient power for these effects.

2.4. Psychophysiological interaction (PPI)

We conducted a generalized gPPI analysis with the mPFC as a seed (identified from 

whole-brain age regressions; see Results) to explore age-related changes in functional 

connectivity during emotion processing. We followed the method as in our previous 

studies (Le et al., 2021; Wang et al., 2021). A PPI model was created for each subject 

with three regressors: the physiological variable which represents temporally filtered, mean-

corrected and deconvolved time series of the seed region mPFC, the psychological variable 

which represents the task contrasts (e.g., negative vs. neutral), and a PPI variable that 

was computed as element-by-element product of deconvolved time series of the seed 

and contrast, followed by re-convolution with the HRF. The PPI images of each subject 

were used in random effect analyses, including a one-sample t-test and whole-brain age 

regression. We extracted the average functional connectivity (FC β) between the mPFC seed 

and clusters (if any) identified from one-sample t-test and assessed the correlations between 

the FC β’s and behavioral data.

2.5. Meta-analysis of neural correlates of emotion regulation

With some discrepancy, the literature suggested PFC activities during matching of negative 

vs. neutral faces in the Hariri task. In the scenario where we were not able to identify PFC 

activities, we would perform meta-analyses to identify the PFC region(s) for analyses to test 

the CCH. The meta-analysis would include variants of the Hariri task where participants are 

asked to label and match emotions and the contrast label > match was considered to involve 

down-regulating activities (Hariri et al., 2000). The meta-analysis also included studies with 

facial stimuli and with participants instructed specifically to down-regulate their emotions. 

Of note, previous meta-analyses included emotion-regulation studies that used mixed stimuli 

(e.g., emotional faces, complex scenes, emotional words, stressful contexts, etc.) that may 

vary in how they invoke the regulatory processes (Hung et al., 2018; Morawetz et al., 2020). 

Here, we focused only on studies with facial stimuli in the hope that the findings would be 

most relevant to the current study. A positive association between age and regulatory activity 

during ‘negative vs. neutral’ would support the CCH.

We followed the PRISMA guidelines and identified seven studies from earlier meta-

analyses on emotion regulation (Morawetz et al., 2020), and emotion inhibition (Hung 

et al., 2018), and six more from PubMed search on 09/02/2022 (restricting search 
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from 2017 to 2022) using the keywords (“face” or “emotion regulation” or “affective 

regulation” or “implicit emotion regulation” or “explicit emotion regulation” or “extrinsic 

emotion regulation” or “intrinsic emotion regulation” or “reappraisal” or “suppression” or 

“distraction” or “detachment”) AND (“fMRI” or “neuroimaging” or “functional magnetic 

resonance imaging”, or “functional MRI”) (Supplementary Figure S3). Study quality was 

assessed using a 10-point checklist (Supplementary Table S2) via an objective description 

of individual studies on demographic and clinical characteristics (Supplementary Table S3) 

and imaging methods (Supplementary Table S4), as with earlier meta-analyses. The selected 

studies were all of sufficient quality with a score of 10.

We performed activation likelihood estimation (ALE) meta-analysis (Eickhoff et al., 2012, 

2009; Turkeltaub et al., 2012, 2002) with Gin-gerALE 3.0.2 (http://www.brainmap.org/ale/) 

on the 13 studies (611 participants; 68 activation foci, 69 deactivation foci) of emotion 

down-regulation (Supplementary Table S3). The methodological details were described 

in our recent work (Chaudhary et al., 2022) and in the Supplement. Meta-analytic 

convergence of activations and deactivations were analyzed separately. To achieve a balance 

between sensitivity and specificity, cluster-level inference was made using cluster-forming 

threshold of voxel-level p<0.001, uncorrected and the resulting supra-threshold clusters were 

compared to a null distribution of cluster sizes established by 1000 permutations of the data, 

at an FWE-corrected threshold of p<0.05.

We assessed publication bias using the “Fail-safe N” approach rec-ommended for ALE 

meta-analysis (Acar et al., 2018; Chaudhary et al., 2022; Degasperi et al., 2021). We 

identified mixed nature of emotion regulation tasks as potential source of heterogeneity 

but could not assess its effects on the current findings because the small number of 

homogeneous studies in each category did not allow the ALE analysis in homogenous sub-

samples (Chaudhary et al., 2022; Degasperi et al., 2021). We also extracted the significant 

ALE clusters and assessed publication bias of the cluster peak with seed-based d mapping 

(SDM; https://www.sdmproject.com/; Albajes-Eizagirre et al., 2019a, 2019b), as described 

in the Supplement.

3. Results

3.1. Clinical and behavioral findings

Across emotions, the mean RTs of our participants ranged from 1.68 to 1.85 s, comparable 

to 1.08 to 2.37 s (Binelli et al., 2016; Kleinhans et al., 2010), and the mean accuracies 

ranged from 97.3% to 98.3%, also comparable to 93.6% to 100% (Cardoner et al., 2011; 

Contreras-Rodríguez et al., 2014), as reported in studies with similar experimental designs. 

We derived the differences in behavioral data of negative and happy vs. neutral trials – 

i.e., negative minus neutral or “Neg – Neu” and happy minus neutral or “Hap – Neu” – 

for analyses. Paired t-test showed no difference in accuracy rate between “Neg – Neu” and 

“Hap – Neu” (t = 0.49, p= 0.625). However, RT was significantly faster during matching 

of negative vs. neutral faces as compared to happy vs. neutral faces; i.e., “Neg – Neu” 

< “Hap – Neu” (t = −5.48, p < 0.001; Fig. 1B). The accuracy rate and RT of negative, 

happy, and neutral trials as well as the statistics of repeated measures ANOVA are shown in 

Supplementary Figure S4 and Table S5.
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Across all subjects, age was significantly and negatively correlated with STAI trait score (r = 
−0.44, p < 0.001). RT (Neg – Neu) was significantly correlated with age across all subjects 

(r = −0.32, p < 0.003, Fig. 1C) whereas RT (Hap – Neu) did not correlate significantly with 

age (r = −0.10, p = −0.337, Fig. 1D). The difference in slope of the two regressions was 

significant (t = 2.66, p = 0.009), suggesting that 1-unit change in RT (Neg – Neu) with 

1-unit change in age differed significantly from 1-unit change in RT (Hap – Neu) with the 

same. Neither accuracy (Neg – Neu) nor accuracy (Hap – Neu) was significantly correlated 

with age (r = 0.07, p = 0.491; r = −0.07, p = 0.509, respectively). None of the behavioral 

measures correlated significantly with STAI score (0.07<r’s<0.17, p’s>0.117).

3.2. Imaging findings

In voxelwise regression, age showed negative correlation with activation of a cluster in 

medial prefrontal cortex (mPFC; x = −10, y = −36, z = −16, voxel Z = −4.32, 483 voxels), 

in the area of dorsal and rostral anterior cingulate cortex (dACC/rACC), during identification 

of negative vs. neutral faces (Fig. 2A). No clusters showed positive correlation for the same 

contrast. No clusters showed responses to other contrasts in significant correlation with age.

We extracted the β estimate of “Neg – Neu” and “Hap – Neu” of the mPFC cluster for all 

subjects. The two β estimates did not differ significantly (t = 0.32, p = 0.748, paired-sample 

t-test, Fig. 2B). As expected, the β estimate of “Neg – Neu” was significantly correlated with 

age (r = −0.44, p < 0.001); in contrast, the β contrast of “Hap – Neu” was not significantly 

correlated with age (r = 0.01, p = 0.933). Slope tests confirmed the difference in the slopes 

of the age regressions (t = 2.66,p = 0.009, Fig. 2C), suggesting that 1-unit (year) change 

in age was associated with 1-unit change in β (Neg – Neu) differently from the same with 

1-unit change in β (Hap – Neu).

We also assessed the correlation between RT/accuracy (Neg/Hap – Neu) and β (Neg/Hap 

– Neu) of mPFC, and none of the correlations were significant (−0.11<r’s<0.08, 

0.324<p’s<0.735).

Next, we assessed the correlation between anxiety scores and β (Neg/Hap – Neu) of the 

mPFC. The correlation of β (Neg – Neu) and STAI score was significant and positive (r 
= 0.25, p = 0.018). The correlation of β (Hap – Neu) and STAI score was also significant 

but negative (r = −0.29, p = 0.006). The difference in slope of the two regressions was 

significant (t = 3.70, p < 0.001, Fig. 2D).

Further, across participants, β (Neg – Neu) and β (Hap – Neu) were negatively correlated (r 
= 0.31, p = 0.003, Fig. 2E).

Notably, we did not observe amygdala activations in whole-brain regression against age. In 

an ROI analysis, neither β (Neg – Neu) nor β (Hap – Neu) of bilateral amygdala (AAL 

mask) was correlated significantly with age (r = −0.13, p = 0.213; r = −0.06, p = 0.552, 

respectively).

We showed the regional activations to negative vs. neutral, happy vs. neutral, and happy 

vs. negative faces in one-sample t tests of all subjects at voxel p<0.001, uncorrected in 
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Supplementary Figure S5, with Table S6 summarizing the clusters that met cluster p<0.05, 

FWE-corrected.

3.3. MPFC functional connectivity

The mPFC cluster showed age-related reduction in responses to identification of negative 

vs. neutral emotional faces. With the mPFC cluster as the seed (physiological variable) and 

“negative – neutral” as the psychological variable, the gPPI analysis showed clusters in the 

default mode network (DMN), including bilateral angular gyrus, superior frontal gyrus, and 

precuneus (Fig. 3, Supplementary Table S7).

We extracted the average functional connectivity (FC β) between mPFC and DMN clusters 

of negative vs neutral face and assessed its association with RT/accuracy (Neg – Neu), age, 

and STAI score. The FC β showed a significant correlation with RT (Neg – Neu) (r = 0.21, 

p = 0.049) but not with accuracy (Neg – Neu), age, or STAI score ( −0.10 <r’s < 0.15, 0.151 

<p’s <0.337). As RT was significantly correlated both with FC β and age, we assessed the 

interaction of FC β and age on RT in the model: RT (Neg – Neu) = b1 × age + b2 × FC 

+ β × b3 × age × FC β. The results showed significant interaction of age and FC β on RT 

(Neg – Neu) (t = −2.52, p = 0.014); as age increased, individuals demonstrated faster RT 

with higher FC β (Fig 3B, C).

We also conducted the gPPI analyses with the same seed region and “happy – neutral” as 

the psychological variable. The results showed significant clusters in bilateral postcentral 

gyrus (PoCG) at the same threshold (Supplementary Figure S6 and Table S7). Likewise, we 

computed the FC β of mPFC - PoCG in response to happy vs. neutral face and assessed its 

association with RT/accuracy (Hap – Neu), age, and STAI score. None of the correlations 

was significant (− 0.07 <r’s < 0.05, 0.708 <p’s <0.519).

Further, we did conduct whole-brain gPPI correlation with age with the mPFC seed 

and “negative-neutral” as the psychological variable. However, at the same threshold, the 

analysis did not yield any significant clusters. The same analysis for “happy-neutral” showed 

age in negative correlation with clusters in the right MTG/STG (x = 60, y = −36, z = 1, voxel 

Z = 5.39; x = 65, y = −26, z = 7, voxel Z = 4.95; x = 52, y = −21, z = 10, voxel Z = 4.59; 471 

voxels) and SMG (x = 57, y = −53, z = 20, voxel Z = 4.45; x = 45, y = −51, z = 30, voxel Z 
= 4.20; x = 57, y = −41, z = 25, voxel Z = 3.88; 306 voxels) but the gPPI β did not show a 

significant correlation with RT/accuracy (Hap – Neu) or STAI score (0.10 <r’s < 0.15, 0.151 

<p’s <0.337).

3.4. Meta-analysis of emotion regulation

In meta-analysis, the activation foci from studies of emotion regulation converged to a single 

cluster in the left dorsolateral prefrontal cortex (DLPFC; x = −46, y = 1, z = 51; 632 mm3; 

Supplementary Figure S7). The deactivation foci did not show significant convergence.

The Fail-safe N analysis showed the DLPFC cluster to be sufficiently robust and supported 

by desired minimum number of contributing studies. In accord, the funnel plot did not 

show asymmetry, and the bias-test was not significant (p = 0.344; Supplement and Figure 
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S8). For com-pleteness, we have also provided a PRISMA checklist of meta-analysis as 

Supplementary Table S8.

We employed the DLPFC cluster as a mask and extracted the β estimates of “negative – 

neutral face” for a linear regression against age and anxiety score across the 88 subjects. 

We observed no significant correlation of the β with age (r = −0.01, p = 0.899) or with trait 

anxiety (r = 0.15, p = 0.169).

4. Discussion

Age was associated with lower anxiety and faster RT in matching negative vs. neutral 

emotional faces and as confirmed by slope test, this relationship is specific to negative 

emotions. Further, older adults achieved faster RT without sacrificing accuracy; the finding 

thus cannot be accounted for by age-related deficits in cognitive function or facial 

recognition. These findings alone are inconsistent with age-related changes in attentional 

engagement as a mechanism of the positivity effect, as posited by the DIT. Whole-brain 

regression did not reveal any clusters in positive correlation with age, even when evaluated 

with a more liberal threshold. ROI analyses of a mask of the DLPFC identified from 

meta-analyses did not show a significant correlation with age, either. Thus, age-related 

diminution in anxiety did not appear to be supported by enhanced PFC regulation of 

emotional reactivity as assessed by the Hariri task.

In whole-brain regression, a cluster in the dACC/rACC showed age-related reduction 

in activation during identification of negative but not positive vs. neutral emotional 

faces. The dACC/rACC represents a hub of the saliency circuit (Manza et al., 2016), 

suggesting that negative emotional faces are less salient for older relative to younger 

adults. Further, the dACC/rACC showed a positive psychophysiological interaction with 

the DMN, such that with increasing age, individuals demonstrated faster RT in identifying 

negative vs. neutral emotional faces in association with elevated dACC/rACC-DMN 

functional connectivity. The latter finding can be discussed in conjunction with previous 

reports of less deactivation and higher DMN connectivities with the development of 

automaticity during rule-based categorization (Shamloo and Helie, 2016), decision-making 

under predictable demands (Vatansever et al., 2017), or diminishing cognitive load during 

behavioral challenges (Jenkins, 2019). Further, anxiety correlated positively with dACC/

rACC activity during negative emotion processing. Together, the behavioral and neural 

evidence suggests automaticity in negative emotion processing as a potential mechanism of 

age-associated reduction in anxiety. As people age, they process negative emotional faces 

more spontaneously and with less effort (Dolcos et al., 2014), a process that appears distinct 

from the declining trajectory of other cognitive abilities (Mather, 2012).

Although negative emotions are evolutionally readied for automatic processing (Okon-

Singer et al., 2007; Rellecke et al., 2011), the age-related changes of automaticity in 

processing negative emotions may be considered more broadly with other experiments. 

For instance, despite overall cognitive decline, older and younger adults did equally 

well in learning to automate target identification in a feature search task (Anandam and 

Scialfa, 1999). When target identification requires memory retrieval, older adults showed 
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longer processing time but achieved automatic processing, over practice, at equivalent rates 

(Madden and Nebes, 1980). Other studies similarly demonstrated age-invariant automaticity 

in processing learned events, including those that transpired in virtual reality (Voinescu 

and David, 2020). At the automatic stage of visual search of emotional stimuli, older 

but not younger adults were faster to detect emotionally negative, high-arousal targets 

(Leclerc and Kensinger, 2008). Another study demonstrated that older adults’ performance 

in recognizing facially expressed emotions were not affected by stereotype (ageism) threat, 

likely because emotion recognition is automatic and less susceptible to the cognitive load 

posed by the threats (Atkinson et al., 2020). Notably, a recent study reported positive versus 

negative categorization of faces of ambiguous valence to be faster in older and slower 

in young adults, and discussed role of information processing automaticity in manifesting 

the positivity effect (Petro et al., 2021). Adding to this literature, the current findings of 

age-related reduction in RT but not accuracy in identifying negative emotional faces may 

suggest that older adults are not only equally able to correctly register negative emotional 

faces but do so with relatively little effort, as compared to their younger counterparts. 

Collectively, these findings suggest greater automaticity in negative information processing 

with aging. Studies in combination with recording of event-related potentials (Holmes et 

al., 2009; Rellecke et al., 2011) and skin-conductance responses (Esteves et al., 1994) 

and potentially eye tracking (Berggren et al., 2012) may provide additional physiological 

markers of automaticity processing.

Activity within the dACC/rACC diminished with age during negative but not positive 

emotion processing. Many human and animal studies have implicated the ACC, a critical 

hub of the saliency circuit, in negative emotion processing (Etkin et al., 2011). Age-related 

diminution of ACC activity may suggest reduced saliency of negative information, in accord 

with previous findings of lower event-related potentials evoked to negative but not positive 

images (Kisley et al., 2007) and to loss but not gain during incentive processing (Samanez-

Larkin et al., 2007) in older vs. young adults. The findings may also be considered along 

with earlier reports of age-related decreases in brain responses to negative stimuli (Wood 

and Kisley, 2006) and absence of negativity bias (Fairfield et al., 2022; Wood and Kisley, 

2006). Other studies showed that older individuals are less likely to remember negative than 

positive emotional materials (Charles et al., 2003; Mather, 2003) and may pay less attention 

to negative images (Carstensen et al., 2000; Charles et al., 2001; Mather and Carstensen, 

2003). As we argued earlier, higher ACC connectivity with the DMN suggests automaticity 

in negative emotion processing, as shown in faster RT in older adults. Thus, it remains to 

be clarified whether, despite more automatic registering of negative emotional stimuli (and 

hence faster processing), older adults may not neces-sarily take advantage of the registered 

information in memory encoding or other processes that require sustained attention. Notably, 

the current findings of dampened dACC/rACC response without concurrent elevation of 

control circuit activities do not refute the presence of emotion regulatory processes, which 

may accrue from life experiences in older individuals (John and Gross, 2004). It is possible 

that the regulatory processes would be elicited under behavioral conditions that are more 

challenging than face identification.

Unlike the great majority of studies discussed earlier, here, we did not observe significant 

correlation of age with amygdala response to negative vs. neutral emotional faces in 
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whole-brain or ROI analysis. This finding is consistent with an earlier study of participants 

evaluating the perceptual features or meanings of emotional pictures (Ritchey et al., 2011), 

another of adults exposed to emotional video stimuli (Schweizer et al., 2019), and a more 

recent work of emotional Stroop task (Almdahl et al., 2021). Notably, among the studies 

of the Hariri (Tessitore et al., 2005) and other tasks that reported age-related reduction in 

amygdala response to negative emotional faces (Fischer et al., 2010, 2005; Gunning-Dixon 

et al., 2003; Iidaka et al., 2002) and images (Roalf et al., 2011), all except Gunning-Dixon 

et al. employed ROI analyses to evaluate age-related changes in amygdala activity. In 

con-sideration too is that many of the studies contrasted amygdala responses to negative 

emotional faces with those to neutral pictures rather than faces (Drabant et al., 2009; 

Fisher et al., 2009; Tessitore et al., 2005). Thus, it remains unclear whether the observed 

age effects on amygdala reactivity pertained more to facial rather than negative emotional 

processing. Finally, amygdala activation may habituate to repeated exposure to emotional 

stimuli (Geissberger et al., 2020). An earlier study noted amygdala habituation with faster 

RT in older adults such that the positivity bias hinders learning of detailed emotional 

information in the amygdala, whereas younger adults demonstrate the opposite (Petro et al., 

2021). Thus, with reduced saliency of negative facial emotions we would expect habituated 

and diminished amygdala activity with age, an effect that may elude analyses that estimate 

mean fMRI response over a task block (Plichta et al., 2014). More studies are certainly 

warranted to investigate the roles of the amygdala in emotional aging.

The finding that age was negatively correlated with both trait anxiety and diminished dACC/

rACC responses to negative emotions is consistent with a broad literature. For instance, 

neuroticism, a disposition to experience negative affect, including anxiety, was associated 

with higher dACC activity in response to “oddballs” in an oddball (Eisenberger et al., 2005) 

and emotional speech melody (Brück et al., 2011) task. Relative to controls, individuals 

with social anxiety disorder demonstrated higher ACC activity during processing of negative 

versus neutral faces (Amir et al., 2005). In children, higher ACC response to anticipation 

of fearful faces was associated with the severity of self-reported anxiety (Clauss et al., 

2017). It should be noted that the coordinates reported in these and many other studies 

varied, likely due to differences in the behavioral paradigms to elicit negative emotions and 

regulation of negative emotions. As the ventral ACC may have more of a regulatory role, 

whereas dorsal-caudal ACC and mid-cingulate may be more in-volved in the appraisal and 

expression of negative emotions (Etkin et al., 2011), these areal responses would likely 

manifest differently in anxiety (Kim et al., 2011). Studies are needed to investigate the 

functional map of the mPFC in processing negative emotions and whether distinct regional 

activities may be implicated across varying behavioral challenges and in different clinical 

populations.

We considered a few limitations in the current study. First, participants were engaged in a 

small number of blocks, as with some of the previous studies of the Hariri task. Nonetheless, 

the current findings should be considered preliminary. Second, in meta-analysis, we could 

not evaluate heterogeneity due to the small number of studies employing similar fMRI tasks. 

Third, face processing is of evolutionary importance to emotional processing. However, we 

are exposed to negative emotional scenarios that do not involve facial stimuli, and studies 

are needed to evaluate the effects of age on how we process non-facial emotional stimuli. 
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Fourth, the STAI trait score ranged from 20 to 60 in the current sample. Participants with 

higher STAI score are needed to better understand the effects of anxiety as well as the 

impact of age on anxiety, with the caveat that most people with the highest STAI scores have 

a clinical diagnosis of anxiety and depressive disorders and typically receive mediations 

for their conditions. Finally, behavioral contingen-cies that distinguish passive emotional 

exposure and active regulation of emotions within subjects would help in identifying 

regulatory activities and investigating the effects of age on the circuit activity.

In conclusion, age is associated with lower anxiety as well as faster RT and diminished 

dACC/rACC responses to identification of negative emotional faces. The findings are 

specific to identification of negative facial emotions and cannot be explained by age-related 

cognitive or motor decline. No brain regions, including the DLPFC identified of meta-

analyses, showed higher activities in response to negative emotions. These findings thus 

dot not appear consistent with the DIT that older adults are less engaged with negative 

emotions (Gurera and Isaacowitz, 2019) because of cognitive decline or with the CCH that 

older adults better regulate negative emotions. Rather, the findings appear in accord with 

age-related development of automaticity in processing negative emotions.
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Fig. 1. 
(A) Example negative and positive emotional pictures employed in the Hariri task; (B) the 

differences in accuracy (%) and reaction time (RT, s) between negative and neutral blocks 

(negative – neutral) and between happy and neutral blocks (happy – neutral) in bar plots of 

mean ± SD; (C) The differences in RT between negative and neutral blocks or RT (negative 

– neutral) were significantly and negatively correlated with age across participants; (D) 

The differences in RT between happy and neutral blocks or RT (happy – neutral) were not 

significantly correlated with age. Neg: negative, Hap: happy, Neu: neutral.
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Fig. 2. 
(A) The medial prefrontal cortex mPFC showed activity in negative correlation with age 

during identification of negative vs. neutral faces, at voxel p<0.001, uncorrected and cluster 

p<0.05, FWE-corrected. (B) Mean ± SD of the β contrast of mPFC for “negative – neutral” 

and “happy – neutral”. (C) The β contrast of mPFC for “negative – neutral” but not “happy 

– neutral” was significantly correlated with age. (D) The β contrast of mPFC for “negative 

– neutral” and “happy – neutral” correlated positively and negatively, respectively with STAI 

trait. (E) The β contrasts of mPFC for “negative – neutral” and “happy – neutral” were 

negatively correlated. R: Right, L: Left, Neg: negative, Neu: neutral, Hap: happy.
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Fig. 3. 
(A) GPPI showed functional connectivity (FC) between mPFC (seed) and regions in the 

default model network (DMN) during identification of negative vs. neutral faces (Neg-Neu), 

at voxel p<0.001, uncorrected; Color bars show voxel T values,. (B) Scatterplot of RT(Neg-

Neu) against mPFC-DMN FC β for age groups 21–54 (n = 30), 55–68 (n = 29) and 69–85 

years (n = 29) and (C) Regression of predicted RT(Neg-Neu) against mPFC-DMN FC β 
each with 10 years increases in age both to show significant interactive effects of age and FC 

β on RT.
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