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Older compared to younger adults show greater amygdala activity to positive emotions, and are more
likely to interpret emotionally ambiguous stimuli (e.g., surprised faces) as positive. While some evidence
suggests this positivity effect results from a top-down, effortful mechanism, others suggest it may emerge
as the default or initial response. The amygdala is a key node in rapid, bottom-up processing and pat-
terns of amygdala activity over time (e.g., habituation) can shed light on the mechanisms underlying the
Keywords: positivity effect. Younger and older adults passively viewed neutral and surprised faces in an MRIL Only
Emotion in older adults, amygdala habituation was associated with the tendency to interpret surprised faces as
Aging positive or negative (valence bias), where a more positive bias was associated with greater habituation.
Positivity Effect Interestingly, although a positive bias in younger adults was associated with slower responses, consis-
Valence Bias tent with an initial negativity hypothesis in younger adults, older adults showed faster categorizations of

Amygdala

positivity. Together, we propose that there may be a switch to a primacy of positivity in aging.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

During normative adulthood, the transition into older age is ac-
companied by a decrease in the extent to which arousing, neg-
ative information impacts attention and memory (Mather, 2016).
For instance, whereas in younger adults the processing of nega-
tive information is facilitated (Ohman et al., 2001) and interferes
with attention toward competing neutral information (Miiller et al.,
2008), older adults show a reduction in this attention interfer-
ence effect (Mather and Carstensen, 2003). Further, older com-
pared to younger adults show less accurate memory recall of neg-
ative, but not positive, events (Charles et al., 2003). These age-
related shifts away from negativity, customarily termed the “posi-
tivity effect” (Mather and Knight, 2005), are consistent with a gen-
eral increase in reported emotional well-being among older adults
(Charles, 2010).

Extensive neuroimaging work has examined the neural mecha-
nisms underlying this positivity effect and has, for example, high-
lighted age-related differences in amygdala function. When view-
ing negative, but not positive, information, older compared to
younger adults show less amygdala activation (e.g., Leclerc and
Kensinger, 2011; Mather et al., 2004; but see Moriguchi et al. 2011).
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Related work in older adults has linked the positivity effect
to increased activation in the medial prefrontal cortex (mPFC;
Dolcos et al., 2014; Leclerc and Kensinger, 2011; Williams et al.,
2006), suggesting that greater positivity may arise from a
downregulation of amygdala activity via frontal cortical signals
(Hariri et al., 2003). These findings support the notion that the
positivity effect emerges via a relatively effortful process (i.e., top-
down regulatory signals; Reed and Carstensen, 2012) which selec-
tively control amygdala activity (Mather, 2016) and down-regulate
potentially negative information (Carstensen, 2006; Mather and
Knight, 2005).

Having said that, in the broader literature, the evidence sup-
porting the notion that the positivity effect is a result of effort-
ful regulation is mixed, highlighting the need for new approaches
to explore this question. For instance, recent behavioral studies
have shown a positivity bias in attention in older adults may be
the result of a relatively effortless process (Allard et al., 2010;
Gronchi et al., 2018). However, this positivity bias in older adults
was eliminated with the addition of a concurrent working mem-
ory task, suggesting the rapid bias toward positivity in older adults
may indeed require effortful processes related to cognitive control
(Kennedy et al., 2019). Further, although some studies have demon-
strated that the P1 component measured in electroencephalogra-
phy (EEG), which reflects early (70-130 ms) visual attention pro-
cesses (Hillyard et al., 1998), is amplified for positive relative to
negative images in older, but not younger, adults (Hilimire et al.,
2014; Houston et al., 2018), others found that the P1 shows no
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such age-by-emotion interaction (Meng et al., 2015). Moreover, the
late positive potential (LPP), a relatively late component (400-1000
ms) which is reliably amplified by emotionally arousing content
(Hajcak et al., 2011), is enhanced for positive relative to nega-
tive images for older, but not younger, adults during an active
task (Langeslag and van Strien, 2009). However, this effect was
not evident during free viewing of images (Renfroe et al.,, 2016)
or when the images were task irrelevant (Pehlivanoglu and Ver-
haeghen, 2019), which suggests that the influence of task instruc-
tion on the LPP may differ in older versus younger adults. Taken
together, this mixed evidence showing a positivity bias during
early time-windows challenges, but does not rule out, the predic-
tion that the positivity effect depends on effortful cognitive mech-
anisms.

The majority of work on the positivity effect relies on stimuli
conveying clear positive or negative valence, and measures age-
related differences in (1) attention shifts toward or away from
competing positive and negative information, or (2) brain re-
sponses evoked by positive and negative information. More re-
cently, work with dual-valence ambiguity (i.e., stimuli that could
be validly interpreted as either positive or negative) have ex-
tended these findings by demonstrating the older adults have
more positive interpretations of these stimuli than younger adults
(Bucks et al., 2008; Neta and Tong, 2016; Shuster et al., 2017). In-
deed, dual-valence ambiguity enables a measure of bias toward or
away from positivity/negativity within a single item. For instance,
whereas happy and angry expressions convey relatively clear pos-
itive and negative information, respectively, surprised expressions
are ambiguous in that they signal both positive (e.g., an unex-
pected gift) and negative outcomes (e.g., witnessing a car crash).
The increased positive categorizations of surprised faces in older
compared to younger adults suggests that, when the information
within a single stimulus may convey multiple valid interpretations,
older adults are more likely to ascribe positivity (i.e., positive va-
lence bias, or the tendency to interpret emotional ambiguity as
having a positive meaning).

The brain mechanisms underlying a positive valence bias have
been explored, albeit primarily in younger populations (i.e., chil-
dren and younger adults, but see Sakaki et al. (2013) for related
work). For instance, individuals with a more negative valence bias
show increased amygdala and decreased vmPFC activity evoked by
valence-ambiguous expressions of surprise (Kim, Somerville, John-
stone, et al., 2003; Petro et al., 2021). More recent evidence has
shown that the same lateral frontal regions that are recruited dur-
ing explicit emotion regulation are also recruited in response to
surprised faces, but more so in individuals with a positive va-
lence bias (Petro et al., 2018). These findings are consistent with
other work that suggests that the initial response to dual-valence
ambiguity (in young adults) is more negative, and that positivity
may rely on a regulatory process that overrides the initial nega-
tivity (Kim, Somerville, Johnstone, et al., 2003; Neta et al., 2020;
Neta and Tong, 2016). These results might suggest that the pos-
itivity effect in older adults is the product of top-down, effortful
processing that overrides the initial negativity in order to produce
a more positive bias. However, the evidence that the positivity ef-
fect may emerge in early perceptual stages (Gronchi et al., 2018;
Hilimire et al., 2014; Houston et al., 2018) raises the possibility of
a shift in older adulthood such that the initial response to dual-
valence ambiguity is positive rather than negative.

The goal of the present work is to explore the behavioral and
neural mechanisms of the positive valence bias in older adults
(compared to younger adults). Although some behavioral work in
young adults has lent support for an initial negativity (e.g., slower
responses for positive than negative trials, an initial attraction to
the competing - negative - response when categorizing as posi-

tive; Neta et al., 2009; Neta et al., 2020), these approaches may be
less compelling in aging. For example, behavioral responses such as
response time and other motor responses show a general slowing
in older age (Proctor et al., 2005). As such, we complemented our
behavioral findings with neuroimaging measures that could pro-
vide a more complete description of the mechanism supporting a
positive valence bias in aging.

Specifically, the amygdala is considered a key node in the
rapid, bottom-up processing of stimuli conveying biological rel-
evance (LaBar and LeDoux, 1996). With respect to facial ex-
pressions, the amygdala shows a robust response to negative
(Johnstone et al., 2005), positive (Costafreda et al., 2008), and even
ambiguous (Kim, Somerville, Johnstone, et al., 2003; Neta et al.,
2013) expressions. Of note, although there is a robust response ini-
tially, the amygdala response habituates across repeated exposures
(Geissberger et al., 2020; Plichta et al., 2014), particularly when no
further learning is required (Bordi et al., 1993; Breiter et al., 1996).
Alternatively, amygdala activity shows weaker or no habituation in
response to uncertainty (e.g., when stimuli are presented in unpre-
dictable patterns or when individuals show a high intolerance for
uncertainty; Herry et al., 2007; Tanovic et al., 2018), suggestive of
a sustained enhancement of vigilance (Herry et al., 2007). Inter-
estingly, in the case of dual-valence ambiguity, young adults show
greater habituation to fear faces (relatively clear negativity) than
to surprised faces (Whalen et al., 2009). The authors suggest that
this lack of amygdala habituation for surprise may resemble slower
extinction patterns because the ambiguity conveys uncertain out-
comes which require sustained vigilance to promote further learn-
ing. On the other hand, expressions conveying clear valence (e.g.,
fear) convey a relatively predictable outcome and thus do not pro-
mote sustained vigilance (i.e., the amygdala response habituates).

In the current study, we examined behavioral and neural (e.g.,
amygdala habituation) responses to surprised faces in older com-
pared to younger adults. We predicted that, consistent with previ-
ous studies (Neta and Tong, 2016; Shuster et al., 2017), older adults
would show a more positive valence bias than younger adults. Fur-
ther, if the positive bias in older (but not younger) adults is not a
result of effortful regulation but rather a perception of these ex-
pressions as more clearly positive, then these individuals would
show greater amygdala habituation (i.e., less in need of further
learning). In other words, if a positive response arises early on
to signal safety and the negative response alternative — or poten-
tial threat - is not considered (as previous work suggests it is in
younger adults; see Neta et al., 2020), then no further learning
would be required. In this case, we expected also that positiv-
ity will not be a result of frontal cortical activity in older adults.
In contrast, if the positive bias is preceded by an initial nega-
tivity, then the amygdala would putatively show sustained activ-
ity in response to an uncertain but potential threat, as evidenced
in younger adults. Further, in this case, a more positive valence
bias in older adults would be associated with greater activity in
the frontal cortex than a more negative bias, also as evidenced in
young adults. In sum, we predicted that, in contrast to what is seen
in younger adults, older adults with a positive bias would show
greater amygdala habituation (and no relationship between valence
bias and frontal cortical activity) in response to surprised faces,
suggesting a primacy for positivity in response to dual-valence am-
biguity.

2. Methods
2.1. Participants

Data were collected from 57 young (28 female, ages 17-30
years, mean[SD] age = 20.75[2.93]) and 52 older adults (36 female,
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Fig. 1. Depiction of procedure. In the valence bias task (left panel), participants viewed happy, angry, and surprised faces, and categorized each image as either positive or
negative. In the MRI session (right panel), participants passively viewed a new set of faces (i.e., not seen in session 1) during 2 runs with blocks of surprised and neutral

faces followed by 2 runs with blocks of fearful and neutral faces.

ages 60-88 years, mean|[SD] age = 69.92[6.83]) who reported hav-
ing no history of neurological or psychiatric disorders, nor taking
any psychotropic medication. The data from the sample of younger
adults have been analyzed previously in Petro, Tong, Henley, and
Neta (2018), but this previous analysis did not investigate effects
related to amygdala habituation. During recruitment, older adults
were administered the Modified Telephone Interview for Cognitive
Status (Welsh et al., 1993); those with a score of 9/20 or higher
on the recall portion of the interview and a total score of 24/39
or higher were invited to participate in the study. All recruitment
and experiment protocols were approved by the University of Ne-
braska Committee for the Protection of Human Subjects in accor-
dance with the Declaration of Helsinki. Each participant was given
monetary compensation.

Among the recruited participants, 3 younger adults and 1 older
adult failed to accurately categorize clearly valenced facial expres-
sions on at least 60% of the trials and so were excluded from
further analysis, consistent with prior work (Neta et al., 2009;
Neta and Tong, 2016). Indeed, this accuracy threshold is a particu-
larly important exclusionary criteria given the difficulty in discern-
ing the specific interpretations of dual-valence ambiguity (i.e., va-
lence bias) if stimuli with clear valence are not accurately catego-
rized. As such, 54 young (26 female, ages 17-30 years, mean[SD]
age = 20.83[2.98]) and 51 older adults (36 female, ages 60-88
years, mean[SD] age = 69.94[6.90]) were included in the analysis
of behavioral data.

In addition, 3 younger adults and 7 older adults did not com-
plete the neuroimaging portion of the task (session 2, see be-
low). The imaging data from 1 additional older adult were ex-
cluded due to technical failure during the session 2 task. Thus, 51
younger (25 female, ages 17-30 years, mean[SD] age = 20.73[2.93])
and 43 older adults (31 female, ages 60-88 years, mean[SD]
age = 70.21[6.81]) were included in the analysis of MRI data.

2.2. Procedures

2.2.1 Session 1: valence bias assessment

See Fig. 1 for an illustration of the experimental tasks. Session 1
comprised a behavioral testing session. All stimuli were presented
on E-Prime software (Psychology Software Tools, Pittsburgh, PA,
USA). To measure baseline valence bias, participants viewed images
of happy, angry, and surprised facial expressions and categorized
(via keyboard press) each image as either positive or negative. The
experimental design was taken from previous work (Neta et al.,
2009). Stimuli included 34 discrete identities, 14 of which (7 fe-
males, ages 21-30 years) were drawn from the NimStim Set of
Facial Expressions (Tottenham et al., 2009), and 20 (10 females,

ages 20-30 years) from the Karolinska Directed Emotional Faces
database (Goeleven et al., 2008). Each image was presented for 500
ms and separated by an interstimulus interval of 1500 ms. The im-
ages were presented across 2 blocks, each of which consisted of
24 images (6 angry, 6 happy, 12 surprise, per block) presented in
a pseudorandom order in which no expression was presented in
more than 2 subsequent trials, and blocks were counterbalanced
between participants. Participants were given a short break be-
tween blocks, and resumed the experiment via key-press at their
convenience. Note that we intermixed expression conditions here
to encourage participants to categorize each face, rather than pro-
vide repeat categorization decisions across a series (i.e., a block) of
subsequent identical expressions.

2.2.2 Session 2: magnetic resonance imaging (MRI)

Session 2 followed session 1 by approximately 7 days (Younger
Adults: mean[SD] days = 7.84[2.09], range = 6-20 days; Older
Adults: mean[SD] days = 7.09[0.87], range = 6-11 days). During
the MRI scanning, participants freely viewed blocks of faces across
4 runs of blood-oxygen-level dependent (BOLD) imaging. The pro-
cedural changes implemented in session 2 (e.g., free viewing as
opposed to a categorization task) were chosen because block de-
signs have been shown to evoke a robust BOLD signal (Maus et al.,
2012), and because tasks requiring explicit judgments may atten-
uate amygdala activity (Costafreda et al.,, 2008; Neta et al., 2013).
Although we had to separate behavioral and brain data to different
sessions, and use different paradigms for each session (i.e., trial-
wise vs. blocked), previous work has demonstrated that the va-
lence bias is stable across the period of 1 year (Neta et al., 2009),
so we expected it would generalize across sessions.

For the younger adults, all stimuli during session 2 were pre-
sented using E-Prime software, whereas Experiment Builder (SR
Research Ltd., 2015) was used to present stimuli to the older adult
participants. We ensured that stimulus properties and procedures
were identical across platforms. The first 2 runs each consisted of
3 blocks of surprised faces and 3 blocks of neutral faces; the or-
dering of these blocks was pseudo-random such that no expres-
sion was repeated in more than 2 subsequent blocks. After these
2 runs, an additional 2 runs were completed in which fearful in-
stead of surprised faces were presented, but the BOLD analysis of
these runs is largely outside the scope of the current report (ex-
cept for defining an amygdala region of interest; see below). Each
block consisted of 32 faces (4 presentations of 8 unique identities
- 4 females and 4 males, ages 20-29 years - taken from the Umed
University Database of Facial Expressions; Samuelsson et al., 2012),
each presented for 200 ms and separated by a fixation cross for
300 ms, as in prior work (Kim, Somerville, Johnstone, et al., 2003;
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Petro et al., 2018). The identities also repeated across blocks for
each expression. Thus, the duration of each block was 16 seconds,
separated by 14 seconds during which a fixation cross was pre-
sented. Following these 4 runs, there were 2 additional runs during
which participants completed an emotion regulation task, which is
also outside the scope of the current report (but see supplemental
section S5).

2.3. MRI acquisition and processing

2.3.1 Scan parameters

The MRI images were collected in a Siemens 3T Skyra scanner
using a 32-channel head coil at the University of Nebraska-Lincoln,
Center for Brain, Biology & Behavior. The structural images were
acquired using a T1-weighted MPRAGE sequence with the follow-
ing parameters: TR = 2.2s, TE = 3.37 ms, slices = 192 interleaved,
voxel size = 1.0 x 1.0 x 1.0 mm, matrix = 256 x 256, FOV = 256
mm, flip angle = 7 (degrees), total acquisition time = 5:07. BOLD
images were collected while participants freely viewed the faces
using an echo planar imaging (EPI) sequence with the following
parameters: TR = 2.5 s, TE = 30 ms, slices 42 interleaved, voxel
size = 2.5 x 2.5 x 3.0 mm, matrix = 88 x 88 mm, FOV = 220 mm,
flip angle = 80 (degrees), total acquisition time = 3:24. The image
slices were acquired parallel with the inter-commissural plane, and
the volume positioned to cover the entire brain.

2.3.2 MRI preprocessing

Preprocessing of the imaging data was conducted using the
Analysis of Functional Neuroimages (AFNI) suite of programs
(Cox, 1996), and subsequent analysis of preprocessed imaging data
was conducted in both AFNI and MATLAB. The first 4 volumes of
each run were discarded to allow for scanner stabilization. The
BOLD timeseries, separately for each voxel, were first de-spiked by
removing values with outlying data. Then, slice timing correction
was accomplished by re-referencing each scan to the first slice.
The slice time corrected volumes were then realigned to the min-
imum outlying image. All volumes were then aligned with the
anatomical image, and then warped to the Talairach template at-
las (Talairach and Tournoux, 1988) provided by AFNI. This step,
which accounts for potential anatomical differences between age
groups, was conducted using a non-linear transformation as im-
plemented by AFNI (i.e., tlrc_NL_warp option in afni_proc.py). All
functional volumes were then spatially smoothed using a 6mm?3
full-width at half maximum kernel. The BOLD time-series, sepa-
rately for each voxel, was normalized by dividing each time point
by the average BOLD value across all time points and then mul-
tiplying all time points by 100. Any images containing movement
exceeding 0.9 mm?, as calculated during spatial realignment, were
censored frame-wise from further analysis.

2.4. Data analysis

All data are available on the Open Science Framework (link:
https://osf.io/47n6b/).

2.4.1 Behavior

The valence bias score was calculated as the percent of negative
categorizations made for surprised faces out of the total number of
categorizations of surprise (i.e., excluding omissions). For example,
a participant that categorized all surprised faces as negative would
be assigned a valence bias of 100%, but one that categorized all
surprised faces as positive would be assigned a valence bias of 0%.
Thus, a low score on this valence bias measure reflects not just
low negativity, but also high positivity. Response times were also
recorded for analysis.

Note that the categorizations across expression conditions and
across the 2 age samples were not normally distributed (all
Shapiro-Wilkes ps < 0.05), thus non-parametric statistics are used
for analyses of valence bias. For the moderation analyses, robust
statistics were used in the regression. These robust regressions
were implemented using Matlab’s fitlm command, and used a bi-
square weight function with a tuning constant of 4.685.

To test age-related differences in valence bias, the bias scores
for each age group were submitted to a Yuen’s t-test of trimmed
means as described by Wilcox (2016). A Yuen’s t-test was used for
all group comparisons between younger and older adults through-
out the manuscript. Further, given that previous work in younger
adults has demonstrated that slower responses are associated
with more positive categorizations (Neta et al., 2009; Neta and
Tong, 2016), we explored this relationship by submitting individ-
ual categorizations of surprised faces to a regression with 3 pre-
dictors: (1) response time of the categorization, (2) age group,
and (3) the interaction between response time and age group. The
interaction term coefficient represented the moderating effect of
age group on the relationship between valence bias and response
time.

2.4.2 Functional MRI-amygdala BOLD activation and habituation

Given that previous research has shown that a dorsal region of
the amygdala, not typically captured by structural amygdala defi-
nitions, is particularly sensitive to the ambiguity conveyed by sur-
prised faces (Kim, Somerville, McLean, et al., 2003), a functional
amygdala region was defined. To identify amygdala voxels that
were not biased to a particular expression, the BOLD signal was
submitted to a general linear model containing regressors which
modeled the stimulus onset and duration for each facial expres-
sion condition (surprised, fearful, neutral) separately. The regres-
sion matrix also contained 6 motion regressors (calculated dur-
ing spatial realignment) and 2 regressors modeling polynomial
trends to control for BOLD signal drifts. The beta values calcu-
lated from each task regressor were averaged together, separately
at each voxel, and submitted to a one-sample t-test, yielding an es-
timate of the BOLD activation during the blocks of faces. To identify
amygdala activation, these t-values were passed through a cluster-
forming (p < 0.001) and -extent (k = 23) threshold, which were
calculated according to Gaussian Random Field guidelines for mul-
tiple comparison correction (Friston et al., 1994). This process re-
vealed a cluster in both the right (k = 99, Talaraich (x, y, z) = 21,
-6, -9) and left (k = 50, Talaraich (x, y, z) = -21, -6, -9) amyg-
dala (Fig. 2A). Notably, while this amygdala region of interest (ROI)
was defined across all participants, older adults showed greater
faces > baseline activation here than younger adults (Yuen's t-
test; Mgigrerence = 0.08 [95% Cl, .04, .12], tsg3, = 4.34, p < 0.001,
d = 1.25).

One goal of the present study was to analyze amygdala activ-
ity changes across runs of the experiment (i.e., habituation). To ac-
complish this goal, the BOLD time-series at each voxel was sub-
mitted to a general linear model which contained regressors mod-
eling the onset and duration of each block separately. Thus, a sep-
arate beta value was calculated for each stimulus block. The betas
within the bilateral amygdalae ROI were extracted and averaged
across all voxels separately for each block. The block-by-block be-
tas were first averaged together across all blocks for either facial
expression condition (surprised and neutral), yielding an index of
amygdala activity across the duration of the experiment for sur-
prised and neutral faces. In addition, to investigate the changes in
amygdala activity between the 2 experimental runs, the beta val-
ues were averaged together for the 3 blocks within each experi-
mental run (i.e., a single value per run), separately for each condi-
tion. Averaging across blocks per run ensured a reliable measure of
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Fig. 2. Relationship between amygdala habituation and valence bias in younger and
older adults. (A) A seed region in the bilateral amygdalae was defined using the
contrast of all facial expressions (surprise, neutral, fear) versus baseline (p < 0.001).
(B) Surprise > neutral amygdala activity decreased from run 1 to run 2 for older
(black bars) but not younger adults (gray bars). Error bars illustrate the between-
subjects standard error. (C) Age group moderated the relationship between valence
bias and amygdala habituation (B = -30.42 [95% CI, -56.35, -4.49], tyy = -2.33,
p = 0.02, d = 0.49).

amygdala activity per run (Kim, Somerville, Johnstone, et al., 2003).
The change in amygdala activity was computed by subtracting each
participant’s average run 2 beta from the average for run 1.

To determine whether surprise-related amygdala activity was
related to valence bias, and if this relationship differed across
age group, the surprise > neutral amygdala betas, averaged across
the entire experiment, were submitted as a predictor in a re-
gression with the outcome of valence bias. The full set of pre-
dictors consisted of: (1) surprise > neutral amygdala betas, (2)
age group, and (3) the interaction between surprise > neutral be-
tas and age group. The interaction term represented the mod-
erating effect of age group on the relationship between valence
bias and amygdala activity. Further, in order to explore effects
related to amygdala habituation, we also ran an additional re-
gression replacing surprise > neutral amygdala beta values with
surprise > neutral habituation values (run 1 > run 2 betas). In
other words, these habituation betas were submitted to the same
regression with predictors of valence bias, age group, and their
interaction.

2.4.3. Functional MRI-frontal cortical activation

In our previous study, we found that more positive younger
adults showed greater surprise > neutral activity in the left mid-
dle frontal gyrus, identified in a set of regions showing reappraise
> maintain activation. From this region, we tested if younger and
older adults showed different levels of surprise > neutral activa-
tion using an independent samples t-test, and if this activation
correlated with valence bias in older adults using a Spearman’s

rank correlation. Lastly, we compared the correlation coefficient for
older versus young adults using a z-test.

2.4.4. Age differences in amygdala functional connectivity during
surprise versus neutral trials

To determine if the surprise > neutral amygdala activity was
functionally connected to any mPFC region, we conducted a
context-dependent connectivity analysis (i.e., psychophysiological
interaction or PPI; see section S5.1.5 for a full description of this
method). Here, the brain-wide t-values associated with surprise
> neutral amygdala connectivity were passed through a cluster-
forming (p < 0.01) and -extent threshold (k > 75) according to
Gaussian Random Field theory guidelines for multiple comparison
correction (Friston et al., 1994).

3. Results
3.1. Behavior

Both younger and older adults categorized angry faces as neg-
ative (younger adults: mean[SD] % negative = 94.21(8.82); older
adults: mean[SD] % negative = 90.21[10.10]) and happy faces
as positive (younger adults: mean[SD] % negative = 6.43[8.91];
older adults: mean[SD]| % negative = 5.34[7.82]), whereas catego-
rizations of surprised faces showed more inter-subject variability
(younger adults: mean[SD] % negative = 58.69(23.89); older adults:
mean[SD] % negative = 36.62[24.75]; see distribution of catego-
rizations in Figure S1). For the purpose of the current study, the
categorizations of angry and happy faces, which convey relatively
clear valence, were used only as criteria for accurate performance.
Only the categorizations of surprised faces were used to assess in-
dividual differences in valence bias. Consistent with previous work
(Neta and Tong, 2016; Shuster et al., 2017), we found age-related
differences in valence bias such that older adults categorized sur-
prised faces as more positive than younger adults (Mggerence = -
24.28 [95% (I, -34.57, -13.99], t5s718 = -4.72, p < 0.001, d = -1.25).

For both age groups, the responses for categorizing the va-
lence of surprised faces in session 1 (younger adults: mean[SD]
ms = 821.26[205.62]; older adults: mean[SD] ms = 871.94[204.39])
were slower than for angry (younger adults: mean[SD]
ms = 715.12[160.73]; older adults: mean[SD] ms = 716.66[122.58])
and happy faces (younger adults: mean[SD] ms = 681.86[154.18];
older adults: mean[SD] ms = 682.70[94.76]). Interestingly, there
were no age differences in response times for surprised expres-
sions (Myigference = 29.65 [95% Cl, -56.50, 115.81], tg144 = 0.69,
p =049, d = 0.18).

Notably, the multiple regression revealed that age group mod-
erated the relationship between valence bias and response time
(B = 0.08 [95% (I, 0.03, 0.13], t19; = 3.44, p < 0.001, d = .69; Fig. 3;
Table S1). Follow-up tests revealed that valence bias and response
time were negatively related within the younger adults (B = -0.04
[95% CI, -0.07, -0.01], t5, = -2.74, p < 0.01, d = 0.76), consistent
with previous work (Neta et al., 2009; Neta and Tong, 2016), but
were positively related within the older adults (B = 0.04 [95% CI,
0.01, 0.08], t49 = 2.31, p = 0.03, d = .66). In other words, younger
adults with a more negative bias categorized surprised faces faster
than those with a more positive bias, but in older adults, a positive
bias was faster.

3.2. Functional MRI-amygdala activity as a function of valence bias

When considering amygdala activity across all blocks, there was
no difference between younger and older adults in surprise > neu-
tral activity (Mgigerence = -0.05 [95% CI, -0.12, 0.03], t4617 = -1.32,
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Fig. 3. Relationship between valence bias and response time. Age group moderated
the relationship between valence bias and response time (B = 0.08 [95% CI, 0.03,
0.13], tj;1 = 3.44, p < 0.001, d = 0.69). Slower responses were related to a more
positive than negative valence bias in younger adults (gray dots; B = -0.04 [95% CI,
-0.07, -0.01], ts; = -2.74, p < 0.01, d = 0.76), whereas a more positive valence bias
was related to faster responses in older adults (black dots; B = 0.04 [95% CI, 0.01,
0.08], ty9 = 2.31, p = 0.03, d = 0.66).

p = 0.19, d = -0.39). Further, across all participants, a bivariate ro-
bust regression revealed that valence bias was not related to sur-
prise > neutral amygdala activity (B = -0.38 [95% CI, -24.96, 24.21],
tg; = -0.03, p = 0.98, d = -0.01), nor was the relationship between
surprise > neutral amygdala activation and valence bias moderated
by age group (B = -39.25 [95% CI, -87.65, 9.16], tgy = -1.61, p = 0.11,
d = -0.34; Figure S2; Table S2).

When considering patterns of habituation (run 1 > run 2) in
surprise > neutral amygdala activity, the relationship between sur-
prise > neutral habituation and valence bias was moderated by age
group (B = -30.42 [95% CI, -56.35, -4.49], tgg = -2.33, p = 0.02,
d = -0.49; Fig. 2C; Table S3). Follow-up analyses revealed that
older adults showed a negative relationship between amygdala ha-
bituation and valence bias (B = -26.81 [95% CI, -44.01, -9.60],
ty1 = -3.15, p < 0.01, d = -0.98), such that greater habituation was
related to a more positive bias. In contrast, younger adults showed
no relationship between these variables (B = 2.35 [95% CI, -17.14,
22.44], tyg = 0.24, p = 0.82, d = 0.07). These age differences are
not related to differences in rate of habituation, since amygdala ha-
bituation did not differ by age (Yuen’s t-test; Myigerence = -03 [95%
Cl, -0.11, 0.18], t5474 = 0.46, p = 0.65, d = 0.13).

To further probe the moderation effect, whereby older but not
younger adults showed a significant relationship between amyg-
dala habituation and valence bias, we examined the relationship
between valence bias and amygdala activation in each run and
condition separately for the older adults. Specifically, the older
adult amygdala betas for surprise and neutral blocks separately,
for run 1 and run 2 separately, were submitted to a bivariate ro-
bust regression with valence bias, resulting in a total of 4 regres-
sion analyses (Figure S3). In other words, there was a regression
for (1) surprise-related activity in run 1 and (2) in run 2, and for
(3) neutral-related activity in run 1 and 4) in run 2. During run
1, surprise-related activity was negatively related to valence bias
(B = -36.79 [95% CI, -71.12, -2.47], ty1 = -2.17, p = 0.04, d = -0.68),
such that greater amygdala activity was associated with a more
positive valence bias. In contrast, neutral-related activity was not
related to valence bias (B = 20.61 [95% CI, -18.91, 60.13], t4; = 1.05,
p = 030, d = 0.33). During run 2, surprise activity was not re-
lated to valence bias (B = 0.66 [95% CI, -30.62, 31.94], t4; = 0.04,
p = 097, d = 0.01) but for neutral faces trended toward a rela-
tionship such that greater amygdala activity was associated with a
more positive valence bias (B = -20.43 [95% CI, -44.27, 3.41], t4; = -
1.73, p = 0.09, d = -0.54). Further, an additional analysis compared
the effects in the left and right amygdala separately and found
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Fig. 4. Variability in amygdala habituation and response time in older adults. From
run 1 to 2, 23 individuals showed increased amygdala activity over time (white
filled dots; mean[SD] = -0.27[0.22]) and 20 showed decreased activity across runs
(black filled dots; mean[SD] = 0.35[0.40]). Among this variability in amygdala
change, those who showed greater habituation of amygdala activity had faster re-
sponses (B = -128.13 [95% CI, -254.80, -1.45], ty = -2.04, p = 0.048, d = -0.64).

a stronger effect in the right (see supplemental materials section
S4.2).

Interestingly, there was some variability in rate of habituation
in older adults including a subset of individuals showing an in-
crease in surprise > neutral amygdala activity from run 1 to 2
(Fig. 4, white filled dots). As illustrated in Fig. 4, those with neg-
ative values (white filled dots, n = 23; mean[SD] = -0.27[0.22])
showed a repetition enhancement, while those with positive values
(black filled dots, n = 20; mean[SD] = 0.35[.40]) showed repetition
suppression, or habituation. One potential explanation for these
differences in older adults might be related to cognitive function.
To test this, we operationalized cognitive function using response
times in session 1 categorizations, such that faster responses rep-
resented relatively better cognitive function. We then compared
response time with changes in amygdala activity, and explored
age-related differences in this relationship. Each participant’s av-
erage response time for surprised face categorizations was calcu-
lated, and then submitted as the outcome in a robust regression
with predictors of (1) surprise > neutral amygdala habituation,
(2) age group, and (3) the interaction between surprise > neu-
tral amygdala habituation and age group. This test revealed that
age group moderated the relationship between response time and
amygdala habituation (B = -220.63 [95% CI, -431.84, -9.41], tgg = -
2.08, p = 0.04, d = -0.44; Table S4). Follow-up bivariate robust re-
gressions revealed that response time and amygdala habituation
were not related in younger adults (B = 81.80 [95% CI, -90.85,
254.45], ty9 = 0.95, p = 0.35, d = 0.27), but were negatively related
in older adults (B = -128.13 [95% CI, -254.80, -1.45], t4; = -2.04,
p = 0.048, d = -0.64) such that greater habituation was associated
with faster responses in categorizations of surprised faces.

3.3. Functional MRI-frontal cortical activity as a function of valence
bias

Older and younger adults showed no difference in surprise >
neutral activation in the left middle frontal gyrus (Mgjgerence = 0.03
[95% CI, -0.04, 0.09], tgg = 0.81, p = 0.42, d = 0.17). The surprise >
neutral activation in the left middle frontal gyrus was not related
to valence bias in the older adults (r3g = -.18 [95% CI, -0.47, 0.14],
p = 0.27; note that this effect was significant in younger adults in
our previous report: r4g = -.28 [95% CI, -0.52, -0.01], p = 0.045).
However, the effect in older adults was not significantly different
from that in younger adults (z = 0.50, p = 0.31).
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3.4. Age differences in amygdala functional connectivity during
surprise versus neutral trials

Amygdala activity was not inversely related to any region
of the mPFC. In fact, older compared younger adults showed
more positive surprise > neutral connectivity in a mPFC cluster
(Mgifrerence = 142 [95% CI, 0.82, 2.02], peak-ty; = 4.67; k = 235;
Talaraich (x, y, z) = -4, 69, 6), which showed peak activation in
the left superior medial gyrus with coverage extending to the left
and right anterior cingulate cortex (Figure S4).

4. Discussion

Older compared to younger adults categorized expressions of
surprise as more positive, replicating previous work (Neta and
Tong, 2016; Shuster et al, 2017) and broadly consistent with
the positivity effect in aging (e.g., Mather, 2016; Mather and
Knight, 2005). Importantly, older, but not younger, adults with
more positive valence bias showed both (1) faster responses and
(2) more amygdala habituation than those with a more negative
bias, suggesting that the age-related positivity represents a shift
away from the initial negativity mechanism. As predicted, valence
bias was also not associated with frontal cortical activation in older
adults. In other words, older adults show a less effortful or more
default positivity in response to dual-valence ambiguity, replacing
the more default negativity seen in younger adults.

Indeed, the notion that the positive valence bias in aging results
from a default response that is more positive is supported by the
age-related differences in response times. Specifically, in younger
adults, positive categorizations of surprised faces were associated
slower responses than negative categorizations (Neta et al., 2009),
and an instruction to deliberate is sufficient for promoting greater
positivity (Neta and Tong, 2016). This effect replicates extant lit-
erature and is thought to reflect additional, putatively effortful,
regulatory signals (Neta and Tong, 2016; Petro et al., 2018). How-
ever, the opposite pattern was found in older adults, in which pos-
itive compared to negative categorizations were related to faster
responses. This age-related difference in the relationship between
valence bias and response time suggests that although younger
adults appear to employ a regulatory process that overrides a de-
fault negativity in order to arrive at a more positive evaluation of
valence ambiguity, a different (and less effortful) process appears
to drive positive evaluations in older adults.

Moving to the neuroimaging findings, as we predicted, older
(but not younger) adults showed a relationship between amyg-
dala habituation and valence bias, such that those with a more
positive bias showed greater habituation. Interestingly, patterns
of persistent (as opposed to habituating) amygdala activity across
stimulus presentations reflect a brain mechanism which maintains,
across repeated exposures, the processing of biologically relevant
information to promote continued learning (Davis et al., 2016;
Herry et al., 2007; Whalen, 2007). In the context of the literature
on amygdala habituation, it could be that younger adults perceive
the potential (but ambiguous) negativity in response to surprised
faces and thus require further learning. In contrast, there is a pri-
macy for the potential positivity in older adults, where perhaps the
potential threat is not registered, and thus no further learning is
required.

To elaborate, the change in amygdala activity across runs
showed wide variability in the older adults. For example, while
some individuals showed habituation, others showed response en-
hancement. We found that the former group was more likely to
have a positive valence bias, while the latter group was more
likely to have a negative valence bias. Again, one possible expla-
nation is that the amygdala increase over time is a characteristic

of the latter group perceiving potential negativity or threat in re-
sponse to the surprised faces. And, given there is some uncertainty
about the presence of this threat, the amygdala stays active to pro-
mote further learning, consistent with the pattern previously ob-
served in younger adults (Davis et al., 2016). Conversely, the in-
dividuals with a more positive valence bias appear to be more
likely to perceive positivity in response to the surprised faces, and
thus render the faces “safe” or not in need of further learning.
This speculative interpretation is supported by age-related differ-
ences in the relationship between valence bias and response time.
Specifically, although younger adults are faster when categoriz-
ing surprised faces as negative than positive (see also Neta et al.,
2009), older adults are faster when categorizing the same faces as
positive.

The surprise and neutral amygdala activity evaluated separately
across both runs suggests that this habituation effect in older
adults with a more positive valence bias is characterized in part
by an amygdala increase toward surprised faces during the first
run. The finding that increased amygdala activity is related to more
positivity is consistent with prior work which found that older
adults show increased amygdala activity to positive relative to neu-
tral and negative information (Leclerc and Kensinger, 2011), partic-
ularly for relatively low-arousing stimuli (Dolcos et al., 2014). In
terms of the habituation effect, one straightforward explanation for
this pattern of results is that the amygdala activity increases ini-
tially, and the greater increase allows for a greater change (habit-
uation) in the second run. In contrast, the individuals with a more
negative bias show no change in amygdala activity or show an in-
crease in the second run (see more on this below). We suggest that
the pattern of habituation in the subset of older adults with a pos-
itive bias is novel.

A previous literature has demonstrated that older adults
are less efficient at differentiating facial features (i.e., de-
differentiation) relating to identity (Goh et al., 2010). Thus, in the
context of the current results, one possibility is that greater habit-
uation of amygdala activity and more positive valence bias are as-
sociated with greater levels of de-differentiation. In other words,
the amygdala may habituate more in older adults who are less
able to discern the differences between face identities. However,
in the current results there was a different relationship between
valence bias and amygdala habituation for surprised versus neu-
tral faces (see supplemental Figure S3), indicating that the amyg-
dala response is indeed sensitive to the content of the expressions,
rather than a dedifferentiation of face identities.

Another possibility is that the individual differences in amyg-
dala change across runs are related to cognitive function. Indeed,
cognitive function generally declines with age (Salthouse et al.,
2003), and it could be that the amygdala habituation is associated
with greater cognitive deficit. Although no explicit measure of cog-
nitive function was collected in the current study, we explored the
possibility that slower responses might be a useful proxy for cog-
nitive decline. Interestingly, older adults with greater amygdala ha-
bituation showed faster (not slower) response times. While specu-
lative, these results suggest that amygdala habituation may be pu-
tatively related to better cognitive function, consistent with work
showing that those with relatively good cognitive function tend to
show a stronger positivity effect (Mather and Knight, 2005). Al-
though this prior work linking cognitive function to the positiv-
ity effect has leveraged these findings as evidence for a top-down
mechanism that implies increased frontal cortical activity, we did
not find any evidence for a relationship between valence bias and
frontal activity in our sample of older adults. While our finding
was not conclusive (i.e., it was a null effect, and also not signifi-
cantly different from the pattern evident in younger adults), this
potential discrepancy with prior work could be due to differences
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inherent to the valence bias task, given that the prior work largely
focused on responses to clearly valenced stimuli (e.g., Mather and
Knight, 2005; Dolcos et al., 2014). Future studies of valence bias
will benefit from adding an explicit measure of cognitive ability
in order to better characterize the relationships between amygdala
habituation, top-down frontal signals, valence bias, and cognitive
function.

The current results indicate that older adults tend to expend
less effort (faster responses) in arriving at positive categorizations.
Further, older adults with a more positive bias also show increased
amygdala habituation, suggesting they may not perceive a poten-
tial threat that requires further learning, but rather there is a pri-
macy for positivity in aging. It is worth noting that a primacy for
positivity does not imply that this positivity effect is the result of
an automatic or bottom-up process. Indeed, the responses to va-
lence ambiguity likely involve some top-down control mechanism
(at least when compared to the responses to clear valence, or well-
known automatic responses in the domain of vision and attention).
Instead, responses to ambiguity are relatively effortful, but within
the variability of these responses, the default response in younger
adults appears to be more negative, whereas the default response
in older adults appears to be more positive (see also supplemental
material section S6).

The interpretation of the current results, that positivity in older
adults constitutes the initial, default response, is qualified by limi-
tations of the methodology used. Foremost, the measurements of
amygdala activity depend on the sluggish BOLD signal which is
unable to dissociate temporally early from late processes. Future
work may utilize the temporal resolution provided by EEG and
eye-tracking to explore age-related differences in the response to
ambiguity within precise time-windows. Second, the results should
be considered within a context where there were methodological
differences for collecting behavioral and BOLD data, in which sur-
prised faces were explicitly categorized or passively viewed, re-
spectively, and involved more phasic or tonic processes, respec-
tively. Lastly, while a strict threshold was used to define the amyg-
dala region across the full sample, this region showed more activa-
tion in older than younger adults, which may present a bias toward
capturing older adult’s amygdala activity.

Finally, we did not replicate previous work in younger adults
showing that a more negative valence bias is associated with
greater surprise-related amygdala activity than those with a pos-
itive bias (Kim, Somerville, Johnstone, et al., 2003). Methodolog-
ical differences may account for this inconsistency. For instance,
Kim, Somerville, McLean et al. (2003) used a whole-brain cor-
relation conducted on the surprise > baseline beta values to
identify an amygdala ROI, whereas we defined the region as
voxels showing activation to all faces. Further, Kim, Somerville,
McLean et al. (2003) measured valence bias using only a single
trial immediately following the MRI session, whereas we relied on
an entire behavioral task (consisting of approximately 24 trials) ad-
ministered approximately a week before the MRI session. This dis-
crepancy in findings may need to be explored in future work.

4.1. Conclusions

To summarize, in older, but not younger, adults, valence bias
was associated with amygdala habituation to surprised faces.
Specifically, the magnitude of habituation in older adults was asso-
ciated with a more positive valence bias and faster responses when
categorizing the valence of surprised faces. These results suggest
that, whereas a positive valence bias in younger adults putatively
relies on an additional regulatory mechanism, older adults show
evidence for a primacy of positivity in response to dual-valence
ambiguity.
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