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Abstract

Studies demonstrated that faces with emotional expressions are better
remembered than neutral faces. However, whether the memory advantage persists
over years and which neural systems mediate such an effect remains unknown. We
investigated recognition of incidentally encoded faces with angry, fearful, happy, sad
and neutral expressions over >1.5 years (N=102). Both univariate and multivariate
analyses showed that faces with threatening expressions (angry, fearful) were better
recognized than happy and neutral faces. Comparison with immediate recognition
indicated that this effect was driven by decreased recognition of non-threatening
faces. Functional magnetic resonance imaging (fMRI) data was acquired during
encoding and results revealed that differential neural encoding in the right
ventromedial prefrontal/orbitofrontal cortex neurally mediated the long-term
recognition advantage for threatening faces. Our study provides the evidence that
threatening facial expressions lead to persistent face recognition over periods of >1.5
years and encoding-related activity in the ventromedial prefrontal cortex may underlie

preserved recognition.
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1. Introduction

For social species the recognition of previously encountered conspecifics is vital
for survival and successful interaction. In humans, faces are presumably the most
important stimuli for subsequent recognition. Given the high evolutionary significance
of these stimuli, cortical networks specialized in perceiving and recognizing faces
develop already during early infancy (Powell et al., 2018, Cohen et al., 2019).
Nevertheless, the ability to recognize faces varies greatly in the human population.
While some individuals can recognize faces following a single exposure over years,
others find it nearly impossible to recognize highly familiar faces (Russell et al., 2009;
Tardif et al., 2019). In addition to individual differences, several characteristics of the
facial stimuli can affect subsequent recognition including emotional expression (Bruce
and Young, 1986; Haxby et al., 2000). From an evolutionary perspective, the emotional
expression may transmit important information such that threat-associated facial
expressions during initial encounters may relate to harm avoidance in future encounters
(Darvin, 1872; Staugaard, 2010).

In support of this evolutionary hypothesis, some experimental studies have
demonstrated that faces with threatening expressions (e.g., angry or fearful) are both
better detected and remembered as compared to those with non-threatening expressions
(i.e. neutral, sad or happy, Grady et al., 2007; Jackson et al., 2014; Keightley et al., 2011;
Stiernstromer et al., 2016; Wang, 2013). These findings broadly align with numerous
previous studies that demonstrated a robust emotional enhancement of memory for non-

facial stimuli indicating that emotional events, particularly high-arousing negative ones,
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are more vividly and accurately remembered over retention intervals ranging from
minutes to years (reviewed in Bowen et al., 2018; Yonelinas and Ritchey, 2015). In
contrast, examination of specific effects of emotional facial expressions on subsequent
recognition revealed inconclusive results and findings varied according to retention
intervals (e.g., Anderson et al., 2006; Gupta and Srinivasan, 2009; Mather and
Carstensen, 2003; Pinabiaux et al., 2013; Wang, 2013).

While studies examining effects in the domain of working memory consistently
reported better recognition of face with threatening expressions (Jackson et al., 2014;
Ohman et al., 2001; Thomas et al., 2014), findings regarding a short-term or long-term
memory advantage of threatening faces were less clear. For instance, a number of
studies showed no effect of face expression on memory performance immediately after
encoding (Grady et al., 2007; Satterthwaite et al., 2009; Xiu et al., 2015) whereas others
reported better recognition for fearful faces compared to neutral faces after a 24-h delay
(Wang, 2013). On the other hand, Anderson et al. (2006) found that fearful faces were
not subject to enhanced recognition at retention intervals ranging from 15 min to 2
weeks. Most importantly, effects of emotional facial expressions on recognition after
longer retention intervals (i.e., years) and the underlying neural basis have not been
systematically examined.

Against this background, the present study investigated the long-term emotional
expression effects by capitalizing on a large fMRI study during which N = 225 healthy
young adults underwent incidental encoding of faces with emotional expressions (angry,

fearful, happy, sad and neutral), of whom N = 102 participated in a surprise face
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recognition test scheduled at least 1.5 years after encoding. We tested whether face
recognition was modulated by facial expressions by means of univariate and innovative
data-driven multivariate approaches which allowed us to capitalize on the entire
response pattern of the subjects. Based on the extensive previous literature reporting
robustly enhanced recognition of non-facial negative stimuli across long-term memory
retention intervals ranging from days (Anderson et al., 2006; Ritchey et al., 2011;Wang,
2018; Wang et al., 2014) to 1 year (Dolcos et al., 2005; Erk et al., 2010; Gavazzeni et
al., 2012), we hypothesized augmented recognition of faces with threatening
expressions, particularly angry and fearful, after a retention interval of >1.5 years
(hypothesis 1).

To further explore which neural systems mediated the expression-associated
memory advantage, we examined whether brain activation during incidental encoding
varied as a function of expression-specific memory performance after 1.5 years. To this
end, we employed an innovative multivariate pattern similarity analysis of behavioral
response (BPSA) to classify participants who exhibited an expression-specific memory
advantage and participants who did not express such an effect. We next explored
differential encoding-related activity between the classified participants on the whole
brain-level as well as in the amygdala. Both emotional face processing and emotional-
enhancement of memory have been strongly linked to limbic and prefrontal systems,
specifically regions engaged in emotional reactivity and value processing such as the
medial prefrontal cortex (mPFC) and amygdala (Hariri et al., 2003; Kark and Kensinger,

2019; Kensinger and Schacter, 2008; Ritchey et al., 2011; Tyng et al., 2017; Vuilleumier
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et al., 2004). Thus, on the neural level we conjectured that encoding-related activity in
these systems may mediate individual differences in the long-term effects of emotional

expressions on face recognition (hypothesis 2).

2. Methods

2.1 Participants

A total of 102 healthy, young right-handed Chinese students participated in this
study which was part of a large-scale fMRI project (e.g., Lietal., 2018; Liu et al., 2019;
Xu et al., 2020; Zhou et al., 2020). Following initial quality assessment data from N =
83 subjects was included in the final analyses (40 males; mean age = 21.40 &+ 2.40 years,
age range: 18-30). Details on recruitment protocols and quality assessments are provide
in the Supplementary Methods. The study was approved by the local ethics committee
at the University of Electronic Science and Technology of China and in accordance with
the latest revision of the Declaration of Helsinki. Written informed consent was

obtained from each participant.

2.2 Stimuli

A total of 150 face stimuli were selected from two validated Asian facial expression
databases: Chinese Facial Affective Picture System (Gong et al., 2011) and Taiwanese
Facial Expression Image Database (TFEID) (Chen and Yen, 2007). Facial expressions
included angry, fearful, sad, happy and neutral (each from 30 different individual actors,
15 males). All facial stimuli were gray-scaled and covered with an oval mask to remove

individual features (e.g., hair). The 150 faces were evenly divided into three sets
6
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matched with regard to arousal and valence for the current experiment. Within each
face set, the arousal ratings of emotional faces (angry, fearful, happy, sad) were higher
as compared to neutral faces (all ps < 0.001), whereas arousal ratings between

emotional faces did not differ (all ps > 0.05).

2.3 Experimental procedure

The present study employed a multiple-stage procedure including an incidental
encoding phase and a subsequent memory phase (Fig.1). All participants initially
underwent an event-related fMRI paradigm using an emotional face processing task
(i.e., incidental encoding) between August, 2016 and October, 2017 (Time 1, T1). Two
runs of the facial stimuli (50 stimuli per run, set 1), balanced for facial expression and
gender, were presented (Smin 12s per run). Stimuli were shown for 2500ms during
which the participants were required to judge the gender of the face by button press.
After each trial, a jittered fixation cross was presented for 2000—-5600ms (mean ITI =
3800ms, Fig. 1). Stimuli were presented via E-prime 2.0 (Psychology Software Tools,
USA, http://www.pstnet.com/eprime.cfm). Twenty minutes after fMRI acquisition,
participants were asked to complete a surprise recognition memory test (immediate test)
outside the scanner in which the 50 previously presented faces (set 1, targets) from the
fMRI paradigm were intermixed with 50 new faces (set 2, lures). Participants were
instructed to indicate whether each face had been shown during the fMRI acquisition
(forced choice: old versus new). After a retention interval of >1.5 year (interval range:
653-1113 days), participants were requested to perform a surprise recognition test

(delayed test) between July, 2019 and August, 2019 (Time 2, T2) in which target faces
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were intermixed with another set of 50 new faces (set 3, lures). In the delayed test,
participants were asked to rate their recognition confidence on a six-point scale (old vs.
new; 1 = definitely new to 6 = definitely old, Fig. 1). The confidence rating approach
was employed given that it reflects the strength and quality of the memory more
precisely (Aly and Turk-Browne, 2016; Stretch and Wixted, 1998), and thus was more
sensitive as compared to the categorical old/new judgement approach in a long retention
interval. Moreover, this allowed us to conduct multivariate analysis on the delayed test

data thus increasing power. The delayed recognition memory test was carried out online

via SurveyCoder 3.0 (https://www.surveycoder.com/).

Phase 1: Incidental encoding Phase 2: Subsequent memory test

Old New
+
25s
mean ITI =4s
\ Self-paced
25s
| fMRI scanning | Immediate Test Delayed Test

Gender judgement ~ Same day  Old/new judgement 653-1113 days Confidence rating

|
[ 1
1 2 3 4 5 6

definitely new probably new maybe new maybe old probablyold definitely old

Fig. 1. Experimental design and stimuli. Upper panel: Face stimuli in the encoding and subsequent
memory stage (note faces have been covered with blue ovals for the schematic presentation in the

paper). Lower panel: Experimental procedure and the behavioral measures.
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2.4 MRI data Acquisition

MRI data were obtained on a 3T GE MRI system (General Electric, Milwaukee,

WI, USA) using standard sequence parameters (see Supplementary Methods).

2.5 data analysis
2.5.1 Univariate approach

To examine effects of facial expressions on recognition, hit rates were entered in
a two-way analysis of variance (ANOVA) with facial expression (angry, fearful, happy,
neutral and sad) and retention interval (immediate and delayed test) as within-subject
factors. For both retention intervals, hit rates were defined as the ratio of target faces
correctly identified as old. For the delayed test, ratings of 4, 5 and 6 were considered as
correctly identified. Post-hoc tests for significant interactions with Holm-Bonferroni
correction were conducted to examine the expression-associated immediate and
delayed memory effects, and planned two-tailed t tests were performed to determine
changes of memory in each facial expression condition over >1.5 years. Notably, the
analyses focused primarily on hit rates because: (7) it allows a direct comparison of
immediate and delayed test performance, and (7i) it focused on the corrected responses
of target faces thus establishing a link between the recognition performance and the
encoding process, aligning with the goal of the present study which was to reveal the
neural basis during encoding that might contribute to long-term emotional face

recognition. Analyses were computed in SPSS (IBM, SPSS version 20, 2011).

2.5.2 Multivariate approach

Given that the hypothesis-driven univariate analysis (e.g., ANOVA) might dismiss
9
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individual differences related to response variability due to averaging, we further
investigated the robustness of long-term emotional memory advantage using a data-
driven unsupervised (the information emerges from the data without any constraint on
our expectation) multivariate approach. The schematic of multivariate analyses is
shown in Fig. 2. To this end, principal components analysis (PCA) was implemented to
capitalize on the full pattern of behavioral responses (Fig. 2A, 2B). PCA is one of the
most widely used unsupervised multivariate machine learning algorithms for exploring
the hidden pattern of multidimensional data (Ringnér, 2008), which allowed us to
visualize similarities and differences in a data set. Consistent with the univariate
analysis, the multivariate PCA only focused on the confidence ratings of targets in this
study. Specifically, the confidence ratings of all target face trials were plotted in a two-
dimensional reduced space composed by the first (PCl) and second principal
component (PC2) (details see Supplementary Methods). PC1 explains the highest
variance and represents the most discriminative dimension. We thus expected that trials
with the same facial expression (color coded) would dominate separate regions within
the reduced space along the PC1 axis, representing a discriminative emotion-specific
face memory pattern (Fig. 2B). Pairwise two-tailed Wilcoxon Signed-Rank Tests with
Benjamini-Hochberg-adjusted correction were further performed to statistically assess
the separation. Multivariate analyses were implemented in PC-corr MATLAB code
(https://github.com/biomedical-cybernetics/PC-corr_net) which has been used in
previous studies to successfully discriminate behavioral and omic patterns

(Miendlarzewska et al., 2018; Ciucci et al., 2017). The multivariate PCA combined with

10


https://doi.org/10.1101/2020.08.25.266353
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.25.266353; this version posted August 25, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

the univariate approach thus facilitated a sensitive determination of emotional

expression-specific face recognition memory over an extensive retention interval.

2.5.3 Participant grouping — Behavioral response pattern similarity analysis (BPSA)

For the current analysis, we integrated the inter-subject correlation analysis (e.g.,
Cantlon and Li, 2013; Tian et al., 2019) with pattern similarity analysis (e.g., Aly and
Turk-Browne, 2016; Giinseli and Aly, 2020) towards an innovative approach that is
based on the similarity between individual behavioral response patterns and their
principal component derived from PCA (termed “behavioral response pattern similarity
analysis”, BPSA). This approach aims to identify subjects who exhibited an emotion-
specific discriminative memory pattern from those who did not.

To do this, we extracted the PC1 loadings as a response template (i.e., PC1 score)
and then calculated Pearson’s correlation coefficients between each participant’s
confidence rating pattern for targets and this PC1 response template (Fig. 2C). Based
on the significance of the correlations, we categorized the participants into two groups.
Participants whose correlation coefficients were significant (p < 0.05) were classified
as discriminative group exhibiting an emotion-specific memory effect, whereas those
with non-significant similarities were classified as non-discriminative group without
exhibiting such an effect (Fig. 2D). The pattern similarity-based group definition was
used to inform the subsequent analysis of the fMRI data that aimed at determining the

neural basis of long-term emotional face memory with sufficient statistical power.

11
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Fig. 2. Schematic of major steps in multivariate investigation of the long-term emotional face
recognition memory. (4) Representation of confidence rating response patterns for participants.
Each column represents the response pattern for each participant. Rows from top to bottom indicate
face images with expressions angry, fearful, sad, neutral and happy. Color blue to yellow designates
the confidence rating responses from 1 to 6. (B) PCA dimensionality reduction and expected
discriminative pattern of the facial expression conditions with sample plotted in the 2D reduced
space. (C) Individual response pattern similarity analysis between each participant’s response
pattern and the PC1 template derived from PCA. (D) Expected grouping results of participants based
on the individual response pattern similarity analysis (i.e., one subgroup exhibits discriminative

response pattern for facial expression conditions, and one subgroup does not.)

2.6 fMRI data analysis
2.6.1 Image preprocessing
The functional MRI data was preprocessed and analyzed using SPM12 (Statistical

Parametric Mapping, https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Data

preprocessing details are presented in Supplementary Methods.
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2.6.2 Statistical analyses

To identify the neural substrates associated with the long-term emotional
expression effects on face memory, a whole-brain ANOVA model with emotional
expression (e.g., threatening vs. non-threatening faces determined by the behavioral
results) as within-subject factor, and group (discriminative vs. non-discriminative
determined by the pattern similarity analysis) as between-subject factor was employed.
To this end, the first-level contrast of interest (e.g., threatening vs. non-threatening) was
modeled and subjected to a two-sample, two-tailed t-test comparing the discriminative
and non-discriminative group. This analysis allowed us to identify the specific regions
sensitive to the long-term emotional memory advantage during encoding within the
discriminative group while controlling for unspecific processes by comparison with the
non-discriminative group. A whole-brain threshold with p < 0.05 Family-Wise Error
(FWE) correction at the cluster-level and an initial cluster-forming threshold of p <
0.001 was employed (Eklund et al., 2016; Slotnick et al., 2017).

Given that the amygdala has been strongly implicated in emotion processing and
emotional memory formation (Blanchard and Blanchard ,1972; Davis, 1992; LaBar and
Cabeza, 2006; LeDoux,1995), we examined effects in the amygdala with increased
sensitivity using a priori region of interest (ROI) analysis. ROIs were based on the
Automated Anatomic Labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002). Small
volume correction was performed using FWE correction with a voxel-level threshold

of p <0.05.
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3. Results

Overall, participants successfully discriminated target faces from lure faces in both
the immediate test (mean 4’= 0.65, p < 0.001) and the delayed test (mean 4" = 0.54, p
<0.001). Paired t-test further indicated that 4 "in the delayed test was significantly lower
than that in the immediate test (52 = -8.99, p < 0.001, Cohen’s d = 1.21), suggesting

that the general recognition performance decreased with time.

3.1 Long-term emotional expression effects on face memory
3.1.1 Univariate results

The ANOVA revealed a significant main effect of facial expression (F4,79) = 6.77,
p <0.001, 7>=0.26) and retention interval (F(4,s2) = 23.60, p <0.001, 7>=0.22), as well
as a significant interaction effect (F,79) = 4.86, p < 0.005, 7> = 0.20, Fig. 3). Post-hoc
tests indicated that facial expression modulated delayed memory performance (F(4,79)=
13.30, p < 0.001, #?>= 0.40), such that hit rates for faces with both threatening facial
expressions (angry or fearful) were significantly higher as compared to faces with non-
threatening expressions (neutral or happy, respectively) (two-tailed ps < 0.001, Holm-
Bonferroni corrected). In contrast, no significant differences between recognition
performance of angry versus fearful as well as neutral versus happy faces were observed,
whereas that of sad faces ranged in between (see Supplementary Results). To rule out
the possibility that the long-term emotional memory advantage of threatening faces was
influenced by variations in the retention interval (ranging from 653-1113 days), the
repeated-measures ANOVA was recomputed including interval day as a covariate and

results remained robust (Fs,73) = 2.95, p = 0.025, = 0.13).

14
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During immediate recognition, a marginally significant difference of hit rates for
the five facial expressions was observed (Fa,79)= 2.43, p = 0.055, > = 0.11), whereas
the post-hoc comparisons revealed no difference between any pairs after correction (see
Supplementary Results). Pairwise comparisons for each facial expression condition
between the immediate and delay test suggested that recognition performance for happy,
sad and neutral faces (two-tailed paired t-test: happy: #s2 = -5.08, p < 0.001, Cohen’s d
= 0.44; sad: 130 = -2.59, p = 0.012, Cohen’s d = 0.28; neutral: 3, = -5.97, p < 0.001,
Cohen’s d = 0.64, Fig. 3) significantly declined during the 1.5-year retention interval.
The results remained significant after Holm-Bonferroni correction for multiple
comparison testing.

Together, the results indicated a long-term face recognition advantage of
threatening expressions (i.e., angry and fearful) and this advantage was driven by
decreased recognition of faces with non-threatening expressions including happy, sad

and neutral following a retention interval of 1.5 years.
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Fig. 3. Memory performance (hit rate) for each facial expression condition in the immediate and
delayed recognition memory test. Error bars depict £1 SEM. *** p <0.001, Holm-Bonferroni

corrected.

3.1.2 Multivariate results

Initial inspection of the response patterns (color-coded trial-wise confidence ratings
with blue to yellow as the confidence increased) revealed strong individual variations
in the confidence ratings for expression-specific face images after long retention
intervals (Fig. 2A). PCA was then applied to map the confidence ratings of all 50 target
face images in the 2D geometrical space of PC1 and PC2. As expected, PC1 has a
discriminative variability that accounts for facial expression conditions (Fig. 4A). In
particular, considering the localization of each face trial along the PC1 axis as visual
reference, angry and fearful were clearly separated from neutral and happy while sad
was localized in between (Fig. 4B). PC1 explained 12.10% of the variance. In line with
the visual presentation, pairwise non-parametric Wilcoxon Signed-Rank tests revealed

significant differences between the facial expression conditions except for angry vs.
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fearful and neutral vs. happy (see Supplementary Results). The same PCA procedure

was also applied to immediate test and failed to detect a discriminative memory pattern

(see Supplementary Figure S1).

To summarize, both univariate and multivariate analyses suggested a long-term

memory advantage of threatening (i.e., angry and fearful) faces versus non-threatening

faces (particularly happy and neutral faces and to a lesser extent sad faces).
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Fig. 4. PCA separation of confidence ratings for target faces in the delayed test. (4) Upper panel:

Effects of facial expression conditions (color-coded) on memory performance along PC1 axis.

Lower panel: Distribution of PC1 scores for each facial expression condition. (B) Upper

panel:Angry and fearful faces are visualized together; neutral and happy faces are visualized

together. Lower panel: Distribution of PC1 scores for each cluster.

3.2 Distinct long-term face memory patterns between subgroups

Pattern similarity analysis successfully categorized the participants into a
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discriminative group (N = 44, 22 males, rs > 0.28, ps < 0.05) and a non-discriminative
group (N = 39, 18 males, rs < 0.28, ps > 0.05), with the discriminative group showing
better recognition for threatening faces but the non-discriminative group showing no
such effect (Supplementary Results and Figure S2). The discriminative and non-
discriminative group did not differ with respect to gender, age, retention interval,
arousal rating for each facial expression and overall recognition performance, arguing
against confounding effects of these variables on the long-term memory advantage of
threatening expressions (for detailed results, see Supplementary Results). The
distinguishable response patterns of the two subgroups were used to inform the fMRI

analysis.

3.3 Neural basis during encoding

Given that long-term recognition for angry and fearful faces could be robustly
separated from happy and neutral faces across the analyses, yet no clear pattern emerged
for sad faces, the first-level contrast of interest was modeled as threatening (angry +
fearful) > non-threatening (happy + neutral) expressions. The whole-brain group-
comparison analysis revealed a significant interaction effect in the vimPFC/mOFC (two-
tailed t test: k= 176; peak MNI coordinates: 27, 32, -16; pciuster-Fwe < 0.05, whole-brain
corrected, Fig. SB). Post-hoc analyses using extracted parameter showed that the
discriminative group exhibited significantly higher reactivity towards non-threatening
faces compared to threatening faces (#43 = -5.10, corrected p < 0.001, Cohen’s d = 0.78)
while the non-discriminative group exhibited the opposite pattern (z33 = 2.26, corrected

p <0.05, Cohen’s d = 0.58) (Fig. 5C). Against our expectations, the examination of the
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amygdala ROI did not reveal significant results.

Additionally, examining the main effects of the emotional expression and group
revealed that the right middle temporal gyrus (MTG) exhibited higher reactivity
towards threatening vs. non-threatening faces during encoding (k = 242; peak MNI
coordinates: 60, -55, -1; pciuster-Fwe < 0.05, whole-brain corrected, see Supplementary
Figure S3), whereas no significant main effect of group was observed, arguing against
unspecific face encoding differences between the groups.

In brief, these results demonstrated that decreased vimPFC/mOFC reactivity to
threatening faces during encoding might contribute to the maintenance of long-term

memory for threatening faces.
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Fig. 5. The interaction effect of neural responses. (4) Two-sample t test of threatening (angry +
fearful) vs. non-threatening (happy + neutral) contrast between discriminative group and non-
discriminative group. Statistical image is displayed at p < 0.05 cluster-level FWE correction with a
cluster-forming threshold p < 0.001. (B) Post-hoc tests on the right vimPFC/mOFC activity in the

discriminative group and the non-discriminative group. *** p <0.001, Holm-Bonferroni corrected.
group group p
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4. Discussion

The present study systematically examined the impact of emotional face
expressions during initial encounters on recognition following a retention interval of >
1.5 years. In line with our hypothesis, both univariate and multivariate analyses
demonstrated that individuals better recognized threatening faces, particularly angry
and fearful ones, following the long-term retention interval. The emotional expression-
specific recognition advantage was not present directly after encoding and the long-
term advantage of threatening faces was driven by decreased recognition of non-
threatening faces over the retention period. The expression-specific face recognition
pattern showed considerable inter-subject variation and a data-driven classification
revealed that approximately half of the present sample demonstrated emotional
expression-specific effects on face memory (discriminative group) while the other half
did not (non-discriminative group). Examination of neural activation differences during
encoding of threatening vs. non-threatening faces between these groups revealed that
decreased vmPFC/mOFC activation to threatening vs. non-threatening faces preceded
better recognition of threatening faces 1.5 years later. Together, the present findings
demonstrate that threatening expressions during incidental encounters facilitated long-
term face recognition and that differential encoding in the vmPFC/mOFC may
contribute to expression-associated recognition differences.

Only a few previous studies investigated effects of facial expression on long-term
face recognition memory using shorter retention intervals ranging from days to weeks

(e.g., Anderson et al., 2006; Gupta and Srinivasan, 2009; Wang, 2013). The present
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study for the first time demonstrated that recognition memory for faces with threatening
emotional expressions was preserved for an extensive period of time of at least 1.5 years,
consistent with findings of immediate face recognition (Grady et al., 2007;
Keightley et al., 2011; Pinabiaux et al., 2013) and recognition after a 24-h delay (Wang,
2013). This finding is moreover in line with studies showing a memory advantage of
negative non-facial stimuli after a retention interval of 1 year (Dolcos et al., 2005; Erk
et al., 2010; Gavazzeni et al., 2012). In contrast to the expression-associated advantage
at delayed recognition, no impact of facial expression on immediate recognition was
observed, supporting the well-documented time-dependent emotion advantage that the
preferential recognition of emotional stimuli evolved over a delay (Cahill and McGaugh,
1998; Talmi, 2013; Yonelinas and Ritchey, 2015). More importantly, our finding
revealed a decrease in the recognition of non-threatening faces, which was also
consistent with previous studies examining the time-dependent effects of emotion for
non-facial stimuli and reporting that recognition of neutral stimuli decreased while
recognition of negative stimuli remained stable (LaBar and Phelps, 1998; Sharot and
Phelps, 2004). Notably, previous studies investigating emotional memory advantage
emphasized the role of arousal (Bradley et al., 1992; Hamann et al., 2001; LaBar and
Phelps, 1998). Indeed, arousal may bias processing toward salient information that
gains processing priority and thus contribute to enhanced consolidation (Mickley et al.,
2012; Ritchey et al., 2008). However, the enhanced memory for threatening faces in
our study is unlikely explained by arousal based on three lines of evidence. First, despite

generally lower arousal ratings for neutral faces in our study, threatening faces (angry
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and fearful, respectively) did not differ from happy or sad faces with respect to arousal.
Second, a moderation analysis further confirmed the lack of arousal effects by showing
a non-significant interaction of facial expression category by arousal on memory
performance (see Supplementary Results). Third, arousal ratings for each expression
at encoding between discriminative and non-discriminative group were not
significantly different. Given that faces are important social stimuli and threatening
facial expressions such as angry and fearful signal potential danger, maintaining
recognition of these stimuli over long intervals may represent an adaptive and survival-
relevant mechanism (Staugaard, 2010). In contrast, faces with non-threatening
expressions were forgotten over the retention interval probably due to their lower
significance for future encounters (Dunsmoor et al., 2015).

An exploratory analysis further examined the brain systems that may promote the
long-term recognition advantage. We observed decreased activity for threatening
relative to non-threatening faces in the right vimPFC, particularly the mOFC in the
discriminative group, suggesting that encoding-related activity in this region may
underlie individual differences in the long-term memory advantage for threatening
faces. This partly aligns with a previous study reporting an association between
encoding-related activation in prefrontal regions and the amygdala with subsequently
enhanced memory for negative non-facial emotional material over retention intervals
of up to 1 year (Erk et al., 2010). On the other hand — and in contrast to our hypothesis
- we did not observe differential coding of threatening vs. non-threatening faces in the

amygdala. The vmPFC/mOFC region constitutes a core node of the network engaged
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in emotional learning and value processing and, such that activity in these regions has
been associated with subjective emotional experience and processing of salient
emotional stimuli (Northoff, 2000; Tsukiura and Cabeza, 2011). Compared to the
amygdala, the vmPFC has been suggested to play a more complex and central role in
threat evaluation (Andrewes and Jenkins, 2019; Rolls, 2019) and as such is involved in
both threat expression and regulation (Coccaro, et al. 2007; Davidson et al., 2000) via
communication with the basolateral amygdala (Zhou et al., 2019; Delgado et al., 2016;
Coccaro, et al. 2007). Moreover, the mOFC in particularly has been implicated in
coding the threatening value of a stimulus in order to guide goal-directed behavior
(Rudebeck and Rich, 2018). Previous neuroimaging studies showed that negative facial
expressions (e.g., angry and fearful faces) elicited strong activation in OFC, particularly
in mOFC (Dougherty et al., 1999; Northoff, 2000; Satterthwaite et al., 2009), and this
engagement has been suggested to be related to inhibition of a behavioral response to a
perceived threat (Coccaro, et al. 2007). Correspondingly, patients with OFC lesions not
only judge negative facial expressions to be more approachable (Willis et al., 2010),
but also display increased approach and reduced avoidance behavior for angry facial
expressions (Buades-Rotger et al., 2020). Thus, a stronger differential coding of
threatening versus non-threatening faces in the vmPFC/mOFC as observed in the
discriminators may reflect that individual differences in threat evaluation, avoidance
and regulation can impact subsequent consolidation in turn promoting the formation of
stronger memory traces for threatening faces.

The findings of the present study need to be considered in the context of the
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strengths and limitations of the study design. The application of data-driven
multivariate PCA allowed us to detect hidden pattern in the confidence ratings in a
hypothesis-free manner. The consistent results with those found in univariate analysis
not only illustrate the potential of data-driven multivariate methods for analyzing
behavioral responses, particularly with high inter-individual variance, but also show the
robustness of the finding about long-term emotional expression effects. In addition, we
employed an innovative pattern similarity analysis of behavioral response (BPSA) by
capitalizing on the principal component of confidence ratings and each participant’s
rating pattern to unveil how subjects represent different emotional faces and identify
subjects who exhibited an expression-specific recognition advantage. This new method
could facilitate examination of individual differences in complex behavioral patterns,
including emotional memory, and improve the description of the underlying
mechanisms. On the other hand, the small number of face images for each expression
condition and the low hits did not permit a trial-wise fMRI analysis comparing
remembered versus non-remembered items as in the majority of previous studies
examining emotional memory effects (e.g. Becker et al., 2017). Future studies using a
larger set of face stimuli of each expression are needed to further explore the subsequent
memory effect of emotion. Moreover, to examine the long-term memory effect with
higher sensitivity and multivariate approaches, a dimensional confidence rating was
used at the long-term retention interval while the immediate recognition test
implemented a forced choice response. Although previous studies used a similar

approach to convert dimensional confidence ratings into binary responses (Weymar et

24


https://doi.org/10.1101/2020.08.25.266353
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.25.266353; this version posted August 25, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

al., 2011; Xiu et al., 2015), the results of direct comparison between immediate and
delayed recognition should be interpreted with caution. Finally, our study uncovered
the encoding-related neural basis of the emotional expression effects on long-term face
memory. However, the memory enhancement of emotion has also been attributed to
consolidation and retrieval processes (Dolcos et al., 2005; Ritchey et al., 2008; Schmidt
and Saari, 2007; Sharot, et al., 2007). Investigations of neural mechanism during
consolidation and retrieval stage may thus provide a more comprehensive
understanding of the formation of long-term emotional face memory.

Our study provides the first evidence for a recognition advantage of threatening
faces after a long-term interval of >1.5 years. Exploratory analyses further suggested
that individuals who exhibited the memory advantage for threatening faces showed
differential encoding of threatening versus non-threating faces in the vimPFC/mOFC as
compared to individuals who did not show an emotional memory effect. These findings
extend the theory of long-term emotional memory towards facial stimuli and sheds new
light on the encoding-related neural basis of the preserved memory for faces with

threating expressions.
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