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Abstract

Humans routinely integrate affective information from multiple sources. For example,
we rarely interpret an emotional facial expression devoid of context. Here, we describe the
neural correlates of an affective computation that involves integrating multiple sources, by
leveraging the ambiguity and subtle feature-based valence signals found in surprised faces.
Using functional magnetic resonance imaging, participants reported the valence of surprised
faces modulated by positive or negative sentences. Amygdala activity corresponded to the
valence value assigned to each face, with greater activity reflecting more negative ratings.
Amygdala activity did not track the valence of the faces or sentences per se. Moreover,
amygdala activity was functionally coupled with the nucleus accumbens only during trials with
positive contextual cues. These data suggest 1) valence-related amygdala activity reflects the
output of valence computation, rather than the valence values of each individual component, and

2) amygdalostriatal coupling underpins positive but not negative coloring of ambiguous affect.
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Introduction

Affective valence — the degree of positivity-negativity or pleasantness-unpleasantness — is
one of the core dimensions that underpins any emotional stimulus, event, or experience (Russell,
1980; Cacioppo et al., 1986; Lang, Bradley, & Cuthbert, 1998). Neural encoding of valence is
traditionally known to occur in several brain regions centered on the limbic system and its
interconnected network of cortical areas, which includes the amygdala-prefrontal circuitry. For
example, single-cell recording studies of nonhuman primates showed that neurons in the
amygdala (Belova, Paton, & Salzman, 2008; Paton et al., 2006), as well as the orbitofrontal
cortex (OFC)(Morrison & Salzman, 2009) encode negative and positive valence. Human
neuroimaging research also found that activity of the amygdala (Anders et al., 2008; Comte et
al., 2016; Costafreda et al., 2008; Cunningham, Van Bavel, & Johnsen., 2008; Jin et al., 2015;
Kim et al.,, 2017; Phelps & LeDoux, 2005), ventromedial prefrontal cortex (vimPFC)/OFC
(Chikazoe et al., 2014; Clithero & Rangel, 2013; Gottfried, O’Doherty, & Dolan, 2002) and the
dorsomedial prefrontal cortex (dmPFC)(Etkin, Egner, & Kalisch., 2011; Skerry & Saxe, 2014)
was associated with the valence value of emotional stimuli. Furthermore, studies utilizing
multivoxel pattern analysis (MVPA) of functional magnetic resonance imaging (fMRI) data and
meta-analyses of human neuroimaging studies showed that brain regions beyond the
corticolimbic areas, such as the precuneus, superior temporal sulcus, thalamus, anterior insula,
and the sensory cortex may also play a role in encoding modality-general or modality-specific
valence values (Chang et al., 2015; Kim, Shinkareva, & Wedell, 2017; Knutson, Katovich, &
Suri, 2014; Lindquist et al., 2016; Mattek et al., 2018; Miskovic & Anderson 2018).

In our previous work we demonstrated that the amygdala was able to track the valence

signal embedded within facial features, and the use of emotionally ambiguous surprised faces
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guaranteed this effect was unconfounded by the arousal dimension or emotion category (Kim et
al., 2017; Mattek, Wolford, & Whalen, 2017). Though this study and the aforementioned work
have collectively further elucidated the link between valence and patterns of neural activity, they
have primarily focused on responses to a single source of emotion (single stimulus presentations
of photos of emotion-eliciting scenes, facial expressions of emotion, or pleasant/unpleasant odor,
etc.). It remains to be seen how valence is represented in the brain when it is computed by
integrating multiple sources of affective information. To put it another way, it is possible that
the increased amygdala response to negative valence values observed in Kim et al. (2017)
reflects either 1) valence signals related to low-level features (i.e., facial features) only, or 2) the
subjective affective evaluation or judgment of those features. In the case of Kim et al. (2017)
and many other studies that relied on a single source of affective information to extract valence
values, these two processes are indistinguishable. Here, we use a task that involves multiple
sources of affective information to achieve meaningful delineation of the two processes.

To achieve this, we adopted a paradigm from a previous study (Kim et al., 2004), which
showed that clearly-valenced contextual information shifts the perception of an ambiguously-
valenced low-level signals (e.g., providing a scenario that depicts a negative situation such as
“He lost $500” paired with a surprised face). The perceptual shift in the valence of a
contextually-modulated surprised face in such case would be a result of a psychological process,
or valence computation, in which affective information from contextual cues and facial features
are integrated. It has been shown that surprised faces modulated with negative compared to
positive verbal context elicit increased amygdala activity (Kim et al., 2004). Such behavior of
the amygdala is generalizable to nonverbal contextual cues (e.g., negative pictures, fearful faces)

coloring the affective perception of neutral faces (Grupe et al., 2018; Lapate et al., 2016; McRae
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et al., 2012). This implies that the amygdala, at least at the level of activity that can be measured
with fMRI, may reflect the final output from a valence computation process, rather than the
valence value of context or features alone. Furthermore, there may be observable differences in
the functional connectivity patterns of the amygdala depending on the valence of a given context,
which could shed light onto a possible neural mechanism that underpins the integration of
affective information from top-down (e.g., context) and bottom-up (e.g., facial features) sources.

Of particular neuroanatomical interest to the latter point is the ventral striatum. Ventral
areas of the striatum include the nucleus accumbens (NAcc), which is well known for its role in
positive affect, desire, reward, and valuation (Berridge & Kringelbach, 2015; Wang, Smith, &
Delgado, 2016; see also Reynolds & Berridge, 2008 for NAcc’s role in oppositely-valenced
aversive behavior). The NAcc has extensive connections with the amygdala, which are mostly
characterized as afferent inputs from the amygdala’s basolateral nucleus (Alheid & Heimer,
1988; Pitkdnen, 2000; Rigoard et al., 2011). Animal studies have consistently demonstrated the
functional importance of this amygdalostriatal projection in processing positive valence (Beyeler
et al., 2018; Namburi et al., 2015; Stuber et al., 2011). Based on these findings, we sought to test
the idea that the NAcc and the amygdala may actively communicate via an amygdalostriatal
pathway during valence computation, particularly when affective information from facial
features become integrated with positive contextual information.

Here, we used fMRI to test whether the activity of the amygdala encoded the combined
valence of contextually modulated surprised faces (i.e., output of valence computation), or the
valence of the components — contextual cues versus facial features (i.e., input of valence
computation). If amygdala activity reflects the subjective evaluation or judgment with respect to

valence, then the data would support the former prediction. Conversely, if the amygdala
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primarily encodes the valence values that are generated from the bottom-up, then the data would
follow the latter prediction, tracking the valence values embedded within the facial features.
Based on the idea that the information from context and features are integrated during valence
computation, we also examined whether the amygdala would show increased functional coupling
with the NAcc when incorporating positive, but not negative contextual information. The main
hypotheses were that 1) valence computed from multiple sources of affective information would
be reflected in the amygdala, with more negative valence values corresponding to monotonic
increase in activity; and 2) the amygdala would show greater functional connectivity with the

NAcc only when the faces were modulated by positive contextual cues.

Method

Participants

Twenty-seven undergraduate students participated in the current study. Data from three
participants were removed from further analyses due to excessive head movement during the
fMRI scanning sessions (> 1.5 mm). Thus, a total of 24 healthy volunteers (15 females, ages 18-
21 years, mean age = 19 years) were included in the current study. Given the within-subjects
design employed in the present study, this sample size (n = 24) corresponded to the number of
participants needed to attain 80% power to detect amygdala findings, based on a power analysis
using a standard effect size that is associated with typical emotional tasks (Cohen’s d =
~0.6)(Poldrack et al., 2017). All participants were screened for past or current psychiatric
illnesses (Axis I or II) using the Structured Clinical Interview for DSM-IV (SCID)(First et al.,

1995). No participants had any history of taking psychotropic medications. Prior to the
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experiment, all participants gave written, informed consent in accordance with the guidelines set

by the Committee for the Protection of Human Subjects at Dartmouth College.

Stimuli

A total of 36 surprised faces were selected from the Pictures of Facial Affect (Ekman &
Friesen, 1976), NimStim (Tottenham et al., 2009), and Karolinska Directed Emotional Faces
(Lundqvist, Flykt, & Ohman, 1998) facial expression sets, which were identical to those used in
our previous fMRI study (Kim et al., 2017). These 36 identities were categorized as having
positive features (consensus positive), ambiguous features (no consensus), or negative features
(consensus negative); these labels (12 identities in each) were based on the ratio of negative
ratings each face received from a two-alternative forced choice task, and reflects the varying
degree of valence signals embedded within the facial features of surprise (Kim et al., 2017).
Previous work has shown that categorical classifications of valence can predict over 95% of the
variance in continuous valence values (Mattek, Wolford, & Whalen, 2017). The rationale for
choosing these 36 identities was twofold: 1) to facilitate comparison with our previous fMRI
study, in which only the faces were presented without contextual cues, and 2) to explore the
potential effects of feature-based valence of the faces per se and their interaction with contextual
cues. A total of 12 sentences (6 positive, 6 negative), which were matched for absolute valence
and arousal, were adopted from a previous study (Kim et al., 2004). Full list of the sentences is

available in the appendix of Kim et al. (2004).

Experimental Procedure
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A modified version of a context modulation paradigm from Kim et al. (2004) was used
for the current study. Modification included introducing 1) jittered inter-stimulus interval (2.5-
3.6 s) between the presentation of a sentence and a face, 2) a response period during which
participants rate the preceding face using a 9-point Likert rating scale, and 3) jittered inter-trial
interval (2.5-3.6 s) between the rating trial and the appearance of the next sentence, to allow for
analyses of rapid event-related fMRI data (Figure 1). Using E-Prime software, all of the stimuli
were back projected onto a screen, on which the participants viewed during fMRI scanning
through a mirror that was mounted on the head coil. All faces were gray scaled and normalized
for size and luminance.

During fMRI scanning, participants viewed pairs of sentences and surprised faces. The
sentences provided verbal context by briefly explaining why the following face is making a
surprised expression. Each sentence had two versions — positive and negative (e.g., “He just
found $500” and “He just lost $500), which were matched for absolute valence and arousal
ratings (Kim et al., 2004). The sentences were always presented before the faces, which were
followed by a 9-point Likert rating scale (ranging from -4 to +4; -4 = very negative, +4 = very
positive) during which the participants were asked to report the valence of the surprised face
using a MR compatible response box. Using two buttons, participants were able to select their
responses on each trial by moving the slider in either direction of the scale. Once the participants
selected the desired response, they were instructed to wait for 2 seconds before the next trial.
Sentences and faces were presented on the screen for 2,000 ms and 500 ms, respectively. Each
of the 36 surprised faces was paired with two positive and two negative versions of the sentence,
yielding a total of 144 trials, which was evenly split into four 8-minute runs. In sum, there were

a total of six conditions: 1) positive features + positive context, 2) positive features + negative
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context, 3) ambiguous features + positive context, 4) ambiguous features + negative context, 5)

negative features + positive context, 6) negative features + negative context.

Sentence (2 s)
“She just received an F on her paper”

Fixation (2.5-3.6 s)

Face (0.5 s)
[Surprised Face]

Fixation (2.5-3.6 s)

Please rate how positive or negative
the expression on that face was

Response (5 s)

Negative Positive

4 3 2101 2 3 4

Figure 1. An example trial structure used in the fMRI experiment. Participants were told that
the sentence describes a short scenario explaining why the person is making that expression.
Then, they were carefully instructed to rate how positive or negative the expression on that face
was.
Image Aquisition

All participants were scanned at the Dartmouth Brain Imaging Center using a 3.0 Tesla
Philips Intera Achieva Scanner (Philips Medical Systems, Bothell, WA) equipped with a 32-
channel head coil. High-resolution anatomical T1-weighted magnetic resonance images were
scanned using a magnetization-prepared rapid gradient echo sequence (MP-RAGE), with 220

sagittal slices (TE = 3.7 ms, TR = 8.2 ms, FOV = 240 mm, flip angle = 8°, voxel size = 0.9375 x

0.9375 x 1 mm). Functional images were acquired using echo-planar T2*-weighted imaging
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sequence. Each volume consisted of 33 interleaved 3-mm thick slices with 0.5 mm interslice gap

(TE=35 ms, TR=2,000 ms, FOV=240 mm, flip angle=90°, voxel size=3x3x3.5 mm).

JMRI Data Analysis

All fMRI blood-oxygen-level-dependent (BOLD) data were first preprocessed using
SPM8 (Wellcome Department of Imaging Neuroscience, London, UK). Raw functional images
were corrected for slice timing and head movement. None of the remaining 24 participants had
head movement more than 1.5 mm in any direction. Functional images were then normalized to
standard space (3x3x3 mm) using the Montreal Neurological Institute (MNI)-152 template.
Spatial smoothing was applied to the normalized functional images using a Gaussian kernel of 6
mm full width at half maximum.

For each participant, two separate general linear models (GLM) were constructed: 1) a
GLM that incorporated a parametric modulator (idiosyncratic valence ratings for each trial) of
the height of the hemodynamic response during the face trials (GLM;), and 2) a GLM that
incorporated the six task conditions (modeled at the onset of the faces) plus the two context types
(modeled at the onset of the sentences), convolved with a hemodynamic response function
(GLM). Covariates of no interest (a session mean, a linear trend for each run to account for
low-frequency drift, and six movement parameters derived from realignment corrections) were
also included in both GLMs. Linear contrast maps for the parametric modulator (GLM;), each
condition versus fixation (GLM;), as well as negatively modulated surprise versus positively
modulated surprise (i.e., contextual modulation effects; GLM;) and surprise faces with negative
features versus positive features (i.e., feature-based valence effects; GLM;) were generated for

each participant. The latter two contrasts were selected a priori to facilitate direct comparison
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with the findings from Kim et al. (2004) and Kim et al., (2017), respectively, in which the same
contrasts were used to observe changes in amygdala activity. Contrast maps were then entered
into a random effects model, which accounts for inter-subject variability and allows population-
based inferences to be drawn. In addition, to accommodate the 2 x 3 factorial design of the
current experiment, a voxelwise 2 x 3 analysis of variance (ANOVA) model was generated from
each condition versus fixation contrast maps.

Psychophysiological interaction (PPI) analysis (Friston et al., 1997) was performed in
order to assess the context-related differences in functional connectivity between the amygdala
and other brain regions, especially the nucleus accumbens. Amygdala voxels that were found to
show increased activity to negatively modulated surprise vs. positively modulated surprise
(GLM) were used as a seed region of interest (ROI) for the PPI analysis. Average timeseries
data from these amygdala voxels were deconvolved from the hemodynamic function, multiplied
by the onsets of negatively modulated surprise vs. positively modulated surprise, and then
convolved again with the hemodynamic function. This regressor, which represents the
interaction between the psychological and physiological signal estimates, was entered into a
general linear model, as well as the onsets of each task condition, timeseries data for the seed
ROI, and the covariates of no interest. Linear contrast map of negatively modulated surprise
versus positively modulated surprise was constructed for each participant, and then submitted to
a random effects model.

Given our a priori hypothesis of the amygdala, we imposed a significance threshold of p
< 0.05 corrected for multiple comparisons over the bilateral amygdala volume defined using the
Automated Anatomical Labeling atlas (Maldjian et al., 2003), as determined by Monte Carlo

simulations (r = 10,000) implemented in 3dClustSim within AFNI software (Cox, 1996).
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3dClustSim, in conjunction with 3dFWHM0Xx, allows for a more accurate calculation of corrected
thresholds by incorporating the use of advanced spatial autocorrelation function to estimate noise
smoothness. The corrected p < 0.05 threshold within the amygdala corresponded to uncorrected
p < 0.005, k > 4 voxels (108 mm?). In addition, for the PPI analysis, we used a corrected
threshold of p < 0.05 over the volume of the bilateral NAcc, defined using the Harvard-Oxford
probabilistic atlas (Desikan et al., 2006). Using the same procedures described above, corrected
p < 0.05 was achieved by using uncorrected p < 0.005, k > 4 voxels (108 mm?) for the NAcc.
For the all other brain regions, whole-brain corrected p < 0.05 threshold was achieved by using

uncorrected p < 0.001, k> 53 voxels (1,431 mm?®) computed through Monte Carlo simulations.

Post-Scan Assessment

Upon exiting the scanner, in order to measure each participant’s valence bias, they
viewed all 36 individual surprised faces (200 ms per face) sequentially in a randomly shuffled
order and asked to rate the valence of each face on a 9-point Likert scale that ranges from -4 to
+4 (-4 = very negative, +4 = very positive). Valence bias refers to a trait-like tendency to view
emotionally ambiguous stimuli, such as surprised faces, as positive or negative (Neta, Norris, &
Whalen, 2009; Petro et al.,, 2018). Valence bias was operationally defined as the ratio of
negative ratings (< 0) across all 36 faces. As a manipulation check, the participants also viewed
all 12 sentences (2 s per sentence) sequentially in a randomly shuffled order and were asked to
rate the valence on each sentence using the same scale described above. As a final step,
participants filled out the State-Trait Anxiety Inventory Form-Y (STAI; Spielberger, Gorsuch, &
Lushene, 1988) and the Positive and Negative Affective Schedule (PANAS; Watson, Clark, &

Tellegen, 1988). All of the post-scan measurements were used to quantify the individual
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difference factors that might possibly influence the perceived valence of surprised faces (i.e.,
valence bias, anxiety, mood). State anxiety scores (STAI-S) were used as a proxy for each
participants’ current anxiety levels. Both PANAS negative and positive mood scores were used

as an index of current mood.

Results

Behavioral Results

Valence ratings of the surprised faces summarized by six conditions, averaged across all
24 participants were as follows (Figure 1): positive feature + positive context (M + SD = 2.1 +
0.66), positive feature + negative context (-0.85 + 0.91), ambiguous feature + positive context
(1.15 + 0.9), ambiguous feature + negative context (-2.12 £+ 0.74), negative feature + positive
context (0.44 = 1.01), negative feature + negative context (-2.21 + 0.61). Repeated measures
ANOVA results showed a significant main effect of feature (F(246) = 62.8, p < 0.000001, partial
n = 0.73), a significant main effect of context (F(123)= 122.1, p < 0.000001, partial 7 = 0.84),
and a significant interaction (Fi246) = 15.1, p < 0.000001, partial 7 = 0.4) of valence ratings,
indicating the participants did not wholly depend on contextual cues and utilized subtle facial
features during valence computation (Figure 2). Post hoc analysis revealed that all condition
pairs except [ambiguous feature + negative context & negative feature + negative context] were
significantly different from each other (all ps < 0.000001).

Post-scan valence ratings for the faces (without sentences) and sentences (without faces)
served as a manipulation check. Consistent with the feature-based labels, the participants rated
faces with positive features (0.86 + 0.87), ambiguous features (-0.69 + 0.8), or negative features

(-1.35 + 0.57) accordingly (repeated measures ANOVA: Fa46) = 81.5, p <0.000001, partial =
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0.78; all post hoc pairwise differences were significant at Bonferroni corrected p < 0.05). Also,
as expected, valence ratings for positive sentences (2.96 + 0.38) and negative sentences (-2.95 +
0.45) were significantly different (¢23) = 36.4, p < 0.000001, d = 7.43). Valence bias, quantified
as the ratio of negative ratings across 36 surprised faces presented without contextual cues,
yielded an average of 0.55 (£ 0.14; range 0.36-0.92). Descriptive statistics of the self-report
measures of anxiety and mood are as follows: STAI-S (34 + 9.92), PANAS-P (26.21 + 5.38),

PANAS-N (13.75 £ 5.5).

+4 ® Positive Context
Negative Context

+3

+2

I X RO T ¥ ¥ Y

+1 1

o ooo -’-‘: ol o0 oo
L4

wd oo o

°
o

Valence Ratings
o

Positive Feature Ambiguous Feature Negative Feature

Surprised Faces

Figure 2. Valence ratings for surprised faces summarized by context and facial features. The
box-and-whisker and swarm plots are used to illustrate the clearly distinguishable patterns
between positively modulated (blue) and negatively modulated surprised faces (orange), which
indicate a substantial main effect of context in shifting the perception of valence in surprise.
Main effects of feature as well as the interaction were also significant. Horizontal line within the
box represents the mean, the upper- and lower-bounds of the box corresponds to the quartiles of
the data, and the whiskers show the rest of the distribution.
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JMRI Results

Participant’s valence rating to each face-context pair significantly modulated the activity
of the right amygdala (MNI 21, 0, -21; #23) = 3.52, mean S = 0.15, k= 10 voxels, d = 0.76; see
Figure 3), indicating that trials with more negative ratings were associated with increased
amygdala response. Here, f represents the amount of increase in activity per unit of the valence
scale. All other brain regions showing significant parametric modulation effects are summarized

in Table 1.

Figure 3. Parametric modulation analysis showing right amygdala activity was increased to
trials where the participants responded with more negative ratings.

Consistent with the results from the parametric modulation analysis, a significant increase
in right amygdala activity was related to a contrast between negatively modulated surprised faces
vs. positively modulated surprised faces (MNI 24, 3, -21; f23) = 3.75, k= 20 voxels, d = 0.79;
Figure 4A). This effect was robust across surprised faces with positive, ambiguous, and negative
features. Not surprisingly, the whole brain activation patterns shown in this contrast, which
included the right postcentral gyrus and the right superior parietal lobule, were similar to those
found in the parametric modulation analysis, as negatively modulated surprised face trials tend to

be when the participants would respond with more negative valence ratings. Neither the
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surprised faces with negative features vs. positive features contrast (collapsed across negative
and positive context), nor the negative context vs. positive context contrast (comparing
sentences) yielded significant brain activity, including the amygdala.

PPI analysis showed that the functional connectivity between the amygdala voxels from
GLM; (negatively modulated surprised faces vs. positively modulated surprised faces contrast)
with the right ventral striatum was stronger when the faces were paired with positive sentences
compared to negative sentences (MNI 9, 15, -6; t03) = 4.16, k= 13 voxels, d = 0.82; Figure 4B).
No other region was differentially coupled with the amygdala during the tasks. Neither the right
amygdala activity nor the degree of the right amygdala-NAcc functional connectivity was

correlated with valence bias, or self-reported levels of anxiety or mood.

(g)

0.7

POSITIVE CONTEXT

0.6

0.5

0.4

0.3

R Amygdala-R NAcc
Functional Connectivity Estimates

0.2

0.1 ’—‘

Negative Context Positive Context

Figure 4. Psychophysiological interaction analysis showing that the functional connectivity of
the (A) amygdala and the (B) NAcc was dependent on the valence of the contextual information.
(C) Amygdala and the NAcc were functional coupled when processing faces modulated by
positive, but not negative context. We note that the bar graphs presented here are for illustration
purposes only.
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For completeness, the results from the whole brain voxelwise ANOVA are reported in
Table 2. Interestingly, post hoc examination of brain regions displaying significant interactions
between contextual cues and facial features, including the dmPFC (MNI -6, 27, 54; F(2.46) = 28.2,
k=201 voxels, partial 77 = 0.58; see Figure 5), all showed that this effect was driven by greater
response to positive surprised faces that were being modulated by negative sentences compared

to positive sentences.

A B

2 * OContext (Pos)
1.8 OContext (Neg)
1.6
14
1.2

1
0.8
0.6
0.4
0.2

0 I - —
Positive Ambiguous Negative

Parameter Estimates

30 F
OI

Figure 5. (A) Activity of the dmPFC reflects an interaction between facial features and
contextual cues. (B) Post hoc analysis showed that this interaction was driven by a significant
difference in dmPFC BOLD signal response to positive surprised faces modulated by negative
context versus positive context (*p < 0.05, Bonferroni corrected). Similar patterns emerged for
all other brain regions that showed a significant context x feature interaction effect.

Discussion
The present study leveraged two unique characteristics of surprised facial expressions: 1)
that their perceived valence is malleable and can be shifted across bipolar valence (positive to
negative) while maintaining a consistent level of arousal (Mattek, Wolford, & Whalen, 2017),

and 2) that there are subtle, quantifiable features embedded within the face per se that guides our
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perception of valence (Kim et al., 2017). We demonstrated that the valence of surprised facial
expressions, which were computed by integrating two sources of information — contextual
sentences and facial features — is reflected in the activity of the right amygdala. Furthermore,
this region of the amygdala was functionally coupled with the NAcc, only when the perceived
valence values were shifted due to positive contextual cues. The observed effects were not
explained by individual differences in valence bias, mood, or anxiety levels. These data suggest
that valence-related amygdala activity resembles the output of a valence computation process,
rather than the valence values of each individual component that serves as an input. It also
highlights a possible neural mechanism for affective coloring that may be specific for positive
valence, via an amygdalostriatal pathway.

First, we replicated the findings from a previous study (Kim et al., 2004) by showing
increased amygdala activity in response to surprised faces paired with negative sentences versus
positive sentences. Then, we expanded upon these findings in three ways: 1) connecting trial-by-
trial behavioral responses with fMRI data using parametric modulation analysis, 2) assessing the
amygdalostriatal functional connectivity using PPI analysis, and 3) examining the potential
behavioral and neural effects of low-level facial features. As expected, amygdala activity was
parametrically modulated by the valence ratings, such that the more negative ratings were
associated with greater amygdala BOLD signals. The outcomes from the parametric modulation
analysis in particular offer a useful hint about the information that is being held in valence-
related amygdala activity. That is, as these amygdala responses are associated with behavioral
responses during assigning valence values, they may be reflecting the perceived valence that has
already been integrated from available sources of information — namely, contextual cues and

facial features. In other words, amygdala activity may be representing the final output of a
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valence computation process, or the subjective evaluation/judgment regarding valence values,
which would be consistent with reports that a subset of amygdala neurons follow the subjective
judgment of perceived emotional faces, rather than their stimulus properties (Wang et al., 2014).
This assertion is corroborated by the observation that amygdala activity was not associated with
the valence values of contextual cues (i.e., no amygdala responses to negative vs. positive
context) or facial features (i.e., no amygdala responses to surprise faces with negative features
versus positive features) separately. Considering the findings of our previous fMRI study that
did show significant increases in amygdala activity to surprise faces with negative features
versus positive features (Kim et al., 2017), the present data demonstrates that valence-related
amygdala activity is unlikely to reflect the valence values generated from the bottom-up (or any
single source, when multiple sources of information is available); rather, it is likely to represent
the final, integrated valence values on which the perceiver has decided.

Notably, this area of the amygdala was functionally coupled with the NAcc only during
trials with faces paired with positive context, but not negative context. This is consistent with
the known role of the NAcc in reward processing and positive affect from both animal research
(Berridge & Kringelbach, 2015) and human neuroimaging studies (Wang, Smith, & Delgado,
2016). The present findings fit well with evidence from animal work highlighting the
importance of amygdala-NAcc interactions via amygdalostriatal pathways in processing positive
valence (Beyeler et al., 2018; Namburi et al., 2015; Stuber et al., 2011). Based on the findings
that the amygdala-NAcc projections are largely characterized as afferent input from the
amygdala into the NAcc (Pitkénen, 2000), it would seem to be likely that the amygdala, which
holds the final, integrated valence value, communicates this information to the NAcc when the

contextual cues carry a positive meaning, engaging the reward system of the brain. Perhaps this
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is reflective of an automatic, intrinsic neural process that is designed to learn the association
between a given positive context-surprised face pair. However, we cannot rule out the
possibility that the NAcc may be sending signals to the amygdala via direct or indirect pathways.
A possible alternative interpretation is that in order to perceive a surprised face in a positive
light, a more concerted effort between the amygdala and NAcc may be needed to override the
primacy of its negative interpretation (Neta & Whalen, 2010; Petro et al., 2018). Of course,
functional connectivity measure from PPI analyses cannot imply directionality on its own, and
thus such interpretation should be considered with caution.

While we have focused on the amygdala’s role in managing valence information for the
purposes of the current study, we are of course not suggesting that the amygdala is the sole
neural site for such processes. Rather, it is becoming increasingly important to consider the role
of other brain regions for encoding valence. In this regard, it would be useful to compare the
present study with a number of notable works on the neural bases for valence encoding. An
fMRI study by Jin and colleagues (2015) used odor stimuli that ranged from very pleasant (e.g.,
lemon) to very unpleasant (e.g., sulfurous), and found that the activity of the amygdala
represented a unidimensional valence code. Thus, the valence reported by the participants is
almost exclusively based on strong, visceral reactions (Jin et al., 2015). Skerry and Saxe (2014),
on the other hand, used a different approach to examine the neural representation of valence.
They focused on how we infer emotions from situations and context (e.g., short clips of
animations depicting a scenario where the character’s emotional state is affected), and found that
the activity of the dmPFC represented the high-level conceptual representation of valence
(Skerry & Saxe, 2014). Due to the involvement of top-down inferential process, the valence

being studied in the latter study may be more comparable to high-level social cognition such as
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theory of mind, rather than the bottom-up, stimulus-driven approach used by the former. These
two studies and others (e.g., Comte et al., 2016; McRae et al., 2012; Ochsner et al., 2009)
illustrate the importance of considering how the valence was generated in exploring its neural
underpinnings. The current study is situated in between, as we examined the neural correlates of
a valence computation process that requires both bottom-up generated reactions and top-down
inference.

Exploratory analyses of the whole brain yielded responses of the inferior frontal gyrus,
inferior parietal lobule, middle frontal gyrus, and dmPFC during the processing of conflicting
information between the facial features and contextual cues. We are careful not to overly
interpret these post hoc findings, but it is notable that the dmPFC offers an interesting
explanation in particular, as it and the adjacent dorsal anterior cingulate cortex are responsive to
conflicting information more generally (Botvinick, Cohen, & Carter, 2004; Etkin et al., 2006).
More recently, the dmPFC and the dorsal anterior cingulate cortex have been suggested to be
broadly involved in performing tasks and detecting/selecting salient stimuli, as a part of the task
activation network (Dosenbach et al., 2006) and the salience network (Seeley et al., 2007),
respectively. In light of this view of the dmPFC, it seems plausible to understand that positive
stimulus features within a negative context may provide a mismatch in information, even if the
features are subtle, and likely requires a greater deliberate effort to change the valence.
Interestingly, the amygdala and the ventral striatum (including the NAcc) are also considered as
a part of the salience network (Seeley et al., 2007). Putting the findings from the present study
together, the following speculative suggestion can be made: during valence computation,
whether the amygdala communicates with the NAcc depends on the available contextual cue,

which is integrated with the low-level affective information from the features to produce the final
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valence value. Throughout this process, the dmPFC may be particularly sensitive to conflicting
information from the two sources, and potentially acts to resolve this mismatch.

Of course, the present study is not without limitations that could be addressed in future
studies. An alternative reason for the lack of feature-based valence effects in the amygdala,
despite the significant main effect of facial features on a behavioral level, may be attributable to
the experimental design used in the present study. Participants were explicitly evaluating the
valence of the faces, and it has been suggested that an explicit emotional task may have
substantial mitigating impact on amygdala activity (Costafreda et al., 2008). In contrast, our
previous fMRI experiment involved simple passive viewing of faces, which may have allowed us
to observe feature-based valence effects in the amygdala (Kim et al.,, 2017). Future studies
employing an orthogonal task may be able to locate the fine-grained valence information based
on subtle facial features encoded in the brain, amidst the substantial effect of context. In
addition, yet another possibility is that it may not be feasible to observe brain activity that
encodes each individual component of valence computation (e.g., valence value of faces per se),
due to the limited temporal resolution of fMRI and lagged response of BOLD signals. If valence
computation requires valence values for each individual component as its input, it follows then
that this information must be encoded in the brain. One way to locate this valence code in future
studies is the inclusion of trials without contextual cues, such that feature-based valence effect
within the amygdala and other brain regions could be estimated. Also, due to the purposes of the
present study, we chose to primarily focus on the amygdala’s role in encoding valence. As
increasing evidence points to the likelihood that valence information may be represented as
distributed brain activity patterns (Chang et al., 2015; Chikazoe et al., 2014; Kim, Shinkareva, &

Wedell, 2017; Knutson, Katovich, & Suri, 2014; Lindquist et al., 2016; Miskovic & Anderson
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2018), the idea of a valence code possibly being represented in a distributed manner should be
considered. Future work would be able to build on the present findings and extend the scope to
assess whole brain voxels using an MVPA approach. Finally, our recent fMRI work suggests
different brain regions that seemingly encode valence may emerge depending on how core
affective dimensions are defined (e.g., valence/arousal dimensions vs. positivity/negativity
dimensions)(Mattek et al., 2018). One suggested approach is to consider all four affective
dimensions when collecting and analyzing data to further elucidate the link between valence
values and brain activity.

To summarize, the current study showed that, when given multiple sources of
information, our ability to incorporate and integrate them to produce a subjective assessment of
perceived valence as reflected in rating behavior is also represented in the amygdala. Findings
from the present study imply that the amygdala isn’t simply encoding valence from a single
source, but is able to update and modify by incorporating contextual cues. Integrating positive
contextual cues in particular involves functional coupling of the amygdala and the NAcc. The
present data shed light on the role of the amygdala in valence computation, which in turn offers a
possible neural mechanism that may underpin how affective information from multiple sources

are integrated and processed to guide our behavior.
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Tables
Table 1. Brain regions showing parametrically modulated BOLD signal response to valence

ratings of surprised faces from exploratory whole brain analysis.

Brain Region Side t X y oz

Increased Activity to Negative Ratings

Lingual Gyrus L 6.2 -18 96 -12
Superior Parietal Lobule R 5.5 27 -63 57
Postcentral Gyrus R 4.7 51 -15 54

Increased Activity to Positive Ratings

No brain regions were observed
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Table 2. Brain regions showing significant BOLD signal response to the main effects and

interaction of the context x feature voxelwise ANOVA from exploratory whole brain analysis.

Brain Region Side F X y z
Main Effect of Context

Middle Occipital Gyrus L 294 21 -102 -39
Middle Occipital Gyrus R 21.0 48 72 9
Postcentral Gyrus R 54.3 54  -15 54
Superior Parietal Lobule R 259 27  -63 66

Main Effect of Feature

No brain regions were observed

Context x Feature Interaction

Inferior Frontal Gyrus 35.2 60 21 9

Inferior Frontal Gyrus 193  -51 18 9

Inferior Parietal Lobule 24.9 57 -57 54

Dorsomedial Prefrontal Cortex 28.2 -6 27 54

A O ®m o =%

Middle Frontal Gyrus 21.5 45 18 42
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Figure Legends

Figure 1. An example trial structure used in the fMRI experiment. Participants were told that
the sentence describes a short scenario explaining why the person is making that expression.
Then, they were carefully instructed to rate how positive or negative the expression on that face

was.

Figure 2. Valence ratings for surprised faces summarized by context and facial features. The
box-and-whisker and swarm plots are used to illustrate the clearly distinguishable patterns
between positively modulated (blue) and negatively modulated surprised faces (orange), which
indicate a substantial effect of context in shifting the perception of valence in surprise. Main
effects of feature as well as the interaction were also significant. Horizontal line within the box
represents the mean, the upper- and lower-bounds of the box corresponds to the quartiles of the

data, and the whiskers show the rest of the distribution.

Figure 3. Parametric modulation analysis showing the right amygdala whose activity was

increased to trials where the participants responded with more negative ratings.

Figure 4. Psychophysiological interaction analysis showing that the functional connectivity of
the (A) amygdala and the (B) NAcc was dependent on the valence of the contextual information.
(C) Amygdala and the NAcc were functional coupled when processing faces modulated by
positive, but not negative context. We note that the bar graphs presented here are for illustration

purposes only.
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Figure 5. (A) Activity of the dmPFC reflects an interaction between facial features and
contextual cues. (B) Post hoc analysis showed that this interaction was driven by a significant
difference in dmPFC BOLD signal response to positive surprised faces modulated by negative
context versus positive context (*p < 0.05, Bonferroni corrected). Similar patterns emerged for

all other brain regions that showed a significant context x feature interaction effect.
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