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Abstract

Social avoidance behavior (SAB) produces impairment in multiple domains and contributes to the development and mainte-
nance of several psychiatric disorders. Social behaviors such as SAB are influenced by approach-avoidance (AA) motivational
responses to affective facial expressions. Notably, affective facial expressions communicate varying degrees of social reward
signals (happiness), social threat signals (anger), or social reward-threat conflict signals (co-occurring happiness and anger).
SAB is associated with dysregulated modulation of automatic approach-avoidance (AA) motivational responses exclusively
to social reward-threat conflict signals. However, no neuroimaging research has characterized SAB-related modulation of
automatic and subjective AA motivational responses to social reward-threat conflict signals. We recruited 30 adults reporting
clinical, moderate, or minimal SAB based on questionnaire cutoff scores. SAB groups were matched on age range and gender.
During fMRI scanning, participants completed implicit and subjective approach-avoidance tasks (AATs), which involved
more incidental or more explicit evaluation of facial expressions that parametrically varied in social reward signals (e.g.,
50%pappy)» social threat signals (€.g., 50% pqry), OF social reward-threat conflict signals (e.g., 50%y,ppy + 50%ppgry)- In the
implicit AAT, SAB was associated with slower automatic avoidance actions and weaker amygdala-pgACC connectivity exclu-
sively as a function of social reward-threat conflict signals. In the subjective AAT, SAB was associated with smaller increases
in approach ratings, smaller decreases in avoidance ratings, and weaker dIPFC-pgACC connectivity exclusively in response
to social reward-threat conflict signals. Thus, SAB is associated with dysregulated modulation of automatic and subjective
AA motivational sensitivity to social reward-threat conflict signals, which may be facilitated by overlapping neural systems.
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Introduction

Social avoidance behavior (SAB) disrupts both the forma-
tion and maintenance of social relationships, which plays
an important role in the development of mood, anxiety, and
psychotic disorders (Dunbar & Shultz, 2007; Keltner &
Kring, 1998; Umberson & Montez, 2010). Broadly, SAB
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consists of withdrawing during social interactions, prema-
turely terminating social interactions, and/or avoiding social
interactions entirely (Blalock & Joiner, 2000). From a func-
tional perspective, SAB reduces negative affect associated
with potential or anticipated social exclusion (Cacioppo &
Cacioppo, 2014; Cacioppo & Hawkley, 2009; Kupferberg
et al., 2016). However, SAB also produces and/or exac-
erbates social isolation, which erodes social relationships
and maintains chronic distress (Hawkley et al., 2007; Masi
et al., 2011). As a result, SAB putatively serves as a trans-
diagnostic risk factor for the development and maintenance
of multiple psychiatric disorders (for reviews, see Porcelli
et al., 2019; Cotter et al., 2018). For example, patients with
Major Depressive Disorder (MDD) or Social Anxiety Disor-
der (SAD) exhibit distinct clinical profiles, but demonstrate
equivalent levels of SAB (Ottenbreit et al., 2014). Even
within the same disorder, such as SAD, patients exhibit
varying degrees of SAB ranging from prototypical social
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avoidance to atypical risky social approach (Kashdan &
Hofmann, 2008). Therefore, it is important to characterize
mechanisms that contribute to SAB specifically, rather than
psychopathology more generally.

Social behaviors, such as SAB, are guided in part by
approach-avoidance (AA) motivational responses to affec-
tive facial expressions (Ambadar et al., 2005; Barrett et al.,
2019; Frith, 2009; Rilling & Sanfey, 2011; Strack & Deutsch,
2004). For example, happy facial expressions frequently serve
as social reward signals that communicate an opportunity for
social affiliation. As a result, happy facial expressions typi-
cally activate approach motivational responses (Stins et al.,
2011). In contrast, angry facial expressions frequently serve
as social threat signals that communicate an opportunity for
social exclusion. As such, angry facial expressions typically
activate avoidance motivational responses (Marsh et al.,
2005; Vrana & Gross, 2004). However, it is important to note
that social reward signals or social threat signals conveyed
by affective facial expressions are not always perceived in
this manner. For example, happy facial expressions may acti-
vate avoidance motivational responses if perceived as mock-
ing and/or an opportunity for social exclusion (Cacioppo &
Hawkley, 2009). Additionally, angry facial expressions may
activate approach motivational responses if perceived as an
opportunity to establish social dominance over another indi-
vidual (Krieglmeyer & Deutsch, 2013). Thus, affective facial
expressions may activate differing motivational responses
across individuals and/or environmental contexts.

To measure AA motivational responses to affective
facial expressions, previous research has employed vari-
ous versions of the Approach-Avoidance Task (Heuer
et al., 2007; Rinck & Becker, 2007). In the AAT, partici-
pants make behavioral responses (e.g., pushing or pull-
ing a joystick) that increases or decreases stimulus size to
simulate approach and avoidance in response to a stimu-
lus (van Peer et al., 2010). Previous research has utilized
both implicit and explicit versions of the AAT paradigm
to measure AA motivational responses to affective facial
expression (Roelofs et al., 2009). In the implicit AAT, par-
ticipants are instructed to make AA motivational responses
based on a contingency that is independent of the emotion
conveyed by a facial expression (e.g., male face = pull;
female face = push). In the explicit AAT, participants are
instructed to make AA motivational responses based on
a contingency that is dependent on the emotion conveyed
by a facial expression (e.g., happy face = pull; angry face
= push). In this manner, AA motivational responses can
be directly compared when facial affect is incidentally
or explicitly evaluated. However, it should be noted that
AAT paradigms cannot fully disentangle the contribution
of Pavlovian, habitual, and instrumental processes (Huys
et al., 2011). Thus, rather than assessing dualistic moti-
vational systems, implicit and explicit AAT paradigms

may assess relatively more automatic or relatively more
controlled AA motivational responses, respectively (Rot-
teveel et al., 2015; Rotteveel & Phaf, 2004).

In AAT paradigms, the strength of AA motivational
responses is typically quantified as the reaction time (RT)
required to “approach” or “avoid” affective facial expres-
sions. Specifically, RTs are compared between AA motiva-
tional responses that are congruent (e.g., happy = approach)
or incongruent (e.g., happy = avoid) with the emotion con-
veyed by an affective facial expression (Roelofs et al., 2005;
Rotteveel & Phaf, 2004). In explicit AAT paradigms, affec-
tive facial expressions reliably elicit slower RTs during emo-
tion incongruent compared to emotion congruent conditions
(Roelofs et al., 2005; Rotteveel et al., 2015). In implicit AAT
paradigms, however, affective facial expressions less reliably
elicit differences in RTs between emotion incongruent and
emotion congruent conditions (Roelofs et al., 2009; Rot-
teveel & Phaf, 2004). Mirroring these behavioral effects,
multiple neuroimaging studies using explicit AAT para-
digms demonstrate that emotion incongruent trials recruit
greater activation within anterior prefrontal cortex (aPFC)
regions, such as the ventrolateral prefrontal cortex (VIPFC),
compared with emotion congruent trials (Bramson et al.,
2018; Kaldewaij et al., 2017; Kaldewaij et al., 2021; Roe-
lofs et al., 2009). Moreover, both neuroimaging and neuro-
modulation evidence suggests that these aPFC regions exert
top-down control over emotion-relevant processing within
the amygdala (Bramson, den Ouden, et al., 2020a; Bramson,
Folloni, et al., 2020b; Volman, Toni, et al., 2011b). Together,
these results suggest that individuals exercise cognitive con-
trol over more automatic AA motivational responses elicited
by affective facial expressions when necessary to maintain
goal-directed behavior (Koch et al., 2018).

It is important to note, however, that facial expressions rarely
communicate “pure” social reward signals (€.g., 100%yyy,, ) Or
"pure” social threat signals (e.g., 100% 4q.,; Matsumoto &
Hwang, 2014; Carrol & Russell, 1997). Instead, facial expres-
sions typically communicate varying degrees of social reward
signals (€.g., 50%pyyppy ), social threat signals (e.g., 50% 5 pgry)s
or co-occurring signals of social reward and social threat (e.g.,
50%appy + 50% anerys Matsumoto & Hwang, 2014; Barrett
et al., 2019; Carrol & Russell, 1997; Beaver et al., 2008).
Consistent with a greater degree of ecological validity, these
types of ambiguous facial expressions elicit more pronounced
individual differences in perceptual processes relative to unam-
biguous, "pure" facial expressions (Staugaard, 2010). Notably,
individual differences are particularly pronounced when social
reward signals and social threat signals simultaneously co-occur
to generate social reward-threat conflict signals, which activates
competing motivations to approach and avoid (Evans & Brit-
ton, 2020; Gutierrez-Garcia & Calvo, 2014; Gutiérrez-Garcia &
Calvo, 2016). To prevent behavioral inaction during these types
of approach-avoidance conflicts, AA motivational responses
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must be flexibly modulated to effectively guide social behavior
(Fishbach & Shah, 2006; Krieglmeyer et al., 2013; Strack &
Deutsch, 2004). Thus, maladaptive social behaviors such as
SAB may be associated with the degree to which individuals
modulate AA motivational responses as a function of varying
social signals conveyed by ambiguous facial expressions.

Consistent with this conceptualization, previous research
using implicit AAT paradigms demonstrate that SAB is
selectively associated with modulation of automatic AA
motivational responses to varying degrees of social reward-
threat conflict (Evans & Britton, 2020). In this study, SAB
was characterized by a U-shaped pattern of modulation in
which automatic avoidance actions were comparatively
faster to social reward-threat conflict signals relative to
unambiguous social reward signals and unambiguous social
threat signals (e.g., 50%p,ppy and 50% ppgry < 100%p,50y
0r 100% pgy)- In contrast, SAB was not associated with
modulation of automatic approach actions as a function of
varying social reward-threat conflict. Moreover, SAB did
not modulate automatic approach or avoidance actions as a
function of varying degrees of social reward signals or social
threat signals. Thus, within implicit AAT paradigms that
assess more automatic AA motivational responses, previ-
ous research suggest that SAB is selectively associated with
dysregulated motivational responses as a function of social
reward-threat conflict signals. However, this previous study
did not examine SAB-related modulation of more controlled
AA motivational responses. Therefore, it remains unclear if
SAB is associated with dysregulated modulation of both
automatic and controlled AA motivational responses as a
function of social reward-threat conflict signals.

However, assessing controlled AA motivational responses
to ambiguous facial expressions with traditional explicit
AAT paradigms poses challenges to categorizing emotion
incongruent and emotion congruent conditions. In previous
research using unambiguous facial expressions (100%y,ppy
or 100% apery), it Was possible to unequivocally categorize
AA motivational responses as either emotion incongruent
(e.g., happy = avoid) or emotion congruent (e.g., happy =
approach). However, it is not possible to definitively cat-
egorize AA motivational responses to ambiguous facial
expressions as emotion incongruent or emotion congruent.
For example, social reward-threat conflict facial expressions
simultaneously communicate both social reward signals and
social threat signals (50%jy,ppy + 50% apgry), Which partici-
pants perceive as expressing simultaneous happiness and
anger (Evans & Britton, 2020). During an emotion congru-
ent condition, some individuals might generate approach
motivational responses due to perceiving these faces as
predominantly happy, whereas other individuals might
generate avoidance motivational responses due to perceiv-
ing these faces as predominantly angry. Further complicat-
ing this issue, individuals systematically vary in emotion
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categorization of ambiguous facial expressions based on
factors such as depressive and anxiety symptoms (Gutier-
rez-Garcia & Calvo, 2014; Gutiérrez-Garcia & Calvo, 2016;
Joormann & Gotlib, 2006). Therefore, using a traditional
explicit AAT paradigm in conjunction with ambiguous facial
expressions may confound individual differences in emo-
tional categorization and AA motivational responses.

One potential way to circumvent this issue is to utilize
subjective AAT paradigms to characterize modulation of
more controlled AA responses to ambiguous facial expres-
sions. Subjective AAT paradigms measure more controlled
AA motivational responses based on self-reported or behav-
ioral AA motivation responses (Aupperle et al., 2015; Aup-
perle & Paulus, 2010; Evans & Britton, 2020; Schlund et al.,
2011; Schlund et al., 2016). Like explicit AAT paradigms,
individuals generate AA motivational responses in sub-
jective AAT paradigms based on explicitly evaluating the
affective properties of a stimulus. Unlike explicit AAT para-
digms, however, subjective AA motivational responses are
not associated with visual feedback that simulate approach
or avoidance actions (e.g., increasing/decreasing stimulus
size). Thus, it is not possible to compare directly the AA
motivational responses between subjective AAT paradigms
and implicit AAT paradigms. Although direct compari-
sons are not possible, previous research nevertheless dem-
onstrates unique patterns of individual differences in AA
motivational responses measured with implicit and subjec-
tive AAT paradigms (Basanovic et al., 2022; Heuer et al.,
2007; Lange et al., 2008; Rinck & Becker, 2007). Therefore,
by using implicit and subjective AAT paradigms, it may be
possible to simultaneously characterize SAB-related modu-
lation of more automatic and more controlled AA motiva-
tional responses as a function of social reward-threat conflict
signals.

Given that neuromodulation techniques demonstrate
promise as an intervention targeting AA motivational
responses (Bramson et al., 2018; Bramson, den Ouden,
et al., 2020a; Bramson, Folloni, et al., 2020b; Volman, Roe-
lofs, et al., 2011a), it is also important to characterize the
neural mechanisms underlying SAB-related modulation of
AA motivational responses. At the neural level, multiple
neuroimaging studies using explicit AAT paradigms consist-
ently demonstrate that exerting emotional control over AA
motivational responses recruits aPFC regions such as the
VvIPFC and frontal pole to exert top-down control over the
amygdala (for a review, see Koch et al., 2018). In contrast,
neuroimaging studies using implicit AAT paradigms dem-
onstrate more mixed and inconsistent findings across stud-
ies. Although somewhat mixed, automatic approach moti-
vational responses to rewarding stimuli are associated with
greater ventral striatum activation, whereas more automatic
avoidance motivational responses to threating stimuli are
associated with greater amygdala activation and/or greater
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ventral striatum activation (Derntl et al., 2011; Gellner et al.,
2021; Kaldewaij et al., 2016; Porcelli et al., 2019; Radke
et al., 2015; Wiers et al., 2014). In subjective AAT para-
digms, self-reported AA motivation and decision-making
are associated with diffuse activation across a widely dis-
tributed set of regions including the dorsolateral prefrontal
cortex (dIPFC), anterior cingulate cortex (ACC), insula, and
caudate (Aupperle et al., 2015; Schlund et al., 2016; Zorow-
itz et al., 2019). However, no research to date has utilized
implicit and subjective AAT paradigms to characterize SAB-
related modulation of neural activation or neural connectiv-
ity as a function of social reward-threat conflict signals.
The primary goals of the current study were to character-
ize SAB-related modulation of automatic and subjective
AA motivational responses to social reward-threat conflict as
well as the neural mechanisms underlying SAB-related mod-
ulation of these processes. To this end, adults ranging from
clinical to minimal levels of SAB completed implicit and
subjective AAT paradigms that presented matched ambigu-
ous facial expressions during fMRI scanning. In both the
implicit and subjective AAT paradigms, facial expressions
parametrically varied in degrees of social reward, social
threat, or social reward-threat conflict. In the implicit para-
digm, we hypothesized that SAB would be associated with
relatively faster automatic avoidance actions as a function of
social reward-threat conflict (i.e., a U-shaped pattern). At the
neural level, we hypothesized that SAB would be associated
with greater amygdala and/or ventral striatum activation dur-
ing automatic avoidance actions (i.e., an inverse U-shaped
pattern) as a function of social reward-threat conflict. Based
on a preliminary study validating the subjective AAT

paradigm in an unselected sample (Evans & Britton, 2020),
we hypothesized that SAB would be associated with weaker
approach motivation and/or stronger avoidance motivation
as social reward decreased relative to co-occurring social
threat (i.e., 100%y,ppy + 0% Angry = 50%pappy + 50% Angry
= 0%pgappy + 100% ppgry)- Based on previous fMRI research
using explicit motivation paradigms, we hypothesized SAB
would be associated with differential patterns of dIPFC,
ACC, insula, and/or caudate activation/connectivity, which
may vary linearly or nonlinearly as social reward decreases
relative to co-occurring social threat (Schlund et al., 2016).
Thus, we hypothesized that SAB would be associated with
modulation of neural activation characterized by either: 1)
weaker reward-related activation/connectivity as social
reward decreased relative to co-occurring social threat
(100%114ppy + 0% Angry = 50%appy T 50% Angry = 0%opiappy +
100% A pgry)» O 2) weaker conflict-related activation/connec-
tivity as a function of social reward-threat conflict (0% gict
= 100% Conflict - 0% Conﬂict)'

Methods
Participants

We strategically recruited a sample of 32 adults to approxi-
mate a full distribution of self-reported SAB across the sam-
ple (Table 1). To screen participants based on SAB, we used
the social avoidance scale of the Liebowitz Social Anxi-
ety Scale (LSAS) without any reference to social anxiety
symptoms (i.e., how frequently participants avoided social

Table 1 Characteristics and comparisons of social avoidance behavior groups

Measure Clinical SAB Moderate SAB Minimal SAB Difference
(n=10) (n=10) (n=10)
Age 22.44 (3.28) 20.50 (3.14) 20.80 (2.35) p=0.32
Gender
% Female 60.00% 50.00% 50.00% p=0.88
Racial Identity
% Caucasian 30.00% 70.00% 20.00% p=0.12
% Asian 30.00% 00.00% 00.00%
% Black 20.00% 20.00% 60.00%
% Other/Multiple 20.00% 10.00% 20.00%
Ethnicity
% Hispanic 60.00% 50.00% 30.00% p=0.54
CBAS-SAB 24.10 (9.65) 15.90 (5.47) 9.10 (1.66) p < 0.001
LSAS-Avoid 34.50 (17.78) 13.80 (8.36) 4.10 (3.78) p <0.001
DASS-21 19.60 (12.99) 11.50 (10.10) 7.70 (8.36) p=0.06

Social avoidance behavior (SAB) groups did not significantly differ on demographic characteristics. SAB groups significantly differed in CBAS-
SAB and LSAS-Avoid screening scores. SAB groups differed in DASS-21 internalizing symptoms at trend level

CBAS-SAB Cognitive Behavioral Avoidance Scale, Social Behavioral Avoidance sub-scale. LSAS-Avoid Liebowitz Social Avoidance Scale,

Avoidance sub-scale. DASS-21 Depression Anxiety and Stress Scales
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situations more generally, rather than due to social anxiety
symptoms specifically). Using previously validated cutoff
scores (Rytwinski et al., 2009), we recruited participants
who reported clinical levels of SAB (LSAS-Avoid > 23),
moderate levels of SAB (LSAS-Avoid <23 & >7), or mini-
mal levels of SAB (LSAS-A <7; see Table 1 for SAB group
characteristics and comparisons). Importantly, participants
in each SAB category were matched on age range (18-30
years old) and gender (5 men and 5 women).

We determined our sample size in part based on previ-
ous research characterizing SAB-related modulation of
automatic action tendencies using the same implicit AAT
paradigm (I-AAT; Evans & Britton, 2020). In this previous
study, SAB significantly modulated automatic action ten-
dencies in response to social reward-threat conflict in two
relatively small participant samples (n = 45 and n = 58)
with an overall medium-large effect size (n? = 0.10). Based
on this effect size, a sample size of 34 participants would
be sufficient to detect SAB-related modulation of automatic
action tendencies with 80% power. Given that this previous
study did not examine SAB-related modulation of subjec-
tive motivational responses, we were not able to conduct a
priori power analyses for the subjective AAT (S-AAT). To
address this issue, we conducted an independent replication
of SAB-related modulation of subjective AA motivational
responses using a modified, online version of the S-AAT
(see Supplemental Information).

To be included in the current study, participants were
required to report normal color vision and proficiency in
English. Participants were excluded from participation based
on the following criteria: 1) Significant medical conditions
(e.g., cardiovascular disease) or other conditions (e.g., neu-
rological disorder, schizophrenia, brain trauma history, etc.);
2) Prescribed or nonprescribed use of psychotropic medica-
tion during the previous 3 months; 3) Clinically significant
suicidality or homicidality; 4) Substance disorder in the past
6 months; and 5) Contraindications for MRI scanning.

Study procedure

All participants provided written informed consent prior to
study procedures. All study procedures were conducted in
accordance with the local Institutional Review Board. Par-
ticipants were compensated with either monetary payment
and/or course credit.

Following a phone screening session to establish ini-
tial eligibility criteria and preliminarily assess SAB, par-
ticipants completed two separate study visits. In the first
study visit, participants completed an assessment battery
that included the Mini International Neuropsychiatric
Interview (MINI; Sheehan et al., 1998), various self-report
questionnaires, the Wechsler Abbreviated Scale of Intelli-
gence (WASI; Wechsler, 2011), the Ishihara Test of Color
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Deficiency (Ishihara, 1917), several attention paradigms
(e.g., dot-probe task), and a mock MRI scan to acclimate
participants to the scanning environment. In the second
study visit, participants completed a 1-hour fMRI scan-
ning protocol that included: a resting state scan, implicit
Approach-Avoidance Task, an MPRAGE scan, and subjec-
tive Approach-Avoidance Task. Following the fMRI session,
participants rated the emotion conveyed by facial expres-
sions presented in the AAT paradigms.

Questionnaires
Liebowitz social anxiety scale

We used the social avoidance scale of the Liebowitz Social
Anxiety Scale (LSAS) to initially screen participants based
on SAB (Liebowitz, 1987). The LSAS is most commonly
used to measure fear and avoidance of social situations spe-
cifically due to social anxiety symptoms. Given our interest
in SAB independent of internalizing symptoms, however, we
asked participants to rate avoidance of social situations with-
out any reference to social anxiety symptoms. Specifically,
individuals reported the frequency to which they avoided
24 different social situations more generally (e.g., meeting
strangers; 0 = Never; 3 = Usually). The LSAS avoidance
scale ranges from O to 72 and demonstrated excellent inter-
nal consistency in the current study (a = 0.94).

Cognitive-behavioral avoidance scale

Consistent with our previous research examining SAB-
related modulation of motivational responses, we used the
social behavioral avoidance subscale from the Cognitive
Behavioral Avoidance Scale (CBAS; Ottenbreit & Dobson,
2004). The CBAS is a 31-item questionnaire that assesses
4 distinct types of avoidance. Specifically, the CBAS is
comprised of four subscales that assess social behavioral
avoidance (e.g., avoid attending social activities), social
cognitive avoidance (e.g., avoid thinking about relationship
problems), non-social behavioral avoidance (e.g., avoid chal-
lenging activities), and non-social cognitive avoidance (e.g.,
avoid thinking about the future). For all CBAS subscales,
items are rated on a 5-point Likert-type scale (1 = Not at
all true for me; 5 = Extremely true for me). In line with our
previous research (Evans & Britton, 2020), we utilized the
social behavioral avoidance scale as the primary measure of
SAB, which demonstrated excellent internal consistency in
the current study (a = 0.93).

Depression, anxiety, and stress scale

The Depression, Anxiety, and Stress Scale (DASS-21)
assesses internalizing symptoms with subscales measuring
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depressive symptoms, anxiety symptoms, and general stress
reactivity (Lovibond & Lovibond, 1995). All items in the
DASS-21 are measured on a 4-point Likert-type scale (0 =
Did not apply to me at all; 3 = Applied to me very much or
most of the time). When summed together as a single total
score, DASS-21 scores ranging from O to 63. In the current
study, the DASS-21 total score demonstrated excellent inter-
nal consistency (a = 0.94).

Task paradigms
Morphed facial expressions

As in our previous work, we used Morpheus software (Broad
Institute) to generate three sets of ambiguous facial expres-
sions that conveyed different types of social signals (e.g.,
social reward) at varying intensities (e.g., 50%). Specifically,
we morphed stereotypic facial expressions (i.e., 100%yy,0p.»
100% apgrys and 100%yeyr) to parametrically modulate
the type and intensity of social signals. To create varying
intensities of social reward signals, for example, we visu-
ally morphed 100%ycyr and 100%y,,,, facial expressions
to parametrically modulate social reward signal intensity in
25% increments (i.e., 0%y 25%mappys 0% mappys 75 %tappys
and 100%y,p,,)- In this manner, ambiguous facial expres-
sions parametrically varied in social reward signals (e.g.,
50%pappy)> social threat signals (e.g., 50% ppery), OF social
reward-threat conflict signals (e.g., 50%p,ppy + 50% Apgrys
Fig. 1). In total, we generated morphed facial expressions for
six male and six female actors using the NimStim stimulus
set (Tottenham et al., 2009), which were subsequently used
in the Implicit AAT and Subjective AAT paradigms.

Implicit approach-avoidance task

To measure automatic AA motivational responses, we uti-
lized an implicit AAT paradigm (Heuer et al., 2007). In the
Implicit Approach-Avoidance Task (I-AAT) paradigm, facial
expressions are presented on a blue or green background
(Fig. 1b). Based on the background color of the facial
expressions, participants were instructed to repeatedly press
one of two buttons on an MRI-safe controller (e.g., blue
background = left button, green background = right but-
ton). Background color assignment and button assignment
were each counterbalanced across participants. By using a
response contingency that is orthogonal to facial expressions
(i.e., background color), facial affect is proposed to implic-
itly influence approach and avoidance response latencies.
On each trial in the I-AAT, participants made five
“approach” or five “avoid” button presses. With each
approach or avoidance button press, the image either increased
(approach) or decreased (avoid) in size by 20% increments
until the image disappeared from the screen after five correct

button responses (Evans et al., 2021). For each trial, partici-
pants were provided with a 2,000 ms response window to
make five correct responses. Across three task runs, partici-
pants completed a total of 288 trials (144 Approach and 144
Avoid) in which each morphed facial expression was ran-
domly presented 12 times as an approach trial and 12 times
as an avoid trial. In addition to approach/avoid trials, 72 null
trials (blank screen) also were randomly presented to facilitate
modeling the resolution of the hemodynamic response. All
trials were separated by presented an average jittered intertrial
interval of 500 (range: 250-750) ms.

Subjective approach-avoidance task

In the Subjective Approach-Avoidance Task (S-AAT),
facial expressions are presented in the center of the screen
(Fig. 1c). For each trial, participants rate the degree to
which they would feel motivated to approach or avoid the
facial expression in a social situation. To provide moti-
vation ratings, facial expressions were presented with a
7-point dynamic virtual analogue scale (0 = Not at all; 6 =
Extremely). At the start of each trial, the slider rating was
positioned in the center of the scale (i.e., 3 = Somewhat).
Using the left or right buttons on the fMRI controller, par-
ticipants decreased or increased the slider value, which
dynamically updated with each button press. Upon reach-
ing the desired rating, participants pressed a third button to
confirm their rating selection. For each trial, participants
were provided with a 4,000-ms response window to select
and confirm their rating.

Unlike the I-AAT, participants did not receive visual feed-
back when rating approach or avoidance motivation in the
S-AAT. Given that participants dynamically moved the rat-
ing slider between lower and higher ratings, facial expressions
would dynamically increase and decrease in size as participants
selected among rating options. As a result, larger approach
motivation ratings would be confounded with larger amounts
of visual information (increasing stimulus size), whereas
larger avoidance motivation ratings would be confounded with
smaller amounts of visual information (decreasing stimulus
size). To prevent a confound between motivational decision-
making and visual information, the S-AAT did not provide
dynamic visual feedback (i.e., increases or decreases in stimulus
size). Given these paradigm-related differences in visual feed-
back and response system, it is not possible to directly compare
SAB-related modulation within the I-AAT and S-AAT.

Across four runs, participants completed a total of 192
trials (96 Approach and 96 Avoid) in which all morphed
facial expressions were presented 8 times as an approach
trial and 8 times as an avoid trial. Additionally, the para-
digm presented 48 null trials (blank screen) to allow peri-
odic resolution of the hemodynamic response. To minimize
task switching, participants only completed approach ratings
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Fig.1 Implicit and subjective approach-avoidance task sche-
matics with morphed facial expressions. a Facial expressions
were parametrically morphed in 25% increments to vary in social
reward (O%Happy, ZS%Happy, SO%Happy, 75%Happy, or IOO%Happy), social
threat (0%angryy 25%angry> 50%angrys  79%angry OF  100%450r),
or social reward-threat conflict (100%pppy + 0%angrys 75%mappy +

25% angrys 50%ttappy + 0% Angry: 25%ttappy + 75% angryr OF 0%orgappy +
100% snery: 0%tappy 25 %tappy: 30%tappy 75 %tappy OF 100%p00). b

In the Implicit Approach-Avoidance Task (I-AAT), facial expressions
appear on a blue or green background. Participants were instructed

(Approach runs) or avoid ratings (Avoid runs) within each
task run. All trials were separated by an average jittered
inter-trial interval of 500 (range: 250-750) ms.

fMRI data acquisition

For both tasks, neural data were acquired using the same
3-Tesla General Electric Discovery MR750 scanner with a

@ Springer

to press a left or right button based on the background color of the
facial expression. With each button response, the size of the image
increased in size by 20% (approach trials) or decreased in size by 20%
(avoid trials). After making the fifth and final response for a trial, the
image disappeared from the screen. ¢ In the Subjective Approach-
Avoidance Task (S-AAT), facial expressions appear above a visual
rating scale ranging from 0 (Not at All) to 6 (Extremely). Using this
scale, participants rate the degree to which they would feel motivated
to approach (approach trials) or avoid (avoid trials) the individual dis-
playing the facial expression

32-channel head coil. Blood-oxygenation-level-dependent
(BOLD) activation was measured with a series of 47 contigu-
ous 3-mm, interleaved axial slices acquired in a 96 X 96 matrix
resolution with EPI sequencing (TR = 2,300 ms; TE = 25 ms;
FOV = 240 mm, Flip Angle = 50°). An MPRAGE, high-res-
olution, T1-weighted, volumetric scan of the whole brain was
acquired between the task paradigm scans for co-registration
and normalization of functional data.
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fMRI data processing
Pre-processing

Prior to analysis, fMRI data were preprocessed using stand-
ard procedures with Analysis of Functional Neurolmages
(AFNI) software. First, EPI images were slice-time cor-
rected and realigned to the first image of each time-series.
Following these steps, the EPI images were co-registered to
the anatomical image and subsequently normalized within
Talairach space. Next, functional data were smoothed with
a 6-mm, full-width-at-half maximum, isotropic, Gaussian
filter. Each voxel timeseries was scaled to a mean of 100.
Next, motion parameters were examined to identify partici-
pants who exhibited excessive head motion during the scan
(>3-mm translation or >3° rotation across >30% of TRs).

Defining regions of interest

For the I-AAT, our a priori hypotheses focused on examin-
ing differential activation of the amygdala and ventral stria-
tum during the generation of automatic AA motivational
responses. To this end, we utilized the Talairach-Daemon
atlas to generate anatomically derived Regions of Interest
(ROI5s) for the amygdala and ventral striatum.

For the S-AAT, our a priori hypotheses focused on acti-
vation within several distributed neural regions including the
bilateral PFC, ACC, insula, and caudate. However, cross-
study differences demonstrate a heterogeneous topography
of conflict-related neural activation within these distally
distributed regions (Aupperle et al., 2015; Roelofs et al.,
2009; Rolle et al., 2022; Schlund et al., 2016; Zorowitz
et al., 2019). Given this spatial heterogeneity, we used the
Talairach-Daemon atlas to define a search territory based on
previous studies (Fig. S5). We then examined SAB-related
differences in modulation of neural activation using small-
volume correction (SVC) across the masked search territory.

Neural activation

For first-level models, trial onsets were subsequently
modelled as 2-second blocks (I-AAT) or 4-second blocks
(S-AAT) based on stimulus duration. Next, task regressors
were convolved with a gamma variate function to approxi-
mate the hemodynamic response. For both tasks, we mod-
elled 24 task regressors (12 [Morphs] X 2 [Approach,
Avoid]). For the I-AAT paradigm, we also modelled error
responses and RT outliers as a separate error regressor simi-
lar to previous research. Six rigid-body motion regressors
modelled degrees of translation and rotation. Additionally,
we modelled both linear and non-linear, low-frequency,

temporal drift during task runs. Finally, TRs that exceeded
framewise displacement of >0.5 mm and the preceding TR
were censored due to motion.

For the I-AAT and S-AAT, we examined both task-
related and SAB-related modulation of neural activation
within the a priori search territory comprised of the bilat-
eral PFC, ACC, insula, and caudate. To correct for mul-
tiple comparisons across this search territory, we used a
combined voxel-wise and cluster threshold approach. To
obtain a cluster threshold at a = 0.05, 10,000 Monte Carlo
simulations were run using the recently developed non-
parametric ClustSim function within AFNI (Cox et al.,
2017). Based on a nominal threshold of p = 0.005 and the
observed smoothness of estimated residuals (I-AAT: ACF
parameters = 0.50 4.95 12.16; S-AAT: ACF parameters =
0.50, 4.89, 12.18), a 44-voxel (687.50 mm3) cluster level
threshold corrected for multiple comparisons across the
masked search territory for both the I-AAT and S-AAT
(FWE p < 0.05). Peak activation voxel coordinates are
reported in LPI (Left, Posterior, Inferior) orientation.

Exploratory neural connectivity

To model task-related connectivity, we utilized a general-
ized form of context-dependent psychophysiological inter-
action analyses (gPPI; McLaren et al., 2012). For gPPI
analyses, we computed interaction terms between the time
series of each neural seed region and task regressors. To
account for desynchronization between TRs and stimulus
onsets, we upsampled both the neuronal time series and task
regressors. After deconvolving the hemodynamic timeseries
to estimate the underlying neural response function, we sub-
sequently convolved the upsampled neuronal response func-
tion with the upsampled task regressors. After computing
gPPI interaction regressors in this manner, gPPI regressors
were downsampled back to the original TR resolution (2.3
seconds). For all gPPI models, we included event-related
regressors and the mean seed region timeseries to ensure
that differences in connectivity could not be attributed to
task-related activation or intrinsic connectivity. Finally,
gPPI models utilized the same nuisance regressors (motion
parameters and drift parameters) included in activation
models.

For these exploratory gPPI analyses, we selected seed
regions in a post-hoc manner based on regions exhibiting
significant SAB-related differences in task activation. To
correct for multiple comparisons across the whole brain
search territory, we used the same nonparametric cluster
correction approach with a nominal statistical threshold
of p = 0.005 and the observed smoothness of estimated
residuals within each paradigm. Based on this combined
threshold, a 119-voxel (1859.38 mm?®) or 114-voxel

@ Springer



50

Cognitive, Affective, & Behavioral Neuroscience (2023) 23:42-65

(1781.25 mm?) cluster level threshold corrected for mul-
tiple comparisons across the whole brain search territory
for both the I-AAT and S-AAT paradigms (FWE p <
0.05), respectively.

Data reduction
Participant exclusions

One participant was excluded due to falling asleep during
the scan session and one participant was excluded due to
prematurely discontinuing the task/scan session. Following
these exclusions, all behavioral analyses were conducted in
the same final sample of 30 participants for both the I-AAT
and S-AAT. For neural analyses, one participant was addi-
tionally excluded due to removal of >30% of TRs due to
excessive motion during the Subjective AAT. Following
these exclusions, all neural analyses were conducted on a
final sample of 30 participants for the [-AAT and 29 subjects
for the S-AAT.

Behavioral data exclusions

For the I-AAT, trials in which participants failed to complete
five responses in the correct direction were categorized as
errors and subsequently excluded from all analyses. After
removing error trials, RTs greater than 2.5 standard devia-
tions from a participant’s mean approach RT or avoid RT
were classified as outliers and removed. Across the final
sample, these additional data cleaning procedures removed
6.74% of trials.

Data analytic strategy

To ensure that unambiguous and ambiguous stimuli were
presented with equal frequency, the same unambiguous
stimuli trials (100%y,p50, 100% ppgrys 100%neual) Were
used as the endpoints of the continuum across the social
reward-threat conflict, social reward, and social threat mod-
els (Fig. 1a). Thus, motivational responses to unambiguous
facial expressions are not statistically independent across
models, which precludes a direct comparison between the
social reward-threat conflict, social reward, and social threat
models.

Additionally, we also characterized task-related effects
in the absence of SAB-related modulation. To test task-
related effects, we utilized GLMMs to test 2-way interac-
tions using a 2 (Condition: Approach vs. Avoid) X Linear/
Non-Linear omnibus model (a < 0.05). Following signifi-
cant 2-way interactions within omnibus models (a < 0.05),
we then examined linear/non-linear patterns separately
within the Approach condition and Avoid condition. All
analyses were conducted by using SPSS software ver. 24.0
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(IBM SPSS Statistics for Windows, Version 24.0. Armonk,
NY: IBM). To compute p-values and degrees of freedom
for GLMMs, we used restricted maximum likelihood
(REML) in conjunction with the Satterthwaite approxima-
tion (Luke, 2017).

To test SAB-related modulation, all analyses (behavioral,
neural activation, and neural connectivity) utilized GLMMs
to test 3-way interactions using a 2 (Condition: Approach
vs. Avoid) X SAB X Linear/Non-Linear omnibus model.
For all GLMMs, SAB was mean-centered and modeled as a
continuous covariate of interest. Additionally, we confirmed
that significant SAB-related modulation was independent of
internalizing symptoms by including DASS-21 total scores
in the first step of omnibus models as a continuous covari-
ate of non-interest. Following significant 3-way interactions
within omnibus models (a < 0.05), we then examined 2-way
interactions (SAB X linear/non-linear) within the Approach
condition and Avoid condition, separately. As indicated by
significant 2-way interactions, we conducted continuous
simple slopes analyses within the Approach or Avoid con-
dition, which examined linear/non-linear patterns of mod-
ulation at high (+1 SD) and low (—1 SD) levels of SAB.
For all significant 3-way interactions, we also provide scat-
terplots to display the distribution of linear and non-linear
polynomial contrasts across participants (see Supplemental
Information).

Given our relatively modest sample size, we were not
able to conduct maximum model GLMMs that included ran-
dom slopes and interactions among random effects due to
model convergence issues. Although some GLMMs reached
model convergence when random slopes for linear/non-
linear trends across morphed stimuli were included, other
GLMMs did not meet convergence criteria when random
slopes were included. To standardize model complexity
across behavioral analysis GLMMs, we elected to exclu-
sively model random intercepts to account for individual
differences in overall RT (I-AAT) or subjective ratings
(S-AAT). For behavioral GLMMs in which model conver-
gence criteria were not successfully satisfied when random
intercepts were included, we confirmed primary results after
removing the random intercept to eliminate redundancy in
the covariance structure. For neural activation and neural
connectivity analyses, we modelled both random intercepts
and random slopes and report corrected degrees of freedom.
When model convergence was not obtained, we removed
random slopes and report non-corrected degrees of freedom.

Implicit approach-avoidance task

Consistent with our previous research (Evans & Britton,
2020), we tested SAB-related differences in modulation
of automatic action tendencies using quadratic contrasts
(U-shaped) for the social reward-threat conflict model
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(O%Conflict7 SO%ConflicV IOO%Conflicv SO%ConflicP 0%Conflict)
and linear contrasts for the social reward model and social
threat model (e.g., 0%pappys 25 %Happys 30%Happys 79 Portappys
100%44,ppy)- To quantify these patterns of SAB-related mod-
ulation, we utilized orthogonal polynomial contrasts that
tested quadratic and linear trends in automatic action tenden-
cies, respectively. For social reward-threat conflict models,
we simultaneously modeled both quadratic and linear trends
to ensure that SAB-related differences in quadratic response
patterns were independent of linear response patterns.

Consistent with previous research (Buetti et al., 2012;
Evans & Britton, 2020; Veenstra et al., 2017), all behav-
ioral analyses were conducted on initial RTs from the first
response of each trial (of the 5 required responses for each
trial). Given the non-normal distribution of RTs, we sepa-
rately performed a natural log transformation on each par-
ticipant’s avoid trial RTs and approach trial RTs (following
removal of error and outlier RTs). We utilized log-normal
transformed RTs for all I-AAT analyses to approximate
assumptions of normality in GLMMs, whereas figures pre-
sent nontransformed RTs for comparative purposes.

Subjective approach-avoidance task

Our previous research using the S-AAT suggests that sub-
jective approach and avoidance ratings vary linearly as a
function of social reward signals (0%y,pp, = 100% ),
social threat signals (0% spgry = 100% 5y, ), and social
reward-threat conflict signals (100%,ppy + 0% Angry =
0%pappy + 100% ppgrys Evans & Britton, 2020). Thus, for
behavioral analyses, we tested SAB-related differences in
modulation of subjective approach and avoidance ratings
using linear polynomial trends. At the neural level, however,
previous research suggests that neural activation patterns
may vary linearly or nonlinearly as a function of reward-
threat conflict (Schlund et al., 2016). Thus, for neural analy-
ses, we tested SAB-related differences in modulation of neu-
ral activation/connectivity using both linear and quadratic
polynomial trends.

Results
Implicit approach-avoidance task
Task-related effects

We did not observe task-related effects on automatic action
tendencies as a function of social reward-threat conflict sig-
nals, social reward signals, or social threat signals (all ps >
0.30; see Supplemental Information). Similarly, we did not
observe task-related effects on amygdala or ventral stria-
tum activation as a function of social reward-threat conflict

signals, social reward signals, or social threat signals (all ps
> (.18; see Supplemental Information). Finally, no regions
survived small-volume correction for task-related effects
within the a priori search territory as a function of social
reward-threat conflict signals, social reward signals, or social
threat signals.

SAB-related modulation

Social reward-threat conflict model

Behavioral As hypothesized, we observed SAB-related
modulation of automatic action tendencies as a function of
social reward-threat conflict, which significantly differed
between Approach and Avoid conditions (Condition X SAB
X Quadratic: B = 0.002, SE = 0.0007; F(; 559) = 6.41, p
= 0.01). After controlling for internalizing symptoms, this
pattern of SAB-related modulation remained unchanged (p
=0.01).

Consistent with our previous research, SAB significantly
modulated automatic avoidance actions (SAB X Quadratic:
B =-0.001, SE = 0.0005; F(; 1;5) = 7.77, p = 0.006) but not
automatic approach actions (SAB X Quadratic: B = 0.0005,
SE = 0.0005; F(; 1;5) = 0.88, p = 0.35; Fig. 2). Contrary to
our hypotheses and previous findings, higher levels of SAB
were characterized by significantly slower automatic avoid-
ance actions as a function of social reward-threat conflict,
which produced an inverted U-shaped pattern (Quadratic:
B =0.03, SE=0.01; F(i115) = 6.71, p = 0.01). In contrast,
lower levels of SAB were characterized by the opposite pat-
tern (i.e., U-shaped pattern), which was not statistically sig-
nificant (Quadratic: B = 0.01, SE = 0.005; F(; ;;5) = 3.06,
p=0.08).

Although SAB-related differences were descriptively
largest in response to unambiguous facial expressions (i.e.,
100%pappy and 100% 4 ,ry: Fig. 2), SAB was not significantly
associated with automatic approach actions (both r, < 10.21l,
both ps > 0.28) or automatic avoidance actions (both r, <
10.151, both ps > 0.42) to unambiguous facial expressions.
Thus, SAB-related modulation of automatic action tenden-
cies was not driven by a particular facial expression (e.g.,
100%appy OF 100% 5p,y) but was instead characterized by a
quadratic pattern of modulation.

Amygdala activation. Similar to our behavioral results,
we observed SAB-related modulation of amygdala activa-
tion that significantly differed between approach and avoid
conditions as a function of social reward-threat conflict sig-
nals (Left Amygdala: Condition X SAB X Quadratic: B =
-0.002, SE = 0.0008; F(; 1g,39) = 5.24, p = 0.02; Right
Amygdala: Condition X SAB X Quadratic: B = -0.002, SE
= 0.001; F(; 19985) = 5.41, p = 0.03; Fig. 3). After control-
ling for internalizing symptoms (DASS-21), SAB-related
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Fig.2 Social avoidance behavior modulates automatic motiva-
tional responses to social reward-threat conflict signals. Social
Avoidance Behavior (SAB)-related modulation of automatic approach
actions (left column) and automatic avoidance actions (right col-
umn). Based on continuous simple slope effects, behavioral effects
are depicted at high levels of SAB (+1SD; red triangles and red dot-
ted lines) and low levels of SAB (—1SD; blue squares and blue dot-
ted lines). As a function of varying degrees of social reward-threat

modulation remained significant for the left and right amyg-
dala ROIs (both ps < 0.05).

Contrary to our hypotheses, however, SAB did not sig-
nificantly modulate amygdala activation during automatic
avoidance actions (Left Amygdala: SAB X Quadratic: B =
0.0004, SE = 0.0006; F(; 1;5) =0.62, p = 0.43; Right Amyg-
dala: SAB x Quadratic: B = 0.001, SE = 0.0007; F(; {5) =
1.92, p =0.17). Instead, SAB primarily modulated amygdala
activation during automatic approach actions (Left Amyg-
dala: SAB X Quadratic: —B = 0.001, SE = 0.0006; F(;_1;5)
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conflict relative to unambiguous social reward or social threat (top
row), SAB was not associated with differences in automatic approach
actions (a), but was associated with slower automatic avoidance
actions to social reward-threat conflict (b). As a function of social
reward (Middle Row) or social threat (Bottom Row), SAB did not
modulate automatic approach actions or automatic avoidance actions
(C, D, E, & F). Note: **p < 0.01

= 6.32, p = 0.01; Right Amygdala: SAB X Quadratic: B
= —0.001, SE = 0.0007; F(; y;5) = 2.94, p = 0.09). Dur-
ing automatic approach actions, higher levels of SAB were
characterized by stronger amygdala activation as a function
of social reward-threat conflict signals, which produced an
inverted U-shaped pattern (Left Amygdala: Quadratic: B =
0.03, SE =0.01; F(;_{;5) = 4.44, p = 0.04; Right Amygdala:
Quadratic: B =0.03, SE = 0.02; F(; {;5) = 2.89, p = 0.09).
In contrast, lower levels of SAB were not associated with
modulation of amygdala activation as a function of social



Cognitive, Affective, & Behavioral Neuroscience (2023) 23:42-65

53

*%

o
)

Approach %SC

Fig.3 Social avoidance behavior modulates amygdala activa-
tion and connectivity during automatic motivational responses
to social reward-threat conflict signals. Social Avoidance Behavior
(SAB)-related modulation of amygdala activation and amygdala con-
nectivity during automatic approach actions (left column) and auto-
matic avoidance actions (right column). Neural regions are depicted
in radiological convention (left = right). Based on continuous sim-
ple slope effects, neural activation/connectivity effects are depicted
at high levels of SAB (+1SD; red triangles and red dotted lines) or
low levels of SAB (—1SD; blue squares and blue dotted lines). (a;
top row) SAB was associated with greater left amygdala activation to
social reward-threat conflict facial expressions relative to unambigu-
ous social reward or social threat facial expressions during automatic

reward-threat conflict signals (Left Amygdala: Quadratic:
B =-0.01, SE = 0.01; F(;_;;5) = 1.11, p = 0.30; Right
Amygdala: Quadratic: B = 0.01, SE = 0.008; F(; ;;5) =
1.73, p = 0.19).

Ventral striatum activation. We did not observe SAB-
related modulation of ventral striatum activation that dif-
fered between Approach and Avoidance conditions as a
function of social reward-threat conflict signals all ps > 0.26,
see Supplemental Information).

Small volume activation. No regions exhibited SAB-
related modulation as a function of social reward-threat
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approach actions (left column), but not during automatic avoidance
actions (right column). (b; middle row) SAB was associated with
greater right amygdala activation to social reward-threat conflict
facial expressions relative to unambiguous social reward or social
threat facial expressions during automatic approach actions (left col-
umn), but not during automatic avoidance actions (right column). (c;
bottom row) SAB was not associated with differences in amygdala-
ACC connectivity during automatic approach actions (left column),
but was associated with weaker amygdala-ACC connectivity during
automatic avoidance actions to social reward-threat conflict facial
expressions relative to unambiguous social reward or social threat
facial expressions (right column). Note: ***p < 0.001; **p < 0.01;
*p <0.05; #p < 0.10

conflict signals that survived small-volume correction within
the a priori search territory.

Exploratory neural connectivity. Given that SAB-related
modulation of neural activation was exclusive to the amyg-
dala, we elected to model amygdala ROIs as seed regions
for exploratory gPPI analyses.

For the right amygdala seed, we observed SAB-related
modulation of connectivity that survived whole-brain
correction with a cluster centered on the pregenual ACC
(pgACC; [6, =39, 1], k = 163]; Fig. 3), which significantly
differed between approach and avoid conditions (Condition
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X SAB X Quadratic: B = —0.03, SE = 0.007; F(;_ 5;576)
= 20.25, p < 0.001, uncorrected; FWE p < 0.05). After
controlling for internalizing symptoms (DASS-21), SAB-
related modulation of right amygdala-pgACC connectivity
continued to survive whole-brain correction.

During automatic approach actions, SAB did not modu-
late right amygdala-pgACC connectivity as a function of
social reward-threat conflict signals (SAB X Quadratic: B
= —0.007, SE = 0.004; F(;, 19s.76) = 1.55, p = 0.22, uncor-
rected). During automatic avoidance actions, however, SAB
significantly modulated right amygdala-pgACC connectivity
as a function of social reward-threat conflict signals (SAB
X Quadratic: B = 0.03, SE = 0.006; F(; 3,37) = 10.84, p
= 0.002, uncorrected). Specifically, higher levels of SAB
were characterized by significantly lower amygdala-pgACC
connectivity as a function of social reward-threat conflict
signals, which produced a U-shaped pattern across morphed
stimuli (Quadratic: B = —0.57, SE = 0.20; F(; 3437) =7.57,
p = 0.009, uncorrected). In contrast, lower levels of SAB
were not associated with amygdala-pgACC connectivity as
a function of social reward-threat conflict signals (Quadratic:
B =-0.12, SE = 0.09; F(; 3437) = 1.84, p =0.18).

For the left amygdala seed, we did not observe SAB-
related differences in task-related connectivity that survived
whole-brain correction.

Social reward and social threat models Consistent with pre-
vious findings, we did not observe SAB-related modulation of
automatic action tendencies as a function of either the social
reward or social threat models (both ps > 0.25; see Supple-
mental Information). Similarly, SAB did not modulate amyg-
dala activation or ventral striatum activation as a function of
varying social reward signals or social threat signals (all ps >
0.71; see Supplemental Information). Additionally, no regions
exhibited SAB-related modulation that survived small-vol-
ume correction within the a priori search territory. Finally,
no regions survived whole-brain correction for SAB-related
modulation of left or right amygdala connectivity as a function
of varying social reward signals or social threat signals.

Subjective approach-avoidance task

Task-related effects

Social reward-threat conflict model

Behavioral Subjective motivation ratings significantly dif-
fered between Approach and Avoid conditions as a func-
tion of social reward-threat conflict signals (Condition
x Linear: B = —1.95, SE = 0.09; F(; ,95) = 523.63, p <
0.001). As social reward signals decreased relative to co-
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occurring social threat signals, approach ratings signifi-
cantly decreased (Linear: B = —0.97, SE = 0.05; F(;_19)
= 459.16, p < 0.001), whereas subjective avoidance rat-
ings significantly increased (Linear: B = 0.98, SE = 0.05;
F(; 119) =407.92, p < 0.001).

Small volume activation. No clusters survived small-volume
correction for task-related neural activation across morphed
stimuli between the approach and avoidance conditions (i.e.,
no Condition X Linear/Quadratic interaction). However, five
clusters survived multiple comparison correction for task-
related effects on neural activation that differed as a function
of approach and avoidance ratings more generally (i.e., a
main effect of Condition; Fig. S7). Specifically, we observed
greater activation during approach ratings compared with
avoidance ratings within a posterior right dIPFC cluster [k
=256; 21,9, 46], posterior left dIPFC cluster [k = 60; —39,
11, 36], anterior left dIPFC cluster [k = 657; —11, 9, 46],
and right insula cluster [k = 56; 39, 4, 1]. Additionally, we
observed greater deactivation during avoidance ratings com-
pared to approach ratings within a bilateral ACC cluster [k
=269; 14, 39, 29].

Social reward and social threat models

Behavioral Subjective motivation ratings significantly dif-
fered between Approach and Avoid conditions as a function
of increasing social reward signals (Condition X Linear: B =
1.01, SE = 0.08; F(; »¢7) = 159.40, p < 0.001) and increas-
ing social threat signals (Condition X Linear: B = —0.85, SE
= 0.07; F(; ,67) = 158.06, p < 0.001).

Small volume activation. Similar to the social reward-
threat conflict model, no clusters survived small-volume
correction for task-related effects on neural activation across
morphed stimuli between the approach and avoidance condi-
tions (i.e., no Condition X Linear/Quadratic interaction). For
both the social reward model and social threat model, task-
related effects on neural activation differed more generally
as a function of approach and avoidance ratings (i.e., a main
effect of Condition; Figs. S9 and S10). In both the social
reward and social threat models, we observed dIPFC and
ACC clusters that overlapped with regions observed in the
social reward-threat model and exhibited similar patterns of
task-related activation (see Supplemental Information). Addi-
tionally, we also observed caudate and vIPFC clusters that did
not overlap with regions observed in the social reward-threat
conflict model (see Supplemental Information).

SAB-related modulation

Social reward-threat conflict model

Behavioral As hypothesized, we observed SAB-related
modulation of subjective motivation ratings as a function
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Fig.4 Social avoidance behavior modulates subjective moti-
vational responses to social reward-threat conflict signals.
Social Avoidance Behavior (SAB)-related modulation of subjective
approach motivation (left column) and subjective avoidance motiva-
tion (right column). Based on continuous simple slope effects, behav-
ioral effects are depicted at high levels of SAB (+1SD; red triangles
and red dotted lines) or low levels of SAB (—1SD; blue squares and
blue dotted lines. (a; top row) SAB was associated with weaker lin-
ear increases in approach motivation (left column) and weaker linear

of social reward-threat conflict, which significantly dif-
fered between approach and avoid conditions (Condition
x SAB x Linear: B = 0.02, SE = 0.009; F(; 5,) = 6.47,
p = 0.01; Fig. 4). After controlling for internalizing symp-
toms (DASS-21), this pattern of SAB-related modulation
remained unchanged (p = 0.01).

decreases in avoidance motivation (right column) as social reward
increased relative to co-occurring social threat. (b; middle row) SAB
was associated with generally weaker approach motivation (left col-
umn) and stronger avoidance motivation (right column), which did
not vary as a function of social reward. (c; bottom row) SAB was
associated with generally weaker approach motivation (left column)
and stronger avoidance motivation (right column), which did not vary
as a function of social threat. Note: ***p < 0.001; **p < 0.01; *p <
0.05

For subjective approach ratings, greater SAB was charac-
terized by a smaller linear increase in approach motivation
as social reward signals increased relative to co-occurring
social threat signals (SAB X Linear: B = 0.01, SE = 0.005;
F(; 113) = 5.77, p = 0.02). For subjective avoid ratings,
greater SAB was characterized by a smaller linear decrease
in avoidance motivation as social reward signals increased
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Fig.5 Social avoidance behavior modulates neural activation
during subjective motivational responses to social reward-threat
conflict signals. Social Avoidance Behavior (SAB)-related modula-
tion of neural activation during subjective approach motivation rat-
ings and avoidance motivation ratings. Neural regions are depicted
in radiological convention (left = right). Based on continuous simple
slope effects, motivation-related differences in neural activation are
depicted at high levels of SAB (+1SD; red bars) or low levels of SAB
(—1SD; blue bars). (Top row) Within the a) left anterior dorsolateral
prefrontal cortex (dIPFC), b) right anterior dIPFC, and c) left vent-

relative to co-occurring social threat signals (SAB X Linear:
B =-0.01, SE = 0.006; F(; ) = 3.96, p = 0.049). Moreo-
ver, we replicated this pattern of SAB-related modulation
in a larger independent sample with GLMM s that modelled
both random intercepts and random slopes (see Supplemen-
tal Information)

Although SAB-related differences were descriptively
largest in response to unambiguous social reward signals
(100%p,ppy), SAB was not significantly associated with
approach ratings (both r, < 10.30l, both ps > 0.11) or avoid-
ance ratings (both r, < 10.32I, both ps > 0.08) to unambigu-
ous social reward. Thus, SAB-related modulation of subjec-
tive motivational responses was not driven by a particular
intensity of social reward signal (e.g., 100%yy,,,,) but was
instead characterized by a linear pattern of modulation as
a function of social reward signals that co-occurred with
social threat signals.

Small volume activation. Contrary to our hypotheses, no
clusters survived small-volume correction for SAB-related
modulation of neural activation across morphed stimuli
between the approach and avoidance conditions (i.e., no
Condition X SAB X Linear/Quadratic interaction). Instead,
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rolateral prefrontal cortex (VIPFC), SAB was associated with greater
deactivation during avoidance motivation ratings, but not approach
motivation ratings. (Middle row) Within the d) right posterior dIPFC
and e) right vVIPFC, SAB was associated with greater activation dur-
ing avoidance motivation ratings, but not approach motivation rat-
ings. (Bottom row) Within the f) right pregenual anterior cingulate
cortex (pgACC) and g) left pgACC, SAB was associated with lower
deactivation during avoidance motivation ratings and greater deacti-
vation during approach motivation ratings. Note: ***p < 0.001; **p
<0.01; *p < 0.05; #p < 0.10

seven clusters survived multiple comparison correction for
SAB-related modulation of neural activation that differed
as a function of approach and avoidance ratings regardless
of morphed stimuli (i.e., Condition X SAB interaction; see
Fig. 5). Importantly, these clusters continued to survive
small-volume correction after controlling for internalizing
symptoms (DASS-21).

Specifically, SAB was associated with smaller deacti-
vation during avoidance ratings, but not approach ratings,
within a left dIPFC cluster [k = 64; 19, —36, 36], anterior
right dIPFC cluster [k = 182; —24, -31, 41], and left vIPFC
cluster [k =47; 19, =56, 16]. Additionally, SAB was associ-
ated with greater activation during avoidance ratings, but not
approach ratings, within a posterior right dIPFC cluster [k =
193; —36, 4, 61] and right vIPFC cluster [k = 67; —39, -44,
19]. Finally, SAB was associated with smaller deactivation
during avoidance ratings, but greater deactivation during
approach ratings, within a right pgACC cluster [k = 87; -9,
—34, 19] and left pgACC cluster [k = 52; 6, —49, 9].

To confirm that SAB modulated neural regions that were
also task-relevant, we conducted a series of post-hoc analy-
ses. Specifically, we examined SAB-related modulation
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A) Social Reward-Threat Conflict

C) Social Threat

Fig.6 Social avoidance behavior modulates anterior cingulate
connectivity during subjective motivational responses to social
reward-threat conflict signals. Social Avoidance Behavior (SAB)-
related modulation of connectivity between the pregenual anterior
cingulate cortex (pgACC) and dorsolateral prefrontal cortex (dIPFC)
during subjective approach motivation ratings and avoidance motiva-
tion ratings. Neural regions are depicted in radiological convention
(left = right). Based on continuous simple slope effects, motivation-

within the 5 clusters that survived small-volume correction
for task-related effects within the a priori search territory. In
these post-hoc analyses, we observed similar patterns of sig-
nificant SAB-related modulation within the five task-rele-
vant clusters (see Supplemental Information and Fig. S8).
Thus, SAB modulated neural activation in regions that were
also functionally relevant to subjective approach and avoid-
ance ratings.

Exploratory neural connectivity. Given that previous find-
ings have most consistently implicated ACC regions and the
right dIPFC in reward-threat conflict processing, we selected
functionally defined pgACC and right dIPFC clusters as seed
regions for gPPI analyses.

pPgACC-dIPFC Connectivity pgACC-dIPFC Connectivity

pgACC-dIPFC Connectivity
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related differences in neural activation are depicted at high levels of
SAB (+1SD; red bars) or low levels of SAB (—1SD; blue bars). a In
response to social reward-threat conflict, SAB was associated with
weaker pgACC-dIPFC connectivity during avoidance motivation rat-
ings, but not during approach motivation ratings. b & ¢ In response to
social reward or social threat, SAB was not associated with differen-
tial pgACC-dIPFC connectivity during avoidance motivation ratings
or approach motivation ratings. Note: ***p < 0.001; **p < 0.01

For the right pgACC seed region, we observed SAB-
related modulation of connectivity with a right dIPFC cluster
that survived whole-brain correction (k = 151, [-34, -39,
34]; Condition X SAB: B = 0.05, SE = 0.01; F(; ¢47/) =
20.64, p < 0.001, uncorrected; FWE p < 0.05; Fig. 6a).
After controlling for internalizing symptoms (DASS-21),
SAB-related modulation of right dIPFC-pgACC connec-
tivity continued to survive whole-brain correction. During
subjective avoidance ratings, SAB was associated with sig-
nificantly lower connectivity between the pgACC and right
dIPFC (SAB: B = —0.04, SE = 0.008; F(; gg¢,) = 18.49, p
< 0.001, uncorrected). During subjective approach ratings,
however, SAB was associated with non-significantly stronger
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connectivity between the pgACC and right dIPFC (SAB: B =
0.02, SE = 0.009; F(;, g9 16) = 3.36, p = 0.07, uncorrected).
Importantly, we also observed SAB-related modulation of
pgACC-dIPFC connectivity that survived whole-brain cor-
rection when utilizing the bilateral ACC identified in task-
modulation analyses (see Supplemental Information). For the
left pgACC and right dIPFC seed regions, however, we did
not observe any SAB-related differences in task-related con-
nectivity that survived whole-brain correction.

Social reward and social threat models

Behavioral We did not observe significant SAB-related
modulation of subjective motivation ratings as a function
of social reward signals (Condition X SAB X Linear: B =
—0.01, SE =0.009; F(; ,g,) =2.78, p = 0.10) or social threat
signals (Condition X SAB X Linear: B = 0.009, SE = 0.008;
F(; 290) = 1.49, p = 0.22). Instead, SAB was associated with
generally lower approach motivation ratings and greater
avoidance motivation ratings, which was consistent across
varying social reward signals and social threat signals (Con-
dition X SAB: both ps < 0.001; Fig. 4).

Small volume activation. Similar to the social reward-threat
conflict model, no clusters survived small-volume correction
for SAB-related modulation of neural activation across mor-
phed stimuli between the approach and avoidance conditions
(i.e., no Condition X SAB X Linear/Quadratic interaction). For
both the social reward model and social threat model, SAB-
related modulation of neural activation differed more gener-
ally as a function of approach and avoidance ratings (i.e., a
Condition X SAB interaction; Figs. S11 and S12). In both the
social reward and social threat models, we observed dIPFC
and ACC clusters that overlapped with regions observed in
the social reward-threat model and exhibited similar patterns
of SAB-related modulation (see Supplemental Information).
Additionally, we observed caudate and insula clusters that did
not overlap with regions observed in the social reward-threat
conflict model (see Supplemental Information).

Exploratory neural connectivity. We did not observe SAB-
related differences in task-related connectivity that survived
whole-brain correction in either the social reward model or
social threat model (see Supplemental Information). Moreo-
ver, confirmatory analyses using the same pgACC and right
dIPFC clusters identified in the social reward-threat conflict
model confirmed that SAB did not modulate pgACC-dIPFC
connectivity in either the social reward or social threat models
(both ps > 0.48, see Supplemental Information).

Discussion
Across multiple levels of analysis, SAB selectively modu-

lated automatic and subjective motivational responses as
a function of social reward-threat conflict. For automatic

@ Springer

motivational responses, SAB was associated with slower
automatic avoidance actions as a function of social reward-
threat conflict signals (i.e., an inverted U-shaped pattern).
As a function of social reward-threat conflict signals, SAB
was also associated with relatively stronger amygdala activa-
tion during automatic approach actions and relatively lower
amygdala-pgACC connectivity during automatic avoidance
actions. For subjective motivational responses, SAB was
associated with smaller increases in approach motivation
ratings and smaller decreases in avoidance motivation rat-
ings as social reward signals increased relative to co-occur-
ring social threat signals. Contrary to our hypotheses, how-
ever, SAB did not modulate neural activation specifically as
a function of social reward-threat conflict signals. Instead,
SAB was associated with similar patterns of neural activa-
tion during subjective approach and avoidance ratings across
social reward, social threat, and social reward-threat con-
flict more generally. In exploratory connectivity analyses,
however, SAB was characterized by weaker pgACC-dIPFC
connectivity during subjective avoidance motivation rat-
ings specifically in response to social reward-threat conflict
signals. Importantly, SAB-related modulation of motiva-
tional responses was independent of more general internal-
izing symptoms and was generally not observed in response
to increasing intensities of social reward signals or social
threat signals.

In contrast to our previous behavioral study in which SAB
was characterized by faster automatic avoidance actions
as a function of social reward-threat conflict signals (i.e.,
a U-shape pattern; Evans & Britton, 2020), SAB was associ-
ated with slower automatic avoidance actions as a function
of social reward-threat conflict signals in the current neuro-
imaging study (i.e., an inverted U-shape pattern). Although
counter to our hypotheses, the specificity of SAB-related
modulation to social reward-threat conflict signals suggests
that cross-study differences in the direction of SAB-related
modulation are not simply attributable to Type I error. In
both studies, SAB modulated automatic avoidance actions
as a function of social reward-threat conflict signals, but
did not modulate automatic approach actions. Moreover,
in both studies, SAB did not modulate automatic actions
as a function of social reward signals or social threat sig-
nals. Together, these results suggest that SAB may be most
accurately characterized by dysregulated modulation of
automatic avoidance actions as a function of social reward-
threat conflict signals, which varies in direction based on
contextual factors.

Depending on several contextual factors, SAB may be
associated with faster or slower automatic avoidance actions
as a function of social reward-threat conflict signals. For
example, the direction of SAB-related modulation may
systematically vary depending on the time point at which
automatic action tendencies are measured. Specifically,
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participants in the current fMRI study exhibited markedly
slower initiation of automatic motivational responses (M
= 522.92 ms, SD = 65.91 ms) compared to participants
in our previous behavioral study (M = 477.71 ms, SD =
65.01 ms). Previous research using the I-AAT suggests that
automatic action tendencies vary in magnitude over the
time course of consecutive responses, which contributes
to opposing patterns of individual differences during the
initiation and subsequent execution of automatic actions
(Evans et al., 2021). In the current study, it is possible that
the fMRI scanning environment introduced a cognitive load
effect, which slowed the initiation of automatic motivational
responses and altered the direction of SAB-related modula-
tion. Although future studies will be required to empirically
evaluate this interpretation, our behavioral results are never-
theless consistent with previous research demonstrating that
SAB exclusively modulates automatic avoidance actions as
a function of social reward-threat conflict signals.

Partially consistent with our neural activation hypoth-
eses, SAB exclusively modulated amygdala activation as a
function of social reward-threat conflict signals, but not as
a function of social reward signals or social threat signals.
In contrast to our hypotheses, however, SAB modulated
amygdala activation as a function of social reward-threat
conflict signals during automatic approach actions, but not
during automatic avoidance actions. Given that SAB did
not modulate amygdala activation during automatic avoid-
ance actions, it seems unlikely that SAB-related modula-
tion of automatic avoidance actions is directly attributable
to dysregulated amygdala activation. Instead, divergent
SAB-related modulation of amygdala activation and auto-
matic action tendencies may be consistent with the amyg-
dala’s role in monitoring actions during various types of
cognitive conflict (i.e., action-stimulus conflict; Polli et al.,
2009; Kim et al., 2004; Etkin et al., 2010; Etkin et al., 2006).
Based on this conceptualization, SAB may be associated
with greater amygdala activation during automatic approach
actions due to action-stimulus conflict between the selected
action (approach) and prepotent action (avoid) as a func-
tion of social reward-threat conflict signals (Barbour et al.,
2020). Although amygdala signaling facilitates detection of
action-stimulus conflict, amygdala signaling does not modu-
late action selection during cognitive conflict in isolation.
Instead, modulation of actions during cognitive conflict is
governed by a neural circuit comprised of the right amygdala
and ACC (Etkin et al., 2006; Etkin et al., 2010; Etkin et al.,
2011; Passamonti et al., 2008). During these types of cogni-
tive conflicts, stronger connectivity between the right amyg-
dala and ACC is associated with more effective modulation
of actions (Liitcke & Frahm, 2007; Polli et al., 2009). Thus,
SAB-related modulation of automatic avoidance actions may
not be attributable to amygdala activation, but instead be

attributable to disrupted amygdala-ACC connectivity as a
function of social reward-threat conflict signals.

Consistent with this conceptualization, exploratory gPPI
analyses demonstrated that SAB was associated with weaker
connectivity between the right amygdala and pgACC dur-
ing automatic avoidance actions as a function of social
reward-threat conflict signals. Broadly, amygdala-pgACC
connectivity in response to affective facial expressions is
proposed to facilitate implicit emotion regulation processes
during cognitive conflict (Etkin et al., 2011; Gyurak et al.,
2011). Notably, amygdala-pgACC connectivity also regu-
lates negative affect to maintain adaptive action selection
and action execution during cognitive conflicts instantiated
by social threat signals more specifically (Egner et al., 2008;
Kienast et al., 2008; Passamonti et al., 2008). In disorders
characterized by social dysfunction such as SAD and MDD
(Ottenbreit et al., 2014), amygdala-pgACC connectivity
is diminished in response to affective facial expressions,
which is proposed to reflect a failure to implicitly regulate
negative affect via top-down control processes (Carballedo
et al., 2011; Prater et al., 2013; Robert et al., 2021; Wacker-
hagen et al., 2019). Therefore, SAB-related modulation of
automatic avoidance actions and weaker amygdala-pgACC
connectivity may reflect a failure to engage top-down con-
trol processes as a function of social reward-threat conflict
signals.

Inconsistent with our neural activation hypotheses, how-
ever, SAB did not modulate ventral striatum activation as a
function of social reward-threat conflict signals. Previous
neuroimaging research examined relationships between ven-
tral striatum activation during automatic action tendencies to
affective facial expressions and more global measures of trait
AA motivation (Radke et al., 2016). In the current study,
however, we did not observe SAB-related associations with
ventral striatum activation during automatic action tenden-
cies to affective facial expressions. Previous studies have
similarly documented brain-behavior relationships with
more global measures of trait AA motivation, but not when
using more symptom-specific measures (Morys et al., 2020).
Thus, it is possible that ventral striatum activation during
automatic action tendencies is modulated by trait AA moti-
vation more generally, rather than being modulated by SAB
specifically. Instead, SAB may primarily modulate amyg-
dala activation and amygdala connectivity during automatic
action tendencies. Therefore, it will be important for future
research to dissociate the degree to which trait AA motiva-
tion and SAB exert shared and/or distinct influences on neu-
ral activation during automatic action tendencies to affective
facial expressions.

Within the subjective AAT paradigm, SAB was character-
ized by weaker increases in subjective approach motivation
and weaker decreases in subjective avoidance motivation
as social reward signals increased relative to co-occurring
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social threat signals. In contrast, SAB did not parametrically
modulate subjective motivational ratings to varying social
reward signals or social threat signals. Instead, SAB, was
associated with generally lower approach motivation ratings
and greater avoidance motivation ratings regardless of the
specific intensity of social reward signals or social threat
signals. Moreover, although SAB-related differences in sub-
jective motivation responses were maximal at unambiguous
social reward signals (100%Happy), SAB was nevertheless
not significantly associated with motivational responses
to unambiguous social reward signals. Together, this dis-
tinct pattern of results suggests that SAB is not associated
with dysregulated motivational sensitivity to varying social
reward signals or social threat signals. Instead, our results
suggest that SAB was specifically characterized by dysregu-
lated modulation of motivational sensitivity as social reward
signals increased relative to co-occurring social threat sig-
nals (i.e., social reward-threat conflict signals). Thus, SAB
may be most accurately characterized by a failure to adap-
tively titrate motivational sensitivity as a function of co-
occurring social reward and social threat signals.

At the neural level, SAB was not associated with paramet-
ric modulation of neural activation as a function of social
reward-threat conflict signals, but was instead with differ-
ential activation during subjective approach and avoidance
motivation ratings more generally. For example, SAB was
associated with greater dIPFC and vIPFC activation during
avoidance motivation ratings compared to approach moti-
vation ratings, which did not differ as a function of vary-
ing social reward signals and/or social threat signals. In addi-
tion to processes involved in arbitrating approach-avoidance
conflict, these regions also play important roles in downreg-
ulating negative affect both more generally and in response
to social exclusion more specifically (He et al., 2018; He
et al., 2019; Kelley et al., 2019; Zhao et al., 2021). Thus,
greater SAB-related dIPFC and vIPFC activation during
avoidance motivation ratings may reflect the utilization of
SAB as a regulatory strategy that reduces negative affect by
reducing opportunities for social exclusion (Cacioppo et al.,
2011). Within the pgACC, SAB was associated with weaker
deactivation during avoidance motivation ratings and greater
deactivation during approach motivational ratings. Within
approach-avoidance conflict paradigms, greater pgACC
deactivation may indicate failed integration of reward and/or
threat information during decision-making (Ironside et al.,
2020). Based on this interpretation, SAB may be associ-
ated with weaker reward-threat integration during approach
motivational ratings (greater pgACC deactivation) relative
to avoidance motivational ratings (lower pgACC deactiva-
tion). Finally, it is important to note that the current study
utilized a subjective AAT paradigm with ambiguous facial
expressions, rather than a more traditional explicit AAT
paradigm with unambiguous facial expressions. Thus, it is
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perhaps not surprising that we did not observe SAB-related
modulation or task-related effects within aPFC regions that
have been replicated across previous AAT studies (Roelofs
et al., 2009).

More directly aligned with subjective behavioral find-
ings, SAB was associated with lower connectivity between
the right dIPFC and pgACC during subjective avoidance
motivational ratings in response to social reward-threat
conflict. Demonstrating specificity to social reward-threat
conflict signals, SAB-related modulation of dIPFC-pgACC
connectivity was not observed in response to social reward
signals or social threat signals. Previous research suggests
that the right dIPFC plays a causal role in titrating reward
sensitivity when rewards and threats simultaneously co-
occur, which is partly based on computations performed
within the ACC (Ballard et al., 2011; Bicks et al., 2015;
McDonald et al., 2020; Rolle et al., 2021). Specifically,
disrupting the right dIPFC via non-invasive neuromodula-
tion causally reduces reward sensitivity during AA deci-
sions, which is at least partly dependent on dIPFC-ACC
connectivity (Rolle et al., 2021). In the current study, SAB
was associated with lower dIPFC-pgACC connectivity
during avoidance motivational responses exclusively in
response to social reward-threat conflict signals. Thus,
SAB may be associated with reduced reward sensitivity
specifically when social reward signals simultaneously co-
occur with social threat signals, rather than in response to
isolated social reward signals or social threat signals. Con-
sistent with this interpretation, our behavioral results dem-
onstrated that SAB was exclusively associated with para-
metric changes in motivational sensitivity as the degree of
social reward signals decreased relative to co-occurring
social threat signals. As a whole, these findings dovetail
with the functional role of SAB in reducing the probability
of social exclusion in the context of co-occurring social
reward and social threat (Cacioppo et al., 2011).

Nevertheless, these fMRI findings should be consid-
ered preliminary given our relatively modest sample size.
Although the current study was adequately powered to
detect SAB-related modulation of behavioral metrics, it is
unlikely that our relatively modest sample size was fully
powered to detect more subtle patterns of neural activa-
tion and/or neural connectivity. A large body of research
demonstrates that modest sample sizes reduce the prob-
ability that fMRI effects can be successfully replicated
in independent samples (Button et al., 2013; Elliott et al.,
2020; Grady et al., 2021; Poldrack et al., 2017; Szucs &
Ioannidis, 2020; Turner et al., 2019). Although there is no
single minimum sample size that could ensure adequate
statistical power across all possible fMRI studies, accept-
ably reproducible fMRI effects may require sample sizes
of approximately 80—100 participants (Grady et al., 2021;
Turner et al., 2019). Based on these recent estimates, it is
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unlikely that the sample size reported in the current study
(n = 30) is fully powered to detect reproducible patterns
of SAB-related modulation or task-related effects in neu-
ral activation/connectivity. Relatedly, our neuroimaging
results were small-volume corrected for multiple compari-
sons within a family of analyses (e.g., neural activation),
but we did not employ a strict multiple comparison across
each family of analyses. Given these limitations, our fMRI
results should be cautiously interpreted as preliminary
findings pending an replication in a larger independent
sample.

In addition to our relatively modest sample size, several
additional limitations should be considered when interpret-
ing the results of the current study. First, we systematically
stratified our sample based on SAB to optimize detection
of SAB-related modulation, which may obfuscate task-
related fMRI effects by introducing heterogeneity in
behavioral and neural responses. In the I-AAT, for exam-
ple, we observed significant SAB-related modulation of
amygdala activation as a function of social reward-threat
conflict signals. However, we did not observe reliable
task-related effects on amygdala activation as a function
of social reward-threat conflict signals, which complicates
the interpretation of SAB-related modulation. Thus, it will
be necessary for future research to utilize the I-AAT and
S-AAT within more homogenous, healthy control sam-
ples to better characterize task-related effects on neural
activation as a function of social reward-threat conflict
signals. Second, we morphed static facial expressions to
parametrically modulate social reward, social threat, and
social reward-threat conflict. However, facial expressions
are rarely static in social interactions, but instead vary
dynamically as social communication unfolds. Therefore,
the current study cannot establish whether parametrically
morphed, static facial expressions adequately capture
dynamic information conveyed during social interactions.
Finally, we exclusively presented Caucasian faces in the
I-AAT and S-AAT to minimize the potential confound of
perceived racial identity on motivational responses (Paulus
& Wentura, 2014). Thus, it will be important for future
studies to characterize to what degree perceived racial
identity of facial expressions interacts with SAB-related
modulation.

Despite these limitations, we believe these findings offer
important insights into SAB-related dysregulation of moti-
vational processes with clinical implications. In summary,
we observed that SAB was characterized by dysregulated
modulation of both automatic and subjective motivational
responses, which occurred exclusively as a function of social
reward-threat conflict. Most closely aligned with these
behavioral findings, we observed that SAB was respectively
associated with disrupted amygdala-pgACC connectiv-
ity during automatic motivational responses and disrupted

dIPFC-pgACC connectivity during subjective motivational
responses. Together, these results suggest that SAB is char-
acterized by dysregulated automatic and subjective motiva-
tional responses to social reward-threat conflict, which may
be partly facilitated by dysregulated pgACC connectivity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.3758/s13415-022-01031-x.

Data availability None of the data or materials for the experiments
reported here is publicly available. No experiments or analyses were
preregistered before the conduct of the study. However, data and analy-
sis materials can be made available from the corresponding author
(T.C.E) upon reasonable request.
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