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Social threat can have adverse effects on cognitive performance, but
the brain mechanisms underlying its effects are poorly understood.
We investigated the effects of social evaluative threat on working
memory (WM), a core component of many important cognitive cap-
abilities. Social threat impaired WM performance during an N-back
task and produced widespread reductions in activation in lateral pre-
frontal cortex and intraparietal sulcus (IPS), among other regions. In
addition, activity in frontal and parietal regions predicted WM per-
formance, and mediation analyses identified regions in the bilateral
IPS that mediated the performance-impairing effects of social threat.
Social threat also decreased connectivity between the IPS and
dorsolateral prefrontal cortex, while increasing connectivity
between the IPS and the ventromedial prefrontal cortex, a region
strongly implicated in the generation of autonomic and emotional re-
sponses. Finally, cortisol response to the stressor did not mediate
WM impairment but was rather associated with protective effects.
These results provide a basis for understanding interactions between
social and cognitive processes at a neural systems level.
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Introduction

The performance of complex mental tasks is essential to
modern life. With sufficient attentional focus, humans can
maintain and manipulate information in ways that enable sym-
bolic reasoning and problem solving. But, all too often, the
desire to perform optimally impairs performance just when it
is most critical—particularly under conditions of social evalu-
ative threat (SET), a form of psychosocial stress involving
evaluation and judgment by others. For instance, even minimal
priming of social and racial stereotypes can induce “stereotype
threat” and impair cognitive performance (Steele and Aronson
1995). Likewise, manipulations of negative social feedback can
lead to suboptimal decision-making (Kassam et al. 2009). Con-
versely, resilience to stress leads to enhanced academic perform-
ance (Bardi et al. 2011), and interventions that bolster self-worth
can help reduce the effects of stereotype threat (Cohen et al.
2009; Miyake et al. 2010). However, in spite of great interest in
how SET and related social processes affect cognitive perform-
ance, the specific cognitive and brain mechanisms that mediate
impairments are just beginning to be explored.

Social evaluative threat may impair cognitive performance
by interfering with working memory (WM), a class of cognitive
control processes central to many higher-level capabilities,
including learning, problem-solving, and decision-making
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(Baddeley 2003). Working memory performance correlates
strongly with general fluid intelligence (Gray et al. 2003) and is
impaired in several psychiatric and neurological disorders
(e.g., Barch and Smith 2008). Behaviorally, SET has been
shown to impair WM (Elzinga and Roelofs 2005; Oei et al.
20006; Luethi et al. 2008; Schoofs et al. 2008) providing support
for the idea that SET may impair cognitive performance
through WM. However, findings have been somewhat incon-
sistent (Porcelli et al. 2008; Weerda et al. 2010; Cornelisse et al.
2011), possibly reflecting the fact that SET can engage both
“challenge” and “threat” responses (Kassam et al. 2009) and
shift cognitive processing from executive processing-heavy
strategies to faster, more heuristic ones (Beilock et al. 2004;
Schwabe and Wolf 2009). In addition, recent neuroimaging
studies using WM tasks have reported both stress-induced in-
creases (Porcelli et al. 2008; Weerda et al. 2010) and decreases
(Qin et al. 2009) in lateral prefrontal cortex (IPFC) activity
without finding any stress-induced alterations in WM perform-
ance. Thus, the brain mechanisms by which social threat influ-
ences cognitive performance remain unclear.

Here, we investigated whether changes in fronto—parietal
regions related to WM “mediate” (Fig. 1A4) stress effects on
WM, including 1) whether SET influenced brain responses to
an WM task (Path a); whether WM-related brain activity pre-
dicts WM performance (Path b); and whether these effects are
jointly strong enough to mediate the SET-WM performance re-
lationship (mediation effect a*») (Baron and Kenny 1980;
MacKinnon et al. 2007). We aimed at creating an ecologically
valid SET challenge. We therefore used a social challenge
modeled closely after the Trier Social Stress Test (TSST)
(Kirschbaum et al. 1993) in combination with additional social
evaluative elements during WM. Working memory was ma-
nipulated using a verbal N-back task (Jonides et al. 1998; Gray
et al. 2003) (Fig. 1B) that reliably activates frontal and parietal
cortical regions (Owen et al. 2005). We used Mediation Effect
Parametric Mapping (MEPM)(Wager, Waugh, et al. 2009; Atlas
et al. 2010) to obtain maps of P-values for all effects (using
bootstrap resampling), focusing on frontal and intraparietal
sulcus (IPS) regions consistently linked to WM and attentional
control more generally (Corbetta and Shulman 2002; Wager
et al. 2004; Lepsien et al. 2005; Owen et al. 2005; Mayer et al.
2007; Bledowski et al. 2009; Liston et al. 2009). We also
focused on ventromedial prefrontal cortex (vimPFC), an area
engaged by stress and threat (Pruessner et al. 2008; Wager,
Van Ast, et al. 2009; Wager, Waugh, et al. 2009; Roy et al. 2012)
that is commonly deactivated by cognitive tasks (Gusnard et al.
2001; Fox et al. 2005).
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Figure 1. Mediation model, study design, and cortisol results. (A) The mediation model used to search for brain activity on a voxel-wise basis that formally explains the relationship
between Group and working memory (WM) Performance. For convincing evidence that changes in fronto—parietal regions “mediate” stress effects on WM, 4 conditions should
hold. First, stress should alter WM performance (Path c, the total effect). Second, stress should alter activity during WM in fronto—parietal regions (Path a). Third, fronto—parietal
activity should predict WM performance, controlling for stress (Path b). And fourth, the stress effects on the brain and brain-WWM performance relationships should be nonadditive,
that is, the effect of brain activity should formally mediate the stress—\WM relationship (Path a*b) (Baron and Kenny 1986; MacKinnon et al. 2007). (B) Schematic outline of the
experiment. The scanning session commenced with the acquisition of structural and baseline functional scans. Next, the social evaluative threat (SET) group was administered the
trier social stress test (TSST), and the Control group was administered the control task. Next, all participants returned to the scanner at which point they completed a divided
attention task lasting 28 min followed by the N-back task. In the figure, a 3-back trial schematic is depicted. In the 3-back task, participants indicated whether each word matched
the word seen 3 trials ago with a “yes” or “no” response. At the end of scanning, participants completed a final set of questionnaires. (C) Cortisol results. Mean free salivary cortisol

concentration in nanomoles per liter for the SETand Control groups.

Methods

Participants

Twenty-one participants (72=21; mean age = 22.24 [4.24] years) were
recruited and randomized into 1 of 2 groups: SET (=10, 5 females)
and control (n=11, 5 females). Participants were healthy, right-
handed, native English speakers with normal or corrected vision. Parti-
cipants were screened for Axis I disorders from the DSM-IV and
immune and endocrine system disorders. All female participants were
tested during the luteal phase of the menstrual cycle to control for var-
iations in reactivity of the hypothalamic—pituitary—adrenal (HPA) axis
throughout the cycle (Kirschbaum et al. 1999), and all sessions began
at 3 p.m. Participants were asked to refrain from behaviors known to
impact the HPA axis, including: alcohol, smoking, heavy exercise
within 48 h of the imaging session, and heavy meals, caffeine, and ex-
ercise within 2 h of the imaging session. Also, participants were asked
to get a normal night’s sleep the night before. Compliance with these
restrictions was confirmed upon arrival at the imaging center.

All study procedures were approved by the IRB of Columbia Univer-
sity and were in accordance with the Declaration of Helsinki, and parti-
cipants provided written informed consent. Owing to technical failure,
N-back behavioral data from 8 full and 2 half runs were not recorded,
comprising about 10% of the total data (which we assessed to be
missing at random). Salivary cortisol samples from 1 SET participant
were not usable and therefore excluded.

Study Procedure

The experiment included a practice session and a scanning session the
next day. During practice, participants performed the N-back task until
they reached a performance criterion of 70% correct, in order to reduce
preexisting inter-individual differences in WM. Specifically, partici-
pants performed a run of 2-back trials, and then a run of 3-back trials
with feedback. On a per run basis, if at least 20 trials had been com-
pleted and accuracy exceeded 70%, the criterion was considered met
and the run was terminated. The scanning session consisted of: 1)
structural and baseline functional scans, 2) an fMRI-compatible adapta-
tion of the TSST (Kirschbaum et al. 1993) or control task, 3) a divided

attention task (DAT) (~28 min, involving male/female decisions or
indoor/outdoor decisions of faces superimposed on indoor/outdoor
scenes, data to be presented elsewhere), 4) the N-back task, 5) behav-
ioral and emotional assessments, and 6) debriefing.

SET and Control Manipulations

During the TSST (Kirschbaum et al. 1993) (for SET participants), 2 con-
federates wearing white lab coats entered the fMRI scanner room and
were introduced as professors. They instructed participants to prepare
a speech that would later be delivered to them. Social evaluative threat
participants were given 3 min to prepare a 5-min speech on their
strengths and weaknesses as candidates for “the job of their dreams”
while functional fMRI measures were acquired. The job was specific to
each participant, based on a questionnaire administered on the first
testing day. Following the preparation period, SET participants left the
scanner and entered a conference room, in which they delivered the
speech (5 min) and performed an oral serial subtraction task (5 min).
For SET participants, we aimed at extending the SET environment
beyond the TSST itself. Therefore, the professors accompanied the par-
ticipants back to the scanner and told the participants they would con-
tinue monitoring their performance on all further tasks through the
video and by computer analysis. Also, the following elements were
added to the experimental procedure: 1) the N-back task was intro-
duced as a measure that was predictive of IQ and professional achieve-
ments, 2) participants were told that persons with an average IQ
should be able to score easily in at least the 60th percentile on the
N-back task, 3) participants were told that the “professors” would con-
tinue evaluating them on their performance, 4) after each N-back run,
sham feedback indicating inferior performance was presented, and 5)
participants were told that their score was below average and that if
they would not improve their performance, they would be asked to
give another speech in front of the professors.

Control participants were not introduced to the confederates but
instead were instructed by the experimenter to imagine spending a day
in New York City with a friend who was visiting. They were told that
they would be asked to write down their story in a 5-min period follow-
ing the scan. At the end of the preparation period, control participants
left the scanner room and recorded their stories on their own (5 min).
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To further promote the nonthreatening nature of this task, they were
told that they could take longer than 5 min if they would like and that
their answers would not be used as data in the experiment.

Verbal N-Back

The N-back task was administered over 4 scanning runs, each with in-
termixed blocks of 2-back and 3-back trials. A run consisted of 9
blocks, and blocks were presented in ABBA or BAAB order, inter-
spersed by 25 s of resting fixation. In total, 18 blocks of 2-back and 18
blocks of 3-back were administered. Each block started with an N-back
instruction (either 2-back or 3-back) followed by 10 N-back trials.
There were 3 types of trials: 1) target, 2) lure (nontarget), and 3)
nonlure (nontarget). Lure trials were included as WM involves both
maintenance and “control” processes (Baddeley 2003), and lures spe-
cifically challenge attentional control, since the tendency to make a
target response based on familiarity or recency is prepotent (Jonides
et al. 1998; Gray et al. 2003). In a 2-back block, lure trials consisted of a
3- or 4-back match. In a 3-back block, lure trials consisted of a 2- or
4-back match.

On each of 360 trials, a word was presented for 2 s followed by an
inter-stimulus-interval fixation cross for 1s. Participants were in-
structed to respond as quickly and accurately as possible to each word
with a button press indicating, “yes, this word matches the word pre-
sented n-trials ago” (a target response) or “no, this word does not
match the one presented n-trials ago” (a nontarget response). The first
3 trials of each block were not included in the analysis; these trials
were always nontargets in the 3-back block and therefore did not carry
the same task demand as the remaining trials. The remaining trials con-
sisted of 42% targets and 29% for each of lures and nonlures. Words
were selected from the MRC Psycholinguistic Database (http:/www.
psych.rl.ac.uk/MRC_Psych_Db.html), contained maximally 3 syllables,
and were all defined as relatively familiar, easy to imagine, concrete,
and acquired at a young age. The task was administered with E-Prime
software (Psychology Software Tools, Inc.) through LCD goggles. Re-
sponses were recorded by a MR-compatible button box.

Salivary Cortisol and Subjective Affect

At 8 time points throughout the scanning session (~5, 45, 90, 93, 103,
133, 173, and 210 min after the session start, see Fig. 1C), measures of
salivary cortisol were collected using Salivettes. Along with each
sample, participants were asked to fill out a subset of the Positive and
Negative Affect Scale (PANAS) (anxious, excited, and alert) (Watson
et al. 1988). Participants reported levels of affect on a scale of 1 to 4,
with 1 equaling “not at all” and 4 equaling “very much.”

Salivary Cortisol and Subjective Affect Analysis

Alterations in salivary cortisol levels and subjective mood were ana-
lyzed with a repeated-measures ANOVA with Time (pre-TSST, during
TSST, post-TSST, pre-N-back, and post-N-back) as a within-subjects
factor and Group (SET, Control) as a between-subjects factor. Percent-
age increase of cortisol was calculated according to the following
formula: (Acort/baseline) x 100, where Acort is the change in absolute
cortisol from the baseline. The Pre-TSST time point was selected as a
baseline measure since it occurred just before the administration of the
speech preparation (SET) or writing (control) instructions. The
pre-N-back time point was selected since it was hypothesized to serve
as the peak time point for the SET group following the SET manipula-
tion given the lag of the cortisol response (Dickerson and Kemeny
2004).

N-Back Bebavioral Analysis

Reaction times that were less than 200 ms or 3 standard deviations
above or below the mean were excluded. Time out trials were excluded
from the analysis for both accuracy and reaction time (RT) variables.
Accuracy and RT data were first submitted to a 2 x 2 x 3 mixed model
ANOVA with the factors Workload (2-back, 3-back), Group (SET,
Control), and Trial Type (Target, Lure, Nonlure). Accuracy data were
converted into a unit of sensitivity, A-sensitivity (Zhang and Mueller
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2005). Since we expected impairments in WM due to the effects of SET
a priori, we used planned contrasts for follow-up analyses on signifi-
cant interactions (i.e., these were not corrected for multiple compari-
sons). To create a single, composite measure of WM performance, we
combined A-sensitivity and RT by employing principal component
analysis (PCA) across measures on the 2 workload types (2-back and
3-back), using z-scores for each measure across the sample. We inter-
preted the first 3 components yielded by the analysis and found that
the first loaded positively on A-sensitivity and negatively on RT. Thus,
the higher the value of this component, the better the performance as
it indicates higher accuracy and shorter RTs. This component, labeled
“WM Performance,” was utilized in all subsequent analyses assessing
composite WM behavior.

Imaging Acquisition

Measures of brain activity were acquired with a 3T Philips Achieva
scanner using BOLD gradient echo planar imaging. The following para-
meters were specified: voxel size =2 x 2 x 3 mm, slice number =37, TR
=2000 ms, TE =20 ms, flip angle =72°, and acquisition = interleaved. A
T1-weighted structural image (MPRAGE) was also acquired.

Imaging Analysis

BOLD images were converted to ANALYZE format and preprocessed
using SPM5 software (Wellcome Department of Cognitive Neurology).
The preprocessing steps were as follows: 1) slice-timing correction, 2)
realignment yielding 6 standard head-movement parameters (i.e., x, y,
z-translation, pitch, yaw, and roll), 3) coregistration to the structural
image, 4) normalization to the template MNI space, and 5) smoothing
with an 8-mm kernel.

Voxel-Wise Maps

At the first level, we estimated models as a function of workload and
trial type (2-back targets, 2-back lures, 2-back nonlures, 3-back targets,
3-back lures, 3-back nonlures, and start trials) convolved with the
standard canonical hemodynamic response function, using a similar
approach as a previous report (Gray et al. 2003). Also, the 6 movement
parameters from realignment were included as nuisance regressors. A
high-pass filter using a cutoff of 1/160 Hz was specified. Given our
interest in SET effects on overall WM performance, the contrast of
primary interest compared targets, lures, and nonlures together with
rest (i.e., the 25-s blocks of rest in between N-back blocks and fixation
between words) [N-back vs. Rest]. Also, we included both accurate and
error trials in the imaging analysis, since A-sensitivity, 1 part of the be-
havioral composite measure, WM performance, was based on both
kinds of trials.

At the second level, we utilized the mediation analysis toolbox in
order to implement MEPM (Wager, Waugh, et al. 2009; Atlas et al.
2010). Matlab code implementing mediation analyses is freely available
at: http://wagerlab.colorado.edu/. By following standard mediation
logic (Baron and Kenny 1986), MEPM enables assessment of the rela-
tionship between an experimental manipulation (X) and a dependent
variable (Y), mediated by brain activity (). Relationships between X
and M and M and Y are expressed by path coefficients a and b, respect-
ively. If M mediates the relationship between X and Y, then the product
a*b should become significantly different from zero. The mediation
tests for each of these 3 effects (a, b and a*b) in every single voxel
within a multi-level model. Mathematical details of the MEPM model
can be found elsewhere (Wager, Waugh, et al. 2009; Atlas et al. 2010).
To answer our main question, we entered Group into the model as the
predictor x (SET =1, control = —1), WM performance as Y, and the
[N-back vs. Rest] contrast as M. With this multi-level path model, the
following voxel-wise effects were tested: 1) WM-related brain activity
in response to the SET manipulation (Path &), 2) brain activity related
to overall WM performance, controlling for group (Path b), and 3) the
mediation effect, indicative of brain regions mediating the relationship
between SET and WM performance (Path a*h). As we expected
SET-related WM impairment, it followed that mediators should be
negative: either SET reduces activity (negative Path @) in regions that
generally aid performance (positive Path b), or the other way around.
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Unless otherwise noted, brain maps are shown using a threshold of
P<0.005, two-tailed and uncorrected, with an extent of k=10 voxels,
to preserve the balance between sensitivity and false positive rate (Lie-
berman and Cunningham 2009). The P < 0.005 two-tailed threshold is
the equivalent of P<0.0025 in SPM, as results presented in SPM are
one-tailed. We also thresholded analyses in a priori regions of interest
at P<0.05 family-wise error rate (FWER) corrected based on cluster
extent and a primary threshold of P<0.01, two-tailed (P<0.005 in
SPM), using AlphaSim (Cox 1996) and the Neurosynth WM mask as de-
scribed later. For mediation tests, the primary threshold required both
the Path a and Path b links to be significant at P <0.005, as well as the
a*b mediation test. Because the Path @ and Path b effects are condition-
ally independent, the probability of both being significant by chance is
P=0.000025 or lower.

Regions of Interest

We selected relevant WM-related brain areas using the Neurosynth
meta-analytic database (Yarkoni et al. 2011), by searching for the term
“working memory.” Positive results (probability of activation above
base rate across the brain) in the Neurosynth “working memory”
reverse-inference map were thresholded at g < 0.05 FDR-corrected. We
thresholded contiguous clusters at k=50 to yield 17 distinct regions
(Fig. 3B). The mask was mirrored across the left and right hemi-
spheres, taking the union of voxels in both hemispheres, smoothed
with a 4-mm FWHM kernel, and thresholded at 0.05 to limit the size of
the smoothed borders. An additional Neurosynth-based mask was
created with regions of interest associated with self-related and
default-mode-related processing. Reverse-inference maps related to
“self” and “default” were thresholded at ¢<0.05 FDR-corrected.
Reverse-inference maps and the intersection were chosen here
because they limited results to a priori areas of interest in the ventro-
medial prefrontal cortex, posterior cingulate, and a limited set of add-
itional regions (including portions of the inferior frontal and parietal
cortices). Then, the intersection of the WM, self, and default masks was
calculated. By combining these masks, we defined an a priori mask of
co-occurring WM-, and SET-related brain regions (WM + SET)
(Fig. 3D). To further examine the robustness of our results, we ex-
tracted 8 distinct ROIs from the Neurosynth WM mask and conducted
small volume cluster extent-based correction (SVC) in AlphaSim (Cox
1996) thresholded at P<0.05 FWER-corrected. The primary threshold
was P<0.01 (10000 Monte Carlo iterations), with FWER correction
based on the number of contiguous significant voxels within the ROI.

Working Memory-Related Pattern of Interest

In addition to regions of interest, we conducted a “pattern of interest”
analysis (Wager et al. 2013) based on an a priori template for distribu-
ted, WM-related activity defined by prior literature. The basic idea is to
specify a distributed pattern related to WM “a priori” and then to test
WM effects and SET effects on the “expression,” or integrated activity,
in the template pattern. The “pattern of interest” generalizes the
“region of interest” approach to testing a distributed pattern, allowing
us to test activity in a distributed WM-related network without testing
multiple comparisons. The pattern was based on “reverse inference”
Z-score maps from Neurosynth using the term “working memory”
(Fig. 3B). Z-scores from the meta-analytic map were used as weights
for each voxel in the distributed map. The “expression” of the pattern
for a given data image (e.g., participants’ contrast maps) is calculated
as a weighted average of activity, with weights defined by the Z-scores
in the pattern map. In linear algebraic terms, this is equivalent to pro-
jecting the contrast images from each subject onto the multivariate
vector defined by the pattern (see below for additional details).

To define the pattern of interest, the Neurosynth “working memory”
map was thresholded at g<0.05 FDR-corrected. Positive (yellow in
Fig. 3B) and negative (blue in Fig. 3B) values in the map reflect activa-
tion probability above and below the base rate across the brain, re-
spectively. More specifically, Z-score values in the map were derived
from a one-way chi-square test comparing the counts of activating
versus nonactivating “working memory” studies in each voxel to the
base rate of activation across the brain. To improve estimation proper-
ties with sparse data, counts were regularized using an m-estimator to
smooth activation probability estimates toward 0.5, as described in

Yarkoni et al. (2011), and reflected in this equation: P(4;=1|
Ti =1 = ATy + mP)/(E Ty + m) where A reflects activation, T re-
flects the term (e.g., “working memory”), j indexes voxel, k& indexes
task, 7indexes study, m is a virtual equivalent sample size, and P is a
prior probability. The parameters m and P are set equal to 2 and 0.5 re-
spectively; this smoothing is equivalent to adding 2 virtual studies that
have term k present—1 having an activation one, 1 without. P-values
from the likelihood ratio test were transformed to Z-values, with voxels
with probabilities above the base rate for activation receiving positive
Z-values, and those below the base rate for activation receiving nega-
tive Z-values. Activation frequencies below the whole-brain base rate
are assumed here to reflect likely WM-related deactivations; this as-
sumption is borne out in individual studies in default mode network
(DMN) regions and others with negative Neurosynth Z-scores. Thus, the
Z-values are useful as estimates of the degree to which voxels are acti-
vated (positive Z-scores) and de-activated (negative Z-scores) in WM.

To apply the pattern to the data, the Neurosynth WM Z-score map
was resampled to the space of the functional data using trilinear inter-
polation. The Z-scores in this map were treated as a pattern of weights;
the map was vectorized, so that the vector @y,, contained the
Z-scores. We then calculated the dot product of this vector with
each subject’s [N-back vs. Rest] contrast map by vectorizing contrast
images (E map) and taking the dot product of each individual’'s contrast
map and the Neurosynth template mask: (pr = Bmapﬁ/map). This
yielded a single set of pattern response scores (pr), 1 per subject,
which reflects the expression of (match to) the overall a priori WM
pattern. If the pattern weights i@, all had values of 1, this would be
equivalent to taking the sum (the average up to scaling) of the voxels
in the mask. By using Z-scores as weights, the voxels with the most re-
liable activation in Neurosynth contribute more to the pr score. In add-
ition, activation of regions with negative Z-scores reduces the pr score,
and de-activation of regions with negative Z-scores increases the pr
score. This similarity metric is related to others, including the pattern
correlation (the correlation coefficient of the 2 maps) and the cosine
similarity; among these, we used the dot product because it is closest
to the original data in the sense that it preserves the scaling of the re-
sponse across participants, and individual differences in activation
magnitude across the pattern contribute to between-subjects error.
Once we calculated the pattern response score for each participant,
these scores were then tested for SET effects. Thus, a significant effect
of SET on pattern expression would indicate that the amplitude of an-
ticipated activation and deactivation based on the Neurosynth WM
map differed for SET and control participants.

Connectivity Analyses

We conducted 3 types of connectivity analyses. In Analysis 1, we iden-
tified regions that were functionally correlated with key mediators of
threat effects (used as “seed” regions) on average across WM and Rest.
In Analysis 2, we identified regions that showed task-dependent (WM
—Rest) functional connectivity with key mediators. In Analysis 3, we
tested whether task-dependent connectivity estimates mediated SET
effects on WM performance. Results were visualized with the WM +
SET mask.

Analysis 1: average connectivity across WM and Rest. We carried out
voxel-wise, time series connectivity analyses implemented in custom
software in Matlab (Mathworks, Inc.) using the WM + SET mask. In the
first analysis, negative mediators (i.e., those that explained the negative
effects of SET on WM performance) from the mediation analysis were
entered as seed regions, and maps of cross-correlation coefficients
were computed by measuring the time series correlation between each
“seed” brain region and all other voxels falling into the WM + SET
mask. Voxel time courses were high-pass-filtered (cutoff period of
246 s, 0.0041 Hz) before analysis. Next, a second-level analysis was
performed using robust regression (Wager et al. 2005). In this analysis,
connectivity maps for each participant were entered as the outcome
data, and predictors included an intercept (capturing mean connectiv-
ity across all participants) and the effect of group (capturing SET vs.
Control effects on connectivity). Connectivity in this analysis was not
intended to isolate “intrinsic” or “task-independent” connectivity, as it
could reflect a combination of task-related and task-independent
effects. We test whether connectivity is task-related in subsequent
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analyses mentioned later; therefore, we did not regress out task effects
in this first analysis.

Analysis 2: task-dependent connectivity (WM—Rest). To test
whether connectivity estimates varied as a function of the task, we per-
formed a psychophysiological interaction (PPI; O’Reilly et al. 2012)
analysis on N-back-dependent connectivity. The model used brain
time series data for each subject as the outcome and included predic-
tors for 1) Task condition (Rest=0, N-back=1), 2) centered seed
region time series data (from mediators in the IPS), and 3) the Task x
Seed time series interaction. The interaction was the main regressor of
interest, as it reflects task-dependent connectivity with the seed of
interest. Effects of Group (SET vs. Control) were assessed at the second
level as in the previous connectivity analysis.

Analysis 3: task-dependent connectivity mediates performance re-
ductions. Finally, to test whether task-dependent connectivity
mediated SET effects on WM performance, we used voxel-wise Task x
connectivity estimates from Analysis 2 in a mediation analysis, with X
=Group (SET vs. Control), M =Task x connectivity, and ¥Y=WM per-
formance. In this model, Path a tested whether WM-dependent con-
nectivity was affected by the SET manipulation. Path b tested whether
connectivity predicted WM performance, controlling for Group, and
the Path a*b mediation tested whether the relative strengths of these
effects satisfied the criteria for mediation.

Results

Physiological and Subjective Measurement of SET

Social evaluative threat resulted in salivary cortisol increases as
evidenced by a marginally significant Group x Time ANOVA
(F4,68=2.25, P=0.073, 11,=0.12). Indeed, percent change in
cortisol (i.e., change between Pre-TSST and Pre-N-back time
points) was greater in the SET group compared with the
Control group (#;3=2.28, P=0.04) (Fig. 1C). None of the
Group x Time ANOVAs for subjective affect reached signifi-
cance (all F<1.4).

Working Memory Performance

There were no baseline differences among groups on accuracy
or RT in the pre-scan practice session. A significant Trial Type
(Target, Lure, Nonlure) x Group (SET, Control) interaction
(F»38=4.84, P=0.013) demonstrated that accuracy was
reduced in SET participants relative to Controls on target trials
(P=0.011) and lure trials (P=0.036), but not nonlure trials
(P=0.29), using planned contrasts. This suggests that the most
difficult (i.e., attention demanding) trials were sensitive to SET
effects. These effects were not altered by Workload (2-back,

3-back; F,33=0.89, P=0.419). In addition, SET generally re-
sulted in lower accuracy (main effect of Group; Fy 1 =8.02, P=
0.011). Regardless of Group, memory accuracy depended
upon Workload x Trial Type (interaction; F35=8.46, P=
0.001), and it was generally reduced in the 3-back condition
(main effect of Workload; Fy 1o =12.53, P=0.002).

Reaction time data were submitted to the same analysis as
above. A main effect for Group (¥ ;9=10.52, P= 0.004) indi-
cated that SET overall significantly prolonged RT. In addition,
main effects were found for Workload (F;,9=14.13, P=
0.001), with slower RTs in the 3-back condition, and a main
effect of Trial Type (F35=51.91, P<0.001), with longer RT
for lures than for targets (P<0.001), and marginally longer RT
for targets than for nonlures (P=0.054). This suggests that in
terms of RT, lures are most difficult, followed by targets, with
nonlures being easiest. A marginal significant interaction was
also found for Trial Type x Workload (¥, 35 =2.67, P=0.082),
but all other effects remained insignificant.

Social evaluative threat-related WM impairment was also
evident in A-sensitivity (Zhang and Mueller 2005), a signal-
detection measure of accuracy performance, as revealed by a
main effect of Group (Fj19=0.56, P=0.019), and an inter-
action effect of Group x Trial Type (Fy10=>5,12, P=0.0306).
Indeed, SET reduced the discriminability of targets from both
lures (t;9 = —2.50, P=0.02) and nonlures (t;o = —2.54, P=0.02)
(Fig. 24), as revealed by planned contrasts. Because RT and
A-sensitivity both showed performance decrements with SET,
we combined them using PCA into a single, integrated
measure, which we termed “WM performance” and used in
brain analyses. Working memory performance was significant-
ly impaired by SET (#;9 = —3.98, P<0.001; Fig. 2B).

To test whether change in cortisol predicted WM perform-
ance as a function of group, we regressed WM performance on
Group (SET vs. Control), percent change in cortisol, and their
interaction. As expected, the SET group showed lower WM per-
formance (#;3=-5.34, P<0.001). However, no relationship
was found between Cortisol and WM performance (¢;5=0.30,
P=mn.s.). Finally, there was a trend toward a significant Group
x Cortisol interaction, such that there was a stronger “positive”
cortisol-performance relationship in the SET group than
Control group (#;3=1.83, P=0.086). Cortisol related positively
to performance in the SET group (»=0.714, P=0.031), but did
not predict performance in the Control group (r=-0.280,
P=mn.s.). Taken together, these results confirmed that social
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Figure 2. Effects of social evaluative threat (SET) on working memory (WM). (A) A-sensitivity. The SET Group was impaired on A-sensitivity overall and when assessed as a
function of lure or nonlure conditions separately. (B) Composite WM performance. The SET Group was impaired on the composite behavioral measure, WM performance.

548 Social Threat Effects on Working Memory - van Ast et al.



A Study results, N-back vs. Rest

] Study Results, reduced activity in the Pattern of Interest

20 9
18 4
16
14 o
12 4
10 4
8 4
6 4
4
2 <
D+

WM activity

D

Symmetrical Neurosynth WM and Self/Default Mode mask for mediation results

[CJWM-related increases
B \WM-related decreases

BSET

OControl

[JWM-positive
M Self/default mode-positive

PDOS

Figure 3. Main effects of N-back versus Rest. (4) Results from the [N-back vs. Rest] contrast in the current study. Red/yellow: N-back > Rest. Blue: Rest > N-back. (B) Results
from a search in Neurosynth (Yarkoni et al. 2011) for the term “working memory” (WM). Notably, the results in Neurosynth match closely with those from the current study shown
in A. Yellow: positively associated with WM. Blue: negatively associated with WM (see “Pattern of Interest analysis” in text for details). (C) Pattern of interest results (i.e., a
weighted average across all WM regions within the Neurosynth mask in [B]) for the social evaluative threat (SET) and Control group. Social evaluative threat significantly reduced
activity in WM- and SET-related brain areas. (D) A second Neurosynth-based mask was created comprising the WM mask and regions of interest associated with self-related and
default-mode-related processing. Yellow: positively associated with WM. Blue: positively associated with self and default-mode processing.

evaluative threat impaired WM performance overall, but the
impairment was not a consequence of increased cortisol.
Instead, cortisol related to enhanced performance within the
SET group.

Regions Activated by WM

The [N-back vs. Rest] contrast produced several WM and DMN
regions that have been observed in previous work including
increases in IPS, anterior cingulate cortex (ACC), and dorsolat-
eral PFC (dIPFC) (Wager and Smith 2003; Champod and
Petrides 2010) and decreases in medial PFC and precuneus/
posterior cingulate cortex (PCN/PCC) (Qin et al. 2009;
Andrews-Hanna et al. 2010) (Fig. 34). Notably, the results ob-
served in this study match closely with the Neurosynth WM
map (Fig. 3B). Interaction effects of SET and WM load [3-back
vs. 2-back] and SET and difficulty [Lure vs. Nonlure] can be
found in Supplementary Material. The expression of the Neuro-
synth pattern of interest was significantly greater than 0 (5=
11.05, P<0.0001), indicating a strong match with the a priori
pattern in the expected direction. Hundred percent of the parti-
cipants showed a positive pattern expression response, indicat-
ing that the WM pattern activated more for N-back than Rest in
every participant.

Brain Mediators of SET Effects on WM Performance
Social evaluative threat, compared with the Control Group,
induced widespread decreases in WM-related areas in the [N-
back vs. Rest] contrast, including dIPFC, ACC, inferior frontal
gyrus, parietal cortex including bilateral IPS, and cerebellum
(Path a). Social evaluative threat increased N-back-related ac-
tivity in vmPFC and inferior temporal gyrus. Activity in the
Neurosynth pattern of interest was significantly reduced in the
SET versus Control groups (9= —2.67, P=0.015) (Fig. 30).

Brain activity in the [N-back vs. Rest] contrast correlated
positively with WM performance (Path b) in portions of
regions activated during WM in prior studies (Wager and Smith
2003; Champod and Petrides 2010), including bilateral IPS, su-
perior temporal gyrus, supramarginal gyrus, ACC and cerebel-
lum. Negative correlations were found in several parts of the
so-called default mode network including dorsal medial pre-
frontal cortex (dmPFC), frontal pole, PCN/PCC and temporal
parietal junction (TPJ). However, the Neurosynth pattern of
interest did not show a significant Path b effect (»=0.20, P>
0.01) and therefore did not mediate SET effects on WM per-
formance (P> 0.10).

Finally, and crucial to our research question, maps of the
Path a*b effect showed negative mediation in bilateral IPS
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(Fig. 4), resulting from social evaluative threat-induced reduc-
tions in activity (negative Path a) and a positive activity—per-
formance relationship (positive Path b). The effect of group on
performance (R°=0.454) dropped 82% when controlling for
either IPS alone and 93% when controlling for bilateral IPS (re-
sidual Group-Performance R°=0.031). Thus, bilateral IPS ex-
plained nearly all of the effect of the SET manipulation on WM
performance. Though these effect sizes are not unbiased
because they resulted from a voxel-wise search (Vul et al.
2009), the results suggest that deactivation of bilateral IPS con-
tributes substantially to the effects of SET on WM. Because the
L IPS activation appeared to fall close to white matter, we con-
ducted an additional analysis with a primary threshold of
P<0.01 and FWER correction based on cluster extent at
P<0.05 corrected. At this threshold, the activation clearly ex-
tended to gray matter bilaterally, and the R IPS was significant
at FWER P<0.05 (see Supplementary Results and Supplemen-
tary Fig. 1). We also note that the Path a effects clearly ex-
tended into gray matter bilaterally.

The mediation analysis additionally revealed 3 positive med-
iators: dmPFC, PCN/PCC, and TPJ, each the result of negative
Path a effects and negative Path b effects (Table 1). These
regions showed reduced activity during SET, but reduced activ-
ity was correlated with better performance. Such regions are

suppressor variables (MacKinnon et al. 2000) that work
against the overall WM-impairing effect of SET, and such
effects may provide clues about the variable effects of SET on
cognition across individuals.

Effects of SET (Path @) were found in all 8 ROISs of the Neu-
rosynth WM mask at SVC P<0.05 FWER-corrected. However,
only bilateral IPS predicted performance controlling for SET
(Path b), and right IPS showed mediation effects (Path a*b)
(Table 2).

Functional Connectivity
We used both left and right IPS regions from the mediation
analysis as seeds for functional connectivity analysis and the
WM + SET mask (Analysis 1; see Methods), in order to 1) locate
functional connectivity with IPS and 2) test whether IPS con-
nectivity was moderated by Group (SET vs. Control). Both IPS
seeds were positively connected to bilateral dIPFC and nega-
tively connected to vmPFC. Critically, as shown in Figure 54,
SET reduced right IPS-left dIPFC connectivity and increased
connectivity between bilateral IPS and vimPFC.

As the right IPS was the strongest result in the mediation
analysis (because it fell within the Neurosynth mask and sur-
vived SVC), PPI analysis (Analysis 2) was run with this ROI as
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Figure 4. Brain mediators of social evaluative threat (SET) effects on working memory (WM). (A) Mediation path diagram. Mediation was used to search for Brain activity [N-back
vs. Rest] that formally explained the relationship between Group and WM performance on a voxel-wise basis. (B) Negative mediators. Deactivation in bilateral intraparietal sulcus
(IPS) mediates the relationship between Group and WM performance, suggesting that less activity in this region underlies SET-related WM impairment. The IPS has been implicated
in studies of both WM and attention. For instance, IPS activates when attention is directed to a spatial location where the presentation of a stimulus is expected in the absence of
visual information as shown in Kastner et al. 1999. Red/yellow: positive effects; blue: negative effects. (C) Scatterplot depicting WM performance as a function of activation in the
left IPS and group. Overall, WM performance relates positively to left IPS activation; the SET group shows less activation in this region and impaired WM performance relative to the

Control group. L, left; R, right.

Table 1
Brain mediators of the relationship between group and working memory (WM) performance (Path a*b)

Mediator Side Path a (Group) Path b (WM Mediation (a*b)
performance)
X y z Sig. Voxels Vol. (mm®) 7 P 7 P 7 P
Positive
Precuneus/PCC Right 12 —60 30 4 328 -3.72 0.000 -3.25 0.001 3.24 0.001
TPJ (angular gyrus) Right 54 -58 30 16 128 -3.18 0.002 -3.01 0.003 2.90 0.004
dMPFC (superior frontal gyrus) Right 2 36 48 13 104 —3.42 0.001 -3.03 0.002 2.98 0.003
Negative
IPS (superior parietal lobule) Right 28 —54 40 52 416 —3.56 0.000 3.20 0.001 —3.56 0.000
IPS Left -20 -50 40 i 88 —3.45 0.001 3.59 0.000 -3.18 0.002

Note: MNI coordinates (x, J; z) are shown. Sig. Voxels, the number of significant voxels at £ < 0.005; Vol. (mm®), volume in mm? significant at the same threshold; max Z, the peak Z-value of the region.
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Table 2
Significant regions within the Neurosynth Working Memory mask

Region #Voxin  Vcrit  Patha, P =0.01 Path b, P = 0.01 Patha*b, P = 0.01
region

X y z Z #Vox Pass x y z Z #Vox Pass x y z Z #Vox  Pass

R dorsolateral prefrontal cortex 3455 63 42 14 26 -6.21 289
36 44 28 —6.21 120

38 8 4 —8.21 187

32 =2 54 —-6.12 166

L dorsolateral prefrontal cortex 3455 63 —44 8 26 —6.21 163
—44 30 34 -6.21 86

=32 2 58 —6.21 287

k ok ok ok ok ok Kk ok Kk ok kK

Bilateral paracingulate cortex 671 27 -2 20 46 —6.27 308 — — — — — - — _
RIPS 1927 51 26 -58 46 -7.98 1136 28 54 42 6.88 140 * 28 -54 42 -682 122 *
LIPS 1933 50 -16 68 48 -6.22 349 -18 —64 46 621 121 * — - — —

—40 -46 44  -6.22 589 — e — - - = _
Rinsula 73 4 30 20 -4 -621 67 —_ = = = — - - — _
Linsula 73 5 -30 20 -4 -620 48 —_ = = — — R — —
Bilateral cerebellum " 1 0 -8 -18 -6.20 1" — — - — — — - - _

Note: The Neurosynth Working Memory (WM) mask was separated to create 8 regions of contiguous voxels. Results with MNI coordinates (x, , z) are shown for Path a (WM-related brain activity in
response to SET), Path b (brain activity related to overall WM performance, controlling for social evaluative threat), and Path a*b (the mediation effect, indicative of brain regions mediating the relationship
between social evaluative threat and \WM performance). #Vox in region, number of voxels within each region; Vcrit, number of critical voxels for P < 0.05 FWER-corrected; Z, the peak Z-value of the region;
#\Vox, number of significant voxels at primary threshold, P < 0.01, uncorrected; pass: * indicates whether the cluster survives correction (#Vox > Vcrit).
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Figure 5. (A) Regions showing different connectivity for [social evaluative threat (SET) vs. Control]. Bilateral negative intraparietal sulcus (IPS) mediators (see Fig. 4) were entered
as seed regions into a functional connectivity analysis, and connectivity as a function of SET was assessed. Results indicated that connectivity between the IPS and the dorsolateral
prefrontal cortex decreased and connectivity between the IPS and the ventromedial prefrontal cortex increased with SET. Red/yellow: increased (more positive) associations with
SET; blue: reduced (more negative) associations with SET. (B) Hypothesized interactions underlying competition between \WWM task performance and social threat. Bilateral IPS may
aid in directing attention to and switching between various ongoing processes, depending on specific contextual demands. Under conditions of SET, increased processing of
affective information constructed in part in vmPFC competes with task-focused cognitive processes maintained in fronto-parietal circuits, ultimately resulting in impaired \WWM
performance. Red/yellow: increased (more positive) associations with SET; blue: reduced (more negative) associations with SET. + indicates enhanced activity under control
conditions and — indicates reduced activity under control conditions.

the seed in order to assess whether its connectivity pattern was predicted better WM performance (Path b), and these effects
WM-task dependent. Positive connectivity between the right were strong enough to pass the mediation (a*b) test.

IPS and right dIPFC was stronger during [N-back vs. Rest] (i.e.,
a positive PPI effect), and negative connectivity between the
right IPS and bilateral dmPFC and vmPFC was also stronger
during N-back blocks. The negative right IPS—-dmPFC connect- Theoretical understanding of the functional neurobiology
ivity was less in the SET group. Thus, N-back performance underlying SET effects on WM requires a model that directly
creates a negative relationship between IPS and dmPFC, but links SET-induced brain activity to WM performance. This is
this negative relationship is blocked by SET. Mediation analysis the first study to provide direct neural evidence linking a social
(Analysis 3) showed that in a nearby area of left MPFC, challenge to impaired cognition. Social evaluative threat im-
WM-dependent connectivity partially mediated the effects of paired WM performance and reduced activity in regions
Group on WM performance. That is 1) WM-dependent right known to support WM—bilateral dIPFC and superior parietal
IPS-mPFC connectivity was more positive (less negative) with cortices/IPS. Activity in several of these regions, particularly
SET (Path @) and 2) more negative IPS-mPFC connectivity IPS, positively predicted WM performance, and IPS reductions

Discussion
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formally mediated the effects of the stressor on WM. In add-
ition, SET enhanced connectivity between IPS and vmPFC,
while reducing connectivity between IPS and dIPFC. Finally,
N-back performance created a negative relationship between
IPS and dmPFC, but this negative relationship was blocked by
SET. All of these results are consistent with a model in which
vmPFC encodes processes related to affective self-monitoring
(Northoff et al. 2006; Mason et al. 2007; Andrews-Hanna et al.
2010; Denny et al. 2012) (and related functions), which intrude
on WM maintenance, reducing fronto-parietal activity and con-
nectivity that support effective cognitive performance.

Toward a Brain-Based Account of Emotion—Cognition
Interactions Underlying WM Performance

The strength of the results in IPS suggests that this region and
its connectivity with lateral and medial frontal systems plays a
more important role in social modulation of cognition than is
widely appreciated. In accord with our findings, Liston et al.
(2009) found that chronic social stress impairs attentional
control, and this effect was linked to the disruption of a
frontal-parietal circuit including dorsal posterior parietal
cortex. Similarly, decline in WM performance as assessed by
either verbal (Chee et al. 20006), Sternberg (Mu et al. 2005), or
visual (Chee and Chuah 2007) WM tasks after sleep depriv-
ation has consistently been associated with decrements in IPS
activation. The IPS is reliably activated during several core WM
processes like rehearsal, updating, and monitoring (Wager and
Smith 2003; Champod and Petrides 2010) and basic attentional
control processes like shifting attention (Wager et al. 2004;
Esterman et al. 2009), which may determine WM capacity lim-
itations (Todd and Marois 2004; Chee and Chuah 2007; Palva
et al. 2010). Contemporary models of WM propose an atten-
tional account of WM, in which attention is a fundamental, re-
quired building block for the higher-order executive functions
underlying WM (Awh and Jonides 2001; Engle 2002; Postle
2006). Thus, our finding that reduced IPS activity mediates
SET effects on WM performance suggests that SET is likely to
disrupt a core attentional control process related to WM and
perhaps other cognitive functions.

The DMN consistently deactivates in response to externally
oriented tasks (Raichle et al. 2001) with brain regions whose
activation has been negatively associated with task perform-
ance (Wager et al. 2013). Moreover, the DMN is typically
“anti-correlated” (negatively correlated) with several regions
normally activated as a group (a task positive network; TPN)
by externally oriented tasks (Fox et al. 2005), and with regions
associated with task performance (Wager et al. 2013). Interest-
ingly, it has been suggested that switching between externally
and internally oriented cognition is mediated via a competitive
relationship between the anti-correlated network and DMN
(Fox et al. 2005; 2007). But, not only the anti-correlation
between these networks is predictive of adequate cognitive
performance, connectivity in either the TPN or DMN is related
to cognitive performance as well (Seeley et al. 2007). General-
ly, our data seem to support the idea that adequate cognitive
performance is obtained not only by anti-correlated connectiv-
ity between the TPN and DMN but also by connectivity within
these networks alone. Importantly, SET seems to alter these re-
lationships in various but important ways.

In a first connectivity analysis, we found that SET reduced
connectivity between IPS and dIPFC. These regions are not
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only part of the TPN but pose a subnetwork related to execu-
tive control, which can be established independent of any task
(Seeley et al. 2007). In the same analysis, we found that SET en-
hanced connectivity between IPS and vmPFC. This can be in-
terpreted as a decreased anti-correlation between the DMN
and TPN, in line with previous findings (Kelly et al. 2008).
Such a pattern of results provides a novel link between fronto-
parietal activity and vmPFC, an area broadly associated with
episodic memory, emotion, value, stress, and visceromotor
function (see Roy et al. 2012 for review) and hypothesized to
be a central orchestrator of affective meaning (Roy et al. 2012).

VmPFC activity is increased by self-referential monitoring
and reduced by WM demand (Northoff et al. 2006; Mason et al.
2007; Andrews-Hanna et al. 2010; Denny et al. 2012) and is de-
activated during SET (Wager, Van Ast, et al. 2009; Wager,
Waugh, et al. 2009; Roy et al. 2012). Though our results are
consistent with a model in which intrusive social/affective pro-
cesses interfere with WM circuits (Iordan et al. 2013), mPFC ac-
tivity likely has a complex relationship with affect generation
and valuation, and there is evidence for both dorsal-ventral
and laterality effects. Fear- and threat-related conditions tend
to reliably increase activity in dorsal vmPFC/pregenual ACC
and decrease activity in more ventral, medial orbitofrontal
regions (Roy et al. 2012). Since, in this analysis, we did not test
for interactions with N-back itself, these results suggest that
SET generally reduced intrinsic connectivity in 2 important
nodes of the TPN, while enhancing connectivity between the
vmPFC and IPS, 2 important nodes of the DMN and TPN, re-
spectively.

Therefore, we tested whether connectivity estimates varied
as a function of the task in the second connectivity analysis,
thereby looking for evidence that SET not merely alters general
connectivity patterns, but that this alteration specifically re-
sulted from an interaction between SET and WM activity. We
found that during N-back performance, a negative relationship
between IPS (part of the typical TPN) and dmPFC (part of the
DMN) strengthened. Interestingly, this negative relationship
was blocked by SET. It has been shown previously that the
strength of the negative correlation between the TPN and DMN
varies across individuals and is a predictor of behavioral per-
formance (Kelly et al. 2008). Consistent with this work, we
additionally found that the reduction in the negative relation-
ship between dmPFC and IPS by SET mediated SET effects
on WM.

Taken together, under conditions of SET, increased process-
ing of affective information constructed in part in vimPFC com-
petes with task-focused cognitive processes maintained in
fronto-parietal circuits, ultimately resulting in impaired WM
performance. Among these relationships, SET seems to affect
both activity within TPN and DMN networks (Hampson et al.
20006; Eichele et al. 2008) and between these networks (Kelly
et al. 2008), which can affect behavior in important ways. In
addition, the data seem to suggest that SET can affect these re-
lationships overall, but also in a task-dependent way. Future
studies could prosper from adding a separate resting state and
-n-back scan, to dissociate the 2 processes. The findings add-
itionally suggest that intrinsic connectivity measures are not
merely a trait-like entity but can be altered in a state-dependent
way. Individual differences in connectivity both under control
and SET conditions likely play an important role and perhaps
can explain why recent neuroimaging studies into stress effects
reported mixed results (Porcelli et al. 2008; Qin et al. 2009;



Weerda et al. 2010) and why SET can engage both “challenge”
and “threat” responses (Kassam et al. 2009), and shift cognitive
processing from executive processing-heavy strategies to
faster, more heuristic ones (Beilock et al. 2004; Schwabe and
Wolf 2009). See Figure 5B for the here-described interactions
that we hypothesize may underlie competition between WM
task performance and social threat.

Evidence for Complexity: Opposing Mediational
Pathways

In addition to the negative mediators of a priori theoretical
interest, we found several positive mediators: dmPFC, PCC,
and the TPJ. Positive mediation in this context implies a brain
effect that works against the overall, negatively signed effect
of SET on WM. Such findings have been referred to as sup-
pressor variables in the mediation literature (MacKinnon et al.
2000) and provide evidence for the complexity of SET-
performance relationships by identifying multiple brain
pathways that support and antagonize the main behavioral
effect. Like vmPFC, dmPFC and PCC are part of the “default
mode network” (DMN) (Fox et al. 2005; Raichle and Snyder
2007; Fransson and Marrelec 2008), which is commonly deac-
tivated during cognitive effort. The right TPJ, identified as
a key region in a “ventral attention system,” is likely involved
in reorienting attention to the external environment when
behaviorally important stimuli are encountered (Corbetta
and Shulman 2002) and may be involved in enhanced filtering
of irrelevant information, ensuring that attentional resources
are directed to task-relevant targets (Todd et al. 2005;
Shulman et al. 2007). As in prior work (Anticevic et al. 2010),
deactivation in these regions predicted better WM perform-
ance, irrespective of group. However, the SET group showed
greater deactivation in these regions than controls, reflecting
possible compensatory mechanisms or pro-performance
effects of arousal or challenge under SET (Blascovich et al.
1999; Mendes et al. 2002; Hermans et al. 2011). Ultimately,
modeling neural activity in multiple, opposing pathways may
help explain the complex effects that stressors can have on
performance.

The Role of the Neuroendocrine System in Performance
under Stress

While this study can provide only limited data on the role of
cortisol and related neuroendocrine responses on perform-
ance, our results are provocative in that they are consistent
with a protective role for cortisol. Although cortisol was signifi-
cantly increased by the social stress challenge, higher cortisol
within the SET group predicted better performance. These
findings are in line with other recent evidence suggesting that
cortisol can have protective or compensatory effects (Henck-
ens et al. 2010; 2011) and provide empirical evidence that con-
strain theories of brain—endocrine relationships. However, the
cortisol results should be interpreted with caution; though cor-
tisol increases were significant at the group level, the study
was not powered to assess individual differences in cortisol-
brain—performance relationships, and only a subset of the SET
group showed a strong cortisol response. Further, larger-scale
studies (including direct manipulation of cortisol) are needed
to more comprehensively relate hormones, brain activity, and
cognitive performance.

Limitations and Future Directions

Despite a relatively small sample size, due to the complex logis-
tics of this procedure and limitations in grant funding, SET
effects on WM were consistent across a wide range of effects. In
addition, the definition of a priori ROIs as well as the pattern of
interest analysis using a WM mask derived from Neurosynth
reduced the amount of multiple comparisons and thereby some-
what reduced the number of participants required. For these
reasons, we believe that the results are valid and reliable but
should be replicated on a larger scale by future studies.

Another concern may be that the additional cognitive
demand by the mental arithmetic in the SET group, or more
generally, mental fatigue—referring to the effects people ex-
perience following and during the course of prolonged
periods of demanding cognitive activity—rather than SET, may
underlie the observed effects. So, the decreased activation in
the prefrontal-parietal network might simply reflect higher
levels of cognitive task demand, interference, or fatigue in the
SET group as compared with the control group. However, the
mental arithmetic occurred much earlier than the N-back, so to
be a confound, it would have to produce long-lasting fatigue
effects on later N-back performance during scanning. Also, the
control task was designed to control for cognitive effort in the
TSST, thereby singling out the SET central to social stressors.
Finally, mental fatigue typically develops while performing
hours of the very same task, whereas here different tasks were
used, and we implemented sufficient rest in between tasks and
scans. Together, we believe it is likely that it was uniquely SET
causing the observed effects during N-back.

In the present study, both men and women were included
for participation. Circulating estrogens (and consequently, use
of oral contraceptives) are suggested to account for some of
the observed sex differences in cortisol responses to stressors
between men and women (Kirschbaum et al. 1999; Kudielka
and Kirschbaum 2005), and sex differences in stress effects on
WM have been revealed (Cornelisse et al. 2011). Moreover,
animal research indicates that these differences may be ex-
plained by sex differences in estrogen (Shansky and Morrison
2009). Given that in the present study, an effect of cortisol on
WM performance was observed, it is possible that estrogen
may have played a role. Although all female participants were
tested during the luteal phase of the menstrual cycle in order
to control for variations in reactivity of the HPA axis through-
out the cycle and to optimize direct comparison with male par-
ticipants (Kirschbaum et al. 1999), we cannot exclude the
possibility that sex differences may have existed. Sample size
was too small to further delve into these matters, but sex differ-
ences in stress effects on memory remain an important consid-
eration for future research.

The present results cannot address whether SET influences
executive function in particular or attentional performance
more broadly. Although our IPS results suggest that an atten-
tional component of WM was compromised by SET, our study
was not explicitly designed to disentangle separate WM com-
ponents (such as encoding and rehearsal), and we do not have
a direct behavioral measure of attention processing. Notably,
we found comparable effects of SET on N-back trials thought
to require high (“lures”) or more modest (“targets”) executive
demand (Jonides et al. 1998; Gray et al. 2003), suggesting that
WM impairments may not be limited to the conditions with the
highest demand on executive function. However, we found
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some preliminary evidence for stronger SET-induced reduc-
tions in 3-back than 2-back activity (see Supplemental mater-
ial). Taken together, in addition to alterations in TPN and DMN
networks due to SET, additional components of executive
function may exist, of which some are more susceptible to SET
effects than others, and future studies may explore this issue.

This study also cannot address which elements of the SET
challenge were particularly instrumental in impairing WM. Here,
we aimed to create an ecologically valid stressor composed of a
varjety of individual elements (e.g., threat to social status, un-
controllability). In addition to adrenergic and HPA-axis activa-
tion, the SET challenge can induce psychological changes such
as a loss of self-esteem and negative emotional states such as
shame, anxiety, and worry. The WM impairment is related to an
unknown combination of these factors and may also be caused
by alterations in participants’ strategies during WM performance
(e.g., Beilock et al. 2004). As with many ecological interventions,
it is difficult to decompose these various effects; future studies
may be able to test whether it is indeed possible to manipulate
specific autonomic and experiential components of SET and still
influence WM. Doing so would likely require a much larger-
scale study than the present experiment.

Conclusions

In sum, these data provide an empirical basis for a model of com-
petitive interactions between self-focused and task-focused cogni-
tion and add to a growing body of evidence suggesting that
mental stress can affect cognitive performance and decision-
making in fundamental ways. Ultimately, this brain-based analysis
may help explain at a neurophysiological level why activating
social and racial stereotypes can impair academic performance
(Steele and Aronson 1995), why manipulations of negative social
feedback can lead to suboptimal decision-making (Kassam et al.
2009), why resilience to stress leads to enhanced academic per-
formance (Bardi et al. 2011), and why interventions targeting the
social self can help (Cohen et al. 2009; Miyake et al. 2010).
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