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A B S T R A C T

Acute stress is often evoked during social interactions, by feelings of threat or negative evaluation by other people.
We also constantly interact with others while under stress – in the workplace or in private alike. However, it is not
clear how stress affects social interactions. For one, individuals could become more selfish and focused on their
own goals. On the other hand, individuals might also become more focused on affiliating with potential social
partners, in order to secure their support. There is, indeed, accumulating behavioral evidence that prosocial
behaviors increase rather than decrease under stress. Here, we tested the underlying brain processes of such
findings, by assessing the effects of stress on the neural representations of (monetary) value for self and other.
Participants (N ¼ 30; male, 18–40 years) played a gambling task for themselves and for another participant while
undergoing functional magnetic resonance imaging (fMRI). Each participant played the gambling task twice: once
immediately following acute stress induction, and once in a control session. We compared neural patterns of value
representation in the dorsomedial prefrontal cortex (dmPFC), ventromedial prefrontal cortex (vmPFC) and
striatum using representational similarity analysis (RSA). We found that under stress, dmPFC and striatum
showed higher dissimilarity between neural patterns underlying high and low value for the other. Dissimilarity of
neural patterns underlying high and low value for the self was unaffected by stress. These findings suggest that
participants track the magnitude of possible rewards for others more under stress, suggesting increased prosocial
orientation.
1. Introduction

Our lives are filled with various stressors and many social interactions
occur when individuals are under stress. While intuitively many people
assume that stress increases selfishness and egocentric behavior,
converging evidence from behavioral research indicates that stress can
also increase prosocial behavior (Takahashi et al., 2007; von Dawans
et al., 2012; Margittai et al., 2015; Buchanan and Preston, 2014; Singer
et al., 2017; von Dawans et al., 2019). This has been interpreted in light
of the “tend-and-befriend” hypothesis stating that individuals become
more prosocial under stress in order to secure help from others (Taylor
et al., 2000). While originally the hypothesis proposed that such a
“tend-and-befriend” behavior represents an alternative stress response of
women (as opposed to the classic “fight-or-flight” response, which was
suggested to represent a male stress response), empirical evidence so far
suggests that also men engage in “tend-and-befriend” behavior when
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under stress (Takahashi et al., 2007; von Dawans et al., 2012; Margittai
et al., 2015; Singer et al., 2017). For example, in a functional magnetic
resonance imaging (fMRI) study, acutely stressed men showed increased
activity in the “empathy for pain network” (i.e., anterior insula and
anterior midcingulate cortex;Lamm et al., 2019) when seeing someone
else in pain, and this correlated with later prosocial behavior (Tomova
et al., 2017). Thus, “tend-and-befriend” might represent a more general
stress response engaged by both men and women.

What are the cognitive mechanisms underlying stress-induced pro-
sociality? One possibility is that under stress, the distinction between
one’s own and others’ emotions becomes more porous, leading to more
emotion sharing. Self-other distinction is an essential ingredient in many
interpersonal phenomena (Lamm et al., 2016), and weak self-other
distinction can have both positive and negative consequences for social
interaction and understanding (see e.g. (Milward and Sebanz, 2016), for
review (Riva et al., 2016; Riecansky et al., 2015, 2019)). There is some
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evidence that self-other distinction is weakened under stress (Tomova
et al., 2014; although this effect was only found in men, while women
showed increased self-other distinction). Thus, people may become more
prosocial under stress when others’ emotions become conflated with and
less distinguishable from their own.

An alternative, though not mutually exclusive possibility, is that
under stress people more clearly represent the needs and values of others,
as a means to affiliate with them and attain their support (as proposed by
the “tend-and-befriend” hypothesis (Taylor et al., 2000)). By contrast to a
weakened self-other distinction, this hypothesis predicts a more precise
and potentially distinctive representation of others’ needs and values
under stress.

In order to illuminate the brain processes underlying increased pro-
sociality under stress, we here investigated how acute stress modulates
the representation of value for self and others. Importantly, the domain of
valuation and reward is of particular interest due to its powerful effects
on behavior (Berridge and Robinson, 2003). Indeed, there have been
persistent efforts to identify the neural signals associated with the rep-
resentation of subjective value of choice alternatives (for review and
meta analysis, see Bartra et al., 2013; Clithero and Rangel, 2014). Sub-
jective value is thought to serve as a common currency, allowing complex
and qualitatively different alternatives to be compared on a common
scale. Activity in the medial prefrontal cortex, especially its ventral part,
and the ventral striatum has been shown to correlate positively with
increasing stimulus value across different reward modalities (Bartra
et al., 2013; Clithero and Rangel, 2014). While the dissociation between
value computation and computation of reward prediction errors is
difficult, those studies that have directly looked at separating these
computations have found that ventromedial prefrontal cortex (vmPFC)
rather reflects value computation whereas ventral striatum reflects pre-
diction errors (Hare et al., 2008; Rohe et al., 2012). Importantly, the
mPFC has been also shown to reflect value computations if the recipient
is another person and not the self (Sul et al., 2015; Zaki et al., 2014),
particularly in the dorsomedial prefrontal cortex (dmPFC), and such
value computations for others were shown to reflect individual differ-
ences in prosocial behavior (Sul et al., 2015).

In the present study, we therefore aimed to specifically investigate
how acute stress affects neural signals of value for self and others in
vmPFC, dmPFC and the ventral striatum. More specifically, we aimed to
assess two main questions: (1) How does acute stress affect the similarity
of neural representations of high vs. low value? (2) How does acute stress
affect the similarity of neural representation of value for self and for
others?

In order to address these questions, we analyzed fMRI data recorded
during valuation of potential rewards benefitting either the self or
another person, using representational similarity analysis (RSA; Krie-
geskorte et al., 2008). The basic approach of RSA is that information is
encoded in patterns of brain activity, and that this can be decoded in
analyses of multivariate fMRI patterns associated with different stimuli
or cognitive states (Haxby et al., 2014). Thus, investigating the similarity
of multivariate neural patterns allows to study the similarity of cognitive
states – and, in the present study, how stress affects those cognitive states.

Prior studies document that stress increases reward sensitivity
(Kumar et al., 2014; Maier et al., 2015; Ironside et al., 2018) when
measures are taken under acute stress (i.e., when the stress-to-task la-
tency is low; for a review, see Porcelli and Delgado, 2017), and when
cortisol levels are reliably increased (Oei et al., 2014) which is possibly
related to stress triggering increased dopamine release (Inglis and Mog-
haddam, 1999; Piazza and Le Moal, 1997; Pruessner et al., 2004).
Assuming, thus, that stress increases sensitivity to rewards, high value
stimuli should become more salient compared to low value stimuli.
Consequently, we hypothesized that the neural patterns underlying high
value and low value representation should become more dissimilar under
stress. For neural patterns associated with value for the self, increased
dissimilarity would mean that participants become more sensitive to
rewards for the self under stress. Similarly, for the other, increased
2

dissimilarity of neural patterns underlying high and low value would
mean that participants become more sensitive to rewards for the other,
which might indicate increased concern for the welfare of another person
under acute stress.

In addition, we aimed to directly test how acute stress affects simi-
larity of neural representation of value for self and others. We hypothe-
sized that if stress indeed decreases self-other distinction, the
representation of value should become less specific of the recipient (i.e.,
self or others), and therefore neural patterns underlying self and other
(for both, high and low value representation) should becomemore similar
under stress.

To test these hypotheses, we measured the effects of acute stress on
the neural representation of one’s and others’ expected rewards. We
designed a novel gambling task to evoke consideration of predicted re-
wards for self and other. Each trial offered a high or low value gamble
(implemented in a “wheel of fortune game”), and the participant acting
as a player could choose to play the wheel or to skip to the next trial. Male
adult participants alternatingly played for reward accruing to them-
selves, or for another person. To ensure the validity of this manipulation,
participants (who were previously unknown to each other) were scanned
in pairs, met repeatedly during the experimental protocol, and actually
received the rewards from their partner’s choices.

This design allowed us to test whether stress directly affects the
representation of predicted rewards, either for the self or for the other.

2. Methods

2.1. Materials and methods

Participants. Thirty male participants between 18 and 40 years were
included in a within-subjects design. We included only male participants
due to previous findings of gender differences in the effects of stress on
social cognition (Tomova et al., 2014; Smeets et al., 2009) and because of
the higher variability in the psychoendocrinological stress response in
women (Kirschbaum et al., 1999). All participants were recruited via
online advertisements. Individuals who expressed interest in partici-
pating in the study were asked to fill out a screening questionnaire before
the experiment to assess exclusion criteria for the experiment and trait
socio-cognitive abilities (see below for a description of the screening
questionnaires). The study was approved by the ethics committee of the
Medical University of Vienna. After a description of the study, written
informed consent was obtained. All participants received between 30 and
40 € for participation, depending on their winnings during the lottery
task. We excluded two participants: One whose second session was
interrupted by a technical problem of the scanner, and one because of an
incidental finding in the anatomical scan. Thus, our final sample con-
sisted of 28 participants. For cortisol analyses, one additional participant
was excluded because two samples (T2 and T3 of the control run) did not
contain a sufficient volume of saliva for testing. However, the participant
showed an increase in cortisol levels in the stress condition (T3 – T1 ¼
5.28 nmol/L) that was comparable to the mean increase in the stress
condition of the rest of the sample (mean T3 – T1 ¼ 7.133 nmol/L)
indicating that the stress manipulation worked also in this participant.

2.1.1. Screening questionnaires
We used an online screening questionnaire to exclude participants

who reported acute or chronic psychiatric illness, taking prescription
medication, abuse of psychoactive drugs or alcohol, or smoked daily.
Socio-cognitive abilities were determined using the perspective taking
(PT) scale (analyzed also with subscales as recommended by Koller and
Lamm, 2015) and the empathic concern (EmC) scale from the Interper-
sonal Reactivity Index (IRI; Davis, 1983), the Emotion Contagion Scale
(EC; Doherty, 1997), and the Reading the Mind in the Eyes Test (Bar-
on-Cohen et al., 2001). We included an additional exclusion criterion
into our recruitment, which was that participants who scored more than
two standard deviations below or above the group mean in any of those
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measures would not be invited to the experiment. This was included to
make sure all participants displayed average social-cognitive traits.
However, no individual who completed the screening scored outside of
this range.

2.1.2. Experimental procedures
Participants completed the lottery task twice during the same visit;

once following stress induction and once as a control session, in coun-
terbalanced order. Each participant also underwent a functional localizer
scan at the end of their experimental session (see Fig. 1 for a graphical
depiction of the timeline of the experimental procedures). Participants
were instructed to abstain from drinking alcohol, smoking, and taking
medication 24 h prior to the experiment, and to abstain from consuming
caffeine on the day of the experiment. All experimental sessions took
place at the same time (6:00 p.m. - 9:00 p.m.) to control for diurnal
cortisol variation. Participants were selected from a pool of forty-five
participants who completed the screening on a first-come basis and
were invited to the experiment in pairs of two. We started with measures
of baseline cortisol levels and subsequently the first participant received
instructions about the general experimental procedures. All participants
were instructed that their task was to gain as much money as possible for
themselves and their partner in the lottery task. The second participant
was asked to come in 30 min after the first participant so that they would
start instructions while the first participant started their first session. We
made sure that participants briefly met before starting each session of the
experiment. This setup increased face validity of the social dimension of
the task: Participants met and interacted with the target of their social
decisions and subsequently acted as the target of the social decisions of
the second participant (see section 2.1.4 Lottery task for more details).
Stress levels were assessed via cortisol measures six times during the
experiment using Sarstedt Salivette saliva collection devices (Sarstedt, Wr.
Neudorf, Austria), along with subjective stress measures using visual
analogue scales (see Stress measures for detailed description). Each
participant underwent two sessions inside the MRI scanner (i.e., stress
and control session) separated by a 30-min break. The order of stress and
control session was counterbalanced across participants with approxi-
mately half of the participants (n ¼ 16) starting with the stress condition
3

in the first session and the control condition in the second session, while
the other half of the participants (n ¼ 14) started with the control con-
dition in the first session and the stress condition in the second session.
After the preparation phase, the first participant was positioned in the
scanner and the first session of scanning commenced with the stress
paradigm (either stress or control version of an adapted version (Tomova
et al., 2017) of the Montreal Imaging Stress Task (MIST; Dedovic et al.,
2005a, see below). Immediately afterwards, we implemented the first
run of the lottery task. Subsequently participants underwent an
anatomical scan and were then taken out of the scanner for a 30-min
break. We took another two saliva samples at the beginning and at the
end of this break. Note that overall, the offset of the first run of the MIST
(i.e., either stress or control) and the beginning of the second run of the
MIST (again, either stress or control) were separated by 60 min, allowing
the cortisol levels to return to baseline (Dickerson and Kemeny, 2004).
During the break, participants were given an adapted version of a risk
aversion questionnaire (Holt and Laury, 2002) and were then instructed
to relax until the beginning of the next session. The second session started
again with the stress paradigm (stress or control condition) and was
followed by the second run of the lottery task. Finally, participants un-
derwent the functional localizer task in order to identify the mPFC
functionally in each subject individually (Saxe et al., 2006) which served
as our method of feature selection for the subsequent representational
similarity analysis (see 2.2.4 Defining regions of interest for details). After
the first participant was finished with the experiment, he stayed in the
laboratory until the last saliva sample was taken (45 min after onset of
the MIST in the second session) and was debriefed. The same procedure
was implemented for the second participant after he finished his second
session.

2.1.3. Stress paradigm
Stress was induced by an adapted version (Tomova et al., 2017) of the

Montreal Imaging Stress Task (MIST; Dedovic et al., 2005b). In the stress
condition, participants attempt to solve mental arithmetic problems
under time pressure, together with social evaluative threat. The social
evaluative threat was induced by giving participants the information that
the display would show the average performance of an individual in their
Fig. 1. Sequence of experimental procedures. Time
point zero indicates begin of scanning. Time epochs
in purple represent procedures outside the scanner.
Stress/Control 1/2 ¼ MIST run 1 and run 2, which
was either the stress or the control condition (order
of conditions was counterbalanced across partici-
pants); Lottery 1/2 ¼ Lottery task run 1 and run 2;
Anatomy ¼ structural anatomical scan; Selfloc ¼
functional localizer task; Debrief ¼ debriefing of
participants. Red lines indicate time points during
which participants met each other while being
transitioned in and out of the scanner. Importantly,
participants briefly encountered the other partici-
pant before each run, to emphasize that they were
making choices for another individual.
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age range together with their own current performance, which was
updated after each arithmetic problem. Unknown to the participants, the
program is set to a time limit that is 10% below the participant’s average
response time, which induces a high failure rate (see Dedovic et al.,
2005b for a detailed description of the task). Thus, participant’s perfor-
mance will gradually decline in comparison to the average performance
they are instructed to reach, inducing a threat of negative social evalu-
ation, which has been shown to result in a stress response (Dickerson and
Kemeny, 2004). We furthermore increased the social evaluative threat in
the task by adding an observer during the stress condition (see Tomova
et al., 2017 for details). In the control condition of the MIST, the mental
arithmetic problems are presented without time pressure and without
social evaluative threat to match the stress condition in all elements,
except the stress inducing features.

2.1.4. Lottery task
We adapted a lottery task (Lockwood et al., 2015), previously used to

assess reward anticipation for self and others. While in the original
paradigm participants passively viewed lotteries for self and others, our
version asked participants to make an active decision whether or not to
play a specific lottery gamble for each trial as we were specifically
interested in targeting neural processing that is relevant to subsequent
decision making for others.

In the present task, each trial presented a lottery gamble, with high or
low winning probabilities (high winning probability wheels (¼ high
value condition) had winning probabilities of 85%–70% and low win-
ning probability wheels (¼ low value condition) had winning probabil-
ities of 15–30% represented as colored wheels, presented for 3 s), and
one of two targets for the reward (self or other). Participants actively
decided whether to play the specific trial or not. Each trial included a
small incentive to play the lottery, as every trial played earned € 0.10 (for
either the participant or the other player, depending on trial type). In
addition, at the end of the experiment 10 trials were randomly selected
and earned € 1 for each win (i.e., up to € 10, for either the participant or
the other player, depending on trial type). These payoffs were designed
4

to encourage participants to play many trials (in order to accumulate
small certain rewards) but also to prefer playing trials with high proba-
bility of winning (i.e., high value trials) to enrich the pool of wins, from
which 10 trials are chosen for larger payoffs. Our goal was to create an
experienced trade-off between trying to play many trials while also trying
to play many high value trials in order to engage participants in active
value-based decision making during each trial. We had piloted this task
(N¼ 12) and found that pilot participants indeed reported that they were
trading off playing many trials and playing many high value trials on
each trial. Winning probabilities on each trial were presented explicitly,
so the task did not involve any reward learning component. Fig. 2 shows
an example trial of the lottery task.

Importantly, our task was specifically designed to focus on reward
related processing and not on risk aversion, which is why participants
were not able to lose anymoney on a given trial (i.e., even on the non-win
trials participants earned € 0.10 for playing that trial). We chose to design
the task in this way because of well documented findings of stress effects
on risk aversion (Starcke and Brand, 2012; for review), which was not the
objective of this study. In addition, we added a risk aversion question-
naire (see 2.1.6 Risk Aversion Questionnaire) after each condition in order
to assess whether risk aversion was affected by stress as a potential
confounding variable.

If participants decided to play the trial, they saw the wheel spinning
for a jittered period of 3–6 s (with mean duration of 4.5 s; uniform dis-
tribution) and then stopping at either a win or no-win field, with prob-
abilities corresponding to number of win and non-win fields on the
wheel. The outcome of the gamble (i.e., the stopping of the wheel on
either a win or a non-win field) was presented for 3 s. If participants
decided to not play a trial, the rest of the trial was skipped. We assessed
effects of target (self vs. other) and value (high vs. low), on neural re-
sponses time-locked to the cues indicating the probability of winning as
we were specifically interested in neural patterns underlying value rep-
resentation for self and others. Participants played 100 trials in total,
including 25 trials for each condition (i.e., self - high value, self – low
value, other – high value, other – low value) and the overall duration of
Fig. 2. Example of one trial of the lottery task.
After a fixation cross, participants saw the proba-
bility of winnings (as indicators of high vs low
value) in the upcoming trial, and the target of the
trial (“self” or “other”, indicated by a written
statement below the wheel: “You play for yourself”
or “You play for [Name of other participant]”; note
that the original instructions for the task were in
German, the native language of all participants).
The winning colors were counterbalanced between
participants and winning fields were either red/
yellow (while blue/turquois resulted in no win) or
blue/turquois (while red/yellow resulted in no
win). Participants were then able to decide whether
they wanted to play a trial, or not. If they decided
to play the trial, they saw the wheel spinning for a
jittered period of 3–6 s (mean ¼ 4.5 s), after which
the final outcome was presented for 2 s. The sub-
sequent trial started with a fixation cross with a
jittered duration of 3–6 s (mean ¼ 4.5 s).
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the task was approx. 25 min.

2.1.5. Functional localizer task
The functional localizer task was designed to activate the medial

prefrontal cortex associated with self-related and reward-related pro-
cessing in order to localize it functionally and individually in each
participant. This allowed us to independently select the voxels for our
representational similarity analysis in each participant (see Saxe et al.,
2006 for more details on the logic and implementation of functional
localization). Participants were presented with two written adjectives on
the screen and were asked to decide either which one is more true of
themselves (Self condition) or which has more syllables (Syllables con-
dition). This task was an adaptation of a previous verbal attribution task
(Kelley et al., 2002). As in the original task, positive adjectives were
selected from a pool of normalized personality trait adjectives (Anderson,
1968) and then translated into German. All adjectives depicted positive
qualities and were similar in their length and complexity. The adjectives
were presented in six blocks (i.e., three blocks for each condition in
randomized order). Each block consisted of six trials of the same condi-
tion (i.e., either Self or Syllables) depicting randomized combinations of
adjectives. One trial lasted 5 s during which participants gave their
response. A fixation cross was presented for 2 s between each trial in a
block. Between each block, a fixation cross was presented with jittered
duration between 9 s and 15 s (mean ¼ 12 s; uniform distribution).

2.1.6. Risk aversion questionnaire
We collected measures of risk aversion (Holt and Laury, 2002) after

each experimental session (i.e., stress and control) in order to assess
whether stress affected risk aversion as a potential confounding variable.
We used a shortened version of a risk aversion task (Holt and Laury,
2002) in which participants were presented with six lottery choices and
required to choose between riskier and safer options. The maximum
amount to be gambled increased in each of the six choices; the switch
point between choosing the gamble and safe option served as an indi-
cator of risk aversion.

2.2. Data analysis

2.2.1. Analyses of behavioral data
Behavioral data (i.e., number of trials played) from the lottery task

were analyzed in a repeated-measures ANOVA with the within-subjects
factors value (high, low), target (self, other), and stress (stress, control).
We also ran a separate ANOVA for response times on high value trials on
which participants decided to play (we did not use response times on low
value trials as participants only played very few of those trials). This
ANOVA was implemented with the within-subjects factors target (self vs.
other) and stress (stress, control).

Bonferroni-corrected post-hoc pairwise comparisons were computed
to examine interactions and omnibus main effects. Responses in the two
runs of the risk questionnaire were processed by assessing the switch
point between gambles and save options for each participant for the
stress and control condition separately. A Wilcoxon Signed-Ranks Test
was used to assess whether the switch point differed between the stress
and the control condition. All data were analyzed using SPSS (v. 20) and
the significance threshold was set to α ¼ 0.05. Effect sizes of the ANOVA
terms are reported as ƞp2.

2.2.2. Stress measures
Time points for saliva sampling were for each session session: base-

line (T1; 30 min before onset of stressor), directly before onset of the
stress task (T2), 35 min after onset of the stress task (T3). After the first
session (either stress or control condition), participants had a break of 30
min and then we repeated the procedure for the second session (either
stress or control). After each experiment, collected samples were stored
at �20 �C. Salivary cortisol concentrations were determined by a
commercially available chemiluminescence-immunoassay kit with high
5

sensitivity (IBL, Hamburg, Germany). Inter- and intra-assay coefficients
of variation were below 10%. All biochemical analyses were conducted
at the biopsychology laboratory of Technical University of Dresden
(head: C. Kirschbaum, http://biopsychologie.tu-dresden.de). Subjective
stress levels were measured by means of visual analogue rating scales
ranging from 0 (not stressed at all) to 100 (very stressed). Participants
indicated their respective responses by placing a mark on a continuous
line. Time points at which the subjective rating scales were used were the
same as the time points for saliva sampling (participants filled out the
scales while providing the saliva samples). For cortisol levels and sub-
jective stress measures, the areas under the individual response curves
with respect to ground (labelled AUC_G) and with respect to increase
(labelled AUC_I) were calculated with the trapezoid formula (Pruessner
et al., 2003). By this, an aggregated measure of physiological changes
over time is provided. We calculated AUC_G and AUC_I for each condi-
tion (stress/control) separately and subsequently computed
paired-sample t-tests to compare stress levels between stress and control
condition. We adjusted the p-value for calculating two statistical analyses
per stress measure (i.e., AUC_I and AUC_G) and report results as signifi-
cant for p < 0.025 (i.e., 0.05/2).

2.2.3. Acquisition and preprocessing of fMRI data
MRI data were acquired using a 3 T PRISMA scanner (Siemens,

Erlangen Germany) at the High Field MR Centre of the Medical Univer-
sity of Vienna using a 64-channel head coil for signal reception. Struc-
tural images were acquired using a magnetization-prepared rapid
gradient-echo (MPRAGE) sequence (repetition/echo time (TR/TE) ¼
2000/2.88 ms, 176 sagittal slices, voxel size ¼ 1.0 � 1.0 � 1.0 mm, field
of view (FOV)¼ 256 mm, flip angle ¼ 9�). Using an echo-planar imaging
(EPI) sequence, blood oxygen level dependent (BOLD) signal was ac-
quired in 32 axial slices using 3 � 3 � 3-mm voxels at TR/TE ¼ 2000/30
ms, FOV ¼ 192 mm, flip angle ¼ 75�. Data processing and analyses were
performed using Statistical Parametric Mapping 8 (http://www.fil.ion.u
cl.ac.uk/spm/software/spm8) and in-house code. The data were motion
corrected via rigid rotation and translation about the three respective
orthogonal axes of motion, normalized onto a common brain space
(MNI), spatially smoothed using a Gaussian filter (full-width half-
maximum 5-mm kernel). Difference in movement between the stress
and control run was assessed using paired-sample t-tests for mean
translation per run (averaged across axes) and mean rotation per run
(averaged across axes). Mean translation did not differ between the stress
run (mean ¼ 0.0281; SD ¼ 0.0094) and the control run (mean ¼ 0.0283;
SD¼ 0.0101; t(27)¼�0.163, p¼ 0.872). We also detected no difference
in mean rotation between the stress run (mean ¼ 0.01647; SD ¼ 0.0063)
and the control run (mean ¼ 0.0162; SD ¼ 0.0052; t(27) ¼ 0.448, p ¼
0.658).

2.2.4. Defining regions of interest
To define subject-specific ROIs, we used individual activations of

each participant in the localizer task. Blocks were modeled as a 42 s
boxcar (6 trials of 5 s duration in addition to a fixation cross of fixed
duration of 2 s presented after each trial in a block) convolved with a
standard hemodynamic response function (HRF). A general linear model
(GLM) was implemented in SPM8 to estimate β values for Self blocks and
Syllables blocks. We conducted high-pass filtering at 128 s and residual
head movement effects were accounted for by including the six rigid-
body motion parameters (translation and rotation) as nuisance re-
gressors. For each participant, we calculated the target contrast Self >
Syllables and entered it into a second-level random-effects model using a
one-sample t-test implemented in SPM8. From the resulting activation
map we identified the peak t value within our a priori region of interest,
mPFC. We identified two clusters within the mPFC (p < 0.05 FWE cor-
rected on voxel-level) one dorsal and one ventral). We drew a 9 mm
sphere around the peak voxel for each cluster, which represented the
search space for the selection of individual ROIs.

To select individual ROIs, we selected the peak voxel within each

http://biopsychologie.tu-dresden.de
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
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search space in each subject and drew a 9-mm sphere around that peak
voxel. Within these individual ROIs, we selected the 80 most active
voxels based on the t values from the Self > Syllables contrast for each
subject, for dorsal and ventral mPFC. These voxels defined the features
entering the subsequent representational similarity analysis.

We performed additional exploratory analyses using ROIs from the
literature to complement our functional localizer ROI analysis. We
selected coordinates from a meta-analysis on subjective value represen-
tation (Bartra et al., 2013) (SELF-VALUE ROIs) resulting in 3 ROIs (left
striatum, right striatum and vmPFC) and coordinates from a study on
reward anticipation for others (Carter et al., 2009) (OTHER-VALUE ROIs)
resulting in 4 ROIs (left striatum, right striatum, insula and thalamus).
We found that while both studies used for ROI determination report
coordinates in the striatum, the resulting ROIs were mostly
non-overlapping (see below for details on overlap). We selected those
two sources in order to investigate effects of stress on value representa-
tion in regions previously associated with subjective value and regions
previously associated with other-related value representation. For the
OTHER-VALUE ROIs, we chose the Carter et al., 2009 coordinates
because in this study participants were gambling for others but there was
no trade-off between their own winnings and winnings for others - i.e.,
winnings to the charity did not take away winnings from the self as in
many other studies on prosocial decision making, such as Hutcherson
et al., 2015 (Hutcherson et al., 2015)) and because it also did not involve
any learning about probability outcomes (such as in Sul et al., 2015) or an
observation of gambles for self and other without an active response
component (such as in Lockwood et al., 2015) . Thus, the gambling task
used in this study was targeting the most similar processes to our present
study. However, it should be noted that due to slice coverage being
optimized to collect data frommidbrain and striatum, Carter et al. did not
collect fMRI data from superior frontal and parietal cortex. We created
ROIs using the peak coordinates reported in those studies (table 3 in
Carter et al., 2009; and table 3 (decision stage) in Bartra et al., 2013),
drew 9 mm spheres around them and selected all voxels within each
sphere (281–389 voxels in each ROI). We masked each ROI by its overlap
to the adjacent ROIs (defined to be mutually exclusive) such that there
was no overlap in the voxels contained in each ROI.

For the Carter et al., 2009 coordinates, we did not create ROIs for the
midbrain peak as this part of the brain was not covered in the present
study. In addition, we excluded the dorsal striatum peak because of its
very close proximity to the ventral striatum peak, which would have
resulted in two almost completely overlapping ROIs.

2.2.5. Statistical analyses of fMRI data in lottery task
The fMRI time series were analyzed using an event-related design

approach implemented in the context of the GLM. The model contained
four regressors separately modeling the presentation of lottery wheels
period (i.e., when the wheel and target were presented, 3 s) in four
conditions (self - high value (sh), self - low value (sl), other - high value
(oh), and other - low value (ol)). We also included one regressor for the
time period of outcome when participants were presented with the
outcome of the spinning wheel (i.e., win or non-win). Because partici-
pants played almost all high value trials and almost no low value trials,
most outcomes were wins with only a small fraction of outcomes pre-
senting non-wins (corresponding to the winning probability of 70–85%
on high value trials; for more details on playing behavior, see results
section 3.3 Behavioral data lottery task). We therefore did not model
outcome separately for wins and non-wins, but only included one
outcome regressor (but see Supplemental Material for results from an
analysis modeling wins and losses separately). Each effect was modeled
as a boxcar function, and then convolved with the canonical hemody-
namic response function as implemented in SPM8. Residual head
movement effects were accounted for by including the six rigid-body
motion parameters (translation and rotation) as nuisance regressors.
Beta values associated with each condition (sh, sl, oh, ol; during pre-
sentation of lottery wheels) for each voxel in an ROI were extracted for
6

stress and control run separately.

2.2.6. Univariate group analysis
First, we aimed to validate that our paradigm elicits the expected

modulations in univariate brain signals in the control condition for the
self - i.e., stronger activity in brain reward regions such as vmPFC and
ventral striatum to stimuli signaling high value compared to stimuli
signaling low value (Bartra et al., 2013; Clithero and Rangel, 2014). We
also included the other conditions for exploratory analyses. Thus, we set
up a flexible factorial model with the factors subject, target (self, other)
and stress (stress, control). We entered the first-level contrasts sh> sl (for
condition self) and oh > ol (for condition other) into a group-level
analysis to assess univariate group activity during value representation.
We performed family wise error (FWE, voxel-level) correction within a
predefined and independently determined mask of brain valuation re-
gions. More specifically, we used a mask combining the voxels identified
in two meta-analyses investigating brain regions which positively
correlate with the value of reward across reward types and decision
contexts (Bartra et al., 2013; Clithero and Rangel, 2014) available at
http://www.rnl.caltech.edu/resources/index.html.

Furthermore, we implemented exploratory analyses to assess differ-
ences in univariate activity for stress and target within the same flexible
factorial model design using the first-level contrasts sh> sl (for condition
self) and oh > ol (for condition other). This allowed us to test two crucial
questions: a) whether there is any difference, on average, between the h
> l contrast for self vs. other (contrasts: sh – sl> oh – ol and oh - ol> sh –

sl); b) whether there is a target � stress interaction (contrasts: sh –

sl_stress > sh – sl_control; sh – sl_control > sh - sl_stress; oh – ol_stress >
oh – ol_control and oh – ol_control > oh – ol_stress).

2.2.7. Representational similarity analysis
A neural representational dissimilarity matrix (RDM; Kriegeskorte

et al., 2008) was computed for the two mPFC ROIs (ventral and dorsal
mPFC) and the exploratory ROIs in each subject. In the following, we
describe each step of the analysis which follow the methods described in
(Kriegeskorte et al., 2008). For an in-depth description and discussion of
the methodological steps, see (Kriegeskorte et al., 2008). Here, we
averaged voxel response vectors for each condition (sh, sl, oh, ol) across
volumes and then computed dissimilarity (correlational distance; i.e., 1 -
correlation) between the average voxel patterns for each condition,
yielding two neural RDMs for each participant (i.e., one for stress and one
for control ) for each ROI. Subsequently, we averaged the RDMs for each
condition (i.e., stress and control) across subjects for each ROI. As a first
analysis, the overall difference between the dissimilarity matrices be-
tween stress and control was assessed by calculating the Spearman cor-
relation between the upper triangular region of each RDM (as
dissimilarity matrices are symmetrical about a diagonal of zero (Krie-
geskorte et al., 2008)) under the null hypothesis that the two RDMs are
identical. We were particularly interested in stress effects on similarity of
neural patterns between high and low value, and between self and others.
In order to assess this, we calculated the similarity between neural pat-
terns between the four pairs of conditions: sh – sl, oh – ol, sh – oh, and sl -
ol by calculating Pearson correlations between the voxel responses of the
respective conditions. Note, that we use two different methods for
computing correlations (Spearman vs. Pearson) at different steps in this
analysis. For a description and discussion of the reasoning behind this,
see (Kriegeskorte et al., 2008). In order to statistically test whether the
similarity between those patterns changes under stress, we calculated
paired t-tests between stress and control condition. Since t-tests assume
that variables are normally distributed, which is not the case in corre-
lations (as correlations are bounded between �1 and þ1), we applied
Fisher z-transformation to the correlations before calculating the t-tests.

For each ROI, we also calculated the mean within and across condi-
tion similarity (i.e., correlation) in the control RDMs to assess whether
the mean within condition similarity was higher than the mean across
condition similarity (using a paired t-test).

http://www.rnl.caltech.edu/resources/index.html
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3. Results

3.1. Questionnaire data

Risk aversion did not differ between stress and control run (Z ¼
�0.378, p ¼ 0.705).
3.2. Stress manipulation

Participants showed larger cortisol AUC_I in the stress condition
compared to the control condition (t(26) ¼ 3.412; p ¼ 0.002), doc-
umenting higher increase in cortisol responses in the stress condition
compared to the control condition. Cortisol AUC_G did not differ between
stress and control condition (t(26)¼ 1.171; p¼ 0.252). Thus, the overall
magnitude of cortisol levels did not differ between the two conditions.
For self-reported stress, we found larger AUC_G in the stress condition
compared to the control condition (t(26) ¼ 2.575; p ¼ 0.016) indicating
that the overall magnitude of self-reported stress was larger in the stress
condition. AUC_I for self-reported stress did not differ between the con-
ditions (t(26) ¼ 1.214; p ¼ 0.236) indicating that the increase in self-
reported stress did not differ significantly between stress and control
condition. Fig. 3 shows the stress levels during the experiment as indi-
cated by free salivary cortisol levels (top) and subjective stress ratings
(bottom).
3.3. Behavioral data lottery task

A 2 � 2 � 2 repeated measures ANOVA with factors value (high vs.
low); target (self vs other); stress (stress vs control)) with number of trials
played as the dependent variable revealed a significant main effect of
value (F(1,27) ¼ 1115.775, p < 0.001, ƞp2 ¼ 0.98). All other main effects
and interactions were non-significant (all p-values� 0.110). Participants
played more trials in the high value condition (mean number of trials
Fig. 3. Stress levels during stress and control condition assessed by (top) free
salivary cortisol and (bottom) subjective stress ratings on a visual analogue scale
(ranging from 0 to 100). Error bars indicate standard errors of the means. Time
point zero indicates onset of stress task (stress or control version depending
on condition).
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played ¼ 23.6; SD ¼ 0.37) compared to the low value condition (mean
number of trials played ¼ 2.23; SD ¼ 0.51). A 2 � 2 repeated measures
ANOVA with factors target (self vs other); stress (stress vs control)) with
response time on high value trials (on played trials) as the dependent
variable revealed no significant effects or interactions but a trend sig-
nificant main effect of stress (F(1,27) ¼ 3.339, p ¼ 0.079, ƞp2 ¼ 0.11).
Participants responded faster in the control condition (mean RT ¼ 925
ms; SD ¼ 29 ms) compared to the stress condition (mean RT ¼ 1023 ms;
SD ¼ 53 ms).

3.4. Correlations stress measures and behavioral data

We calculated correlations between AUC_I and AUC_G stress mea-
sures (for cortisol and self-reported stress) and response times for each
condition (sh, sl, oh, ol) in the lottery task. We did not find significant
correlations between stress measures and behavioral data (all p-values �
0.118).

3.5. fMRI results: functional localizer

A random effects group analysis on the contrast Self> Syllables of the
functional localizer task yielded two ROIs in the mPFC – a ventral ROI
(MNI coordinates vmPFC peak: 8 48–2) and a dorsal ROI (MNI co-
ordinates dmPFC peak: 10 58 20) at p < 0.05 (whole brain voxel-wise
FWE corrected). The subsequent analyses are conducted using individ-
ually defined ROIs within these group-level ROIs (see section 2.2.4 for
details).

3.6. fMRI results: univariate group analysis of lottery task

In order to check whether our paradigm elicits activation in line with
previous research on value representation (Bartra et al., 2013; Clithero
and Rangel, 2014), we calculated univariate contrasts between high and
low value in the control condition. The contrast sh> sl showed activity in
the right vmPFC (peak voxel at MNI coordinates x ¼ 10, y ¼ 44, z ¼ 8; T
¼ 4.26; significance level set to p < 0.05 small volume FWE corrected
using a binary mask representing the conjunction of the voxels shown in
two meta-analyses on valuation during decision-making (Bartra et al.,
2013; Clithero and Rangel, 2014)), see Fig. 4. The contrast oh> ol for the
control condition did not show any activation that survived correction for
multiple comparisons. We also performed exploratory whole brain ana-
lyses (p < 0.05 whole brain voxel-level FWE corrected) on the effects of
stress on univariate signals of value for self and other. For the contrast oh
> ol: control > stress we found increased activation in the right temporal
lobe (x ¼ 54, y ¼ �2, z ¼ 4; T ¼ 5.42). All other contrasts did not show
any activation that survived correction for multiple comparisons. For the
sake of completeness, we also explored the data using a cluster-level
correction approach and report the results in the supplemental material.
Fig. 4. Activation (MNI peak coordinates: 10, 44, 8) for the contrast sh > sl for
the control condition (p < 0.05 small volume FWE voxel-level corrected).



Fig. 5. Representational dissimilarity matrix in
vmPFC ROI for control (left) and stress (right)
condition depicting dissimilarities of neural pat-
terns between each condition of the lottery task
(i.e., self – high value, self – low value, other – high
value and other – low value), time-locked to the
cues presenting the winning probabilities of the
specific trial (i.e., the lottery wheels). The cells
represent the different stimuli within each condi-
tion: self – high value includes lottery wheels with
winning probabilities of 85%, 80%, 75% and 70%
and self – low value includes lottery wheels with
winning probabilities of 30%, 25%, 20% and 15%
(and the same for the other condition).
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3.7. fMRI results: representational similarity analysis

3.7.1. vmPFC ROI
The target analysis of assessing change in similarity of neural patterns

for sh-sl, oh-ol, sh-oh, sl-ol showed no significant difference in neural
patterns between stress and control (all p-values > 0.41). Exploratory
analyses of the overall dissimilarity of the stress and control RDMs
showed that the two RDMs were not correlated: Spearman correlation rs
¼ �0.055, p¼ 0.553. However, exploratory analyses assessing change in
similarity of mean neural patterns for conditions outside of our target
analysis (i.e., sh-ol and oh-sl) showed no significant differences in neural
patterns between stress and control (all p-values > 0.55). Mean within-
across condition similarity in the control RDM was not significantly
different (t(27) ¼ 1.065, p ¼ 0.296). Fig. 5 displays RDMs for the stress
and control condition.

3.7.2. dmPFC ROI
The target analysis of assessing change in dissimilarity of neural

patterns for the conditions sh-sl, oh-ol, sh-oh, sl-ol showed that the
dissimilarity between neural patterns for other-high value (oh) and
other-low value (ol) was significantly different between stress and con-
trol condition (df(27), t ¼ 2.936, p ¼ 0.007), with higher dissimilarity
during stress than control. No other dissimilarity differed significantly
between stress and control (all p-values > 0.16). Comparison of mean
RDMs for stress and control condition across subjects showed that the
two RDMs were correlated: Spearman correlation rs ¼ 0.251, p ¼ 0.006.
Mean within-across condition similarity in the control RDM was not
significantly different (t(27) ¼ 0.276, p ¼ 0.785).

Fig. 6 displays RDMs for stress and control condition.
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3.8. Exploratory analyses in group ROIs

The additional exploratory analyses using ROIs from the literature to
complement our target functional localizer ROI analysis revealed the
results as follows.

3.8.1. Right striatum
We calculated two RSA analyses in the right striatum, one using the

SELF-VALUE ROI and one using the OTHER-VALUE ROI and report sig-
nificant results at p < 0.025 (i.e., 0.05/2).

SELF-VALUE ROI. Mean within-across similarity was different (t(27)
¼ 2.413, p ¼ 0.024) with higher within-condition similarity. The target
analysis of assessing change in dissimilarity of neural patterns for the
conditions sh-sl, oh-ol, sh-oh, sl-ol showed a trend significant difference
in the dissimilarity between neural patterns for other-high value (oh) and
other-low value (ol) between stress and control condition (df(27), t ¼
2.317, p ¼ 0.051), with higher dissimilarity during stress than control
(all other p-values > 0.15). Comparison of mean RDMs for stress and
control condition across subjects showed that the two RDMs were
correlated: Spearman correlation rs ¼ 0.462, p < 0.001.

OTHER-VALUE ROI. Mean within-across similarity was not different
(t(27) ¼ 1.693, p ¼ 0.102). The target analysis of assessing change in
dissimilarity of neural patterns for the conditions sh-sl, oh-ol, sh-oh, sl-ol
showed that the dissimilarity between neural patterns for other-high
value (oh) and other-low value (ol) was significantly different between
stress and control condition (df(27), t ¼ 2.323, p ¼ 0.019), with higher
dissimilarity during stress than control (all other p-values > 0.43).
Comparison of mean RDMs for stress and control condition across sub-
jects showed that the two RDMs were correlated: Spearman correlation
rs ¼ 0.5420, p < 0.001.
Fig. 6. Representational dissimilarity matrix in
dmPFC ROI for (left) control and (right) stress
condition depicting dissimilarities of neural pat-
terns between each condition of the lottery task
(i.e., self – high value, self – low value, other – high
value and other – low value) time-locked to the
cues presenting the winning probabilities of the
specific trial (i.e., the lottery wheels). The cells
represent the different stimuli within each condi-
tion: self – high value includes lottery wheels with
winning probabilities of 85%, 80%, 75% and 70%
and self – low value includes lottery wheels with
winning probabilities of 30%, 25%, 20% and 15%
(and the same for the other condition).
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3.8.2. Left striatum
Again, we calculated two RSA analyses in the left striatum, one using

the SELF-VALUE ROI and one using the OTHER-VALUE ROI and report
significant results at p < 0.025 (i.e., 0.05/2).

SELF-VALUE ROI.Mean within-across similarity was different (t(27)
¼ 2.399, p ¼ 0.016) with higher within-condition similarity. The target
analysis of assessing change in dissimilarity of neural patterns for the
conditions sh-sl, oh-ol, sh-oh, sl-ol showed a difference in dissimilarity
between neural patterns for other-high value (oh) and other-low value
(ol) between stress and control condition which did not survive correc-
tion for multiple comparisons (df(27), t ¼ 2.317, p¼ 0.031), with higher
dissimilarity during stress than control (all other p-values > 0.18).
Comparison of mean RDMs for stress and control condition across sub-
jects showed that the two RDMs were correlated: Spearman correlation
rs ¼ 0.50, p < 0.001.

OTHER-VALUE ROI.Mean within-across similarity was not different
(t(27) ¼ 1.151, p ¼ 0.260). The target analysis of assessing change in
dissimilarity of neural patterns for the conditions sh-sl, oh-ol, sh-oh, sl-ol
showed amarginal difference in dissimilarity between neural patterns for
self-high value (oh) and self-low value (ol) between stress and control
condition (df(27), t ¼ 2.317, p ¼ 0.061), with lower dissimilarity during
stress than control (all other p-values> 0.34). Comparison of mean RDMs
for stress and control condition across subjects showed that the two
RDMs were correlated: Spearman correlation rs ¼ 0.585, p < 0.001.

3.8.3. SELF-VALUE vmPFC ROI
Mean within-across similarity was different (t(27) ¼ 2.222, p ¼

0.035) with higher within-condition similarity. The target analysis of
assessing change in dissimilarity of neural patterns for the conditions sh-
sl, oh-ol, sh-oh, sl-ol showed no difference between stress and control (all
p-values > 0.18). Comparison of mean RDMs for stress and control
condition across subjects showed that the two RDMs were correlated:
Spearman correlation rs ¼ 0.327, p < 0.001.

3.8.4. Additional OTHER-VALUE ROIs
Insula. Mean within-across similarity was not different (t(27) ¼

1.130, p¼ 0.269). The target analysis of assessing change in dissimilarity
of neural patterns for the conditions sh-sl, oh-ol, sh-oh, sl-ol showed no
difference between stress and control (all p-values > 0.14). Comparison
of mean RDMs for stress and control condition across subjects showed
that the two RDMs were correlated: Spearman correlation rs ¼ 0.621, p
< 0.001.

3.8.5. Thalamus
Mean within-across similarity was not different (t(27) ¼ 1.410, p ¼

0.170). The target analysis of assessing change in dissimilarity of neural
patterns for the conditions sh-sl, oh-ol, sh-oh, sl-ol showed no difference
between stress and control (all p-values > 0.23). Comparison of mean
RDMs for stress and control condition across subjects showed that the
two RDMs were correlated: Spearman correlation rs¼ 0.3154, p< 0.001.

3.9. Correlations brain and behavior

We were interested whether dissimilarity of neural patterns between
high and low value for other (oh-ol) under stress correlated with
behavior during the task. We used number of trials played as our
behavioral measure for the correlations as response times were only
analyzed for high value trials (see methods section 2.2.1 Analyses of
behavioral data for details). We calculated these correlations using the
Fisher transformed similarity data of the dmPFC ROI and the OTHER
OTHER-VALUE right ventral striatum ROI for the stress condition and
number of trials played for oh and ol during the stress condition. Thus,
we calculated two Spearman correlations (oh-ol x trials_played_oh and
oh-ol x trials_played_ol per ROI; and report results as significant for p <

0.025 (0.05/2)). We found a significant negative correlation between
similarity oh-ol in the ventral striatum ROI and trials_played_oh (r ¼
9

�0.439, p¼ 0.019). Thus, participants who showed more dissimilarity in
their neural patterns between oh and ol, played more high value trials for
the other.

In addition, we aimed to explore whether the dissimilarity between
stress and control RDMs in vmPFC (self-localizer ROI) was associated
with behavior in the lottery task. We calculated a dissimilarity (1-cor-
relation) measure between the stress RDM and the control RDM in
ventral mPFC for each participant and correlated this measure (using
Pearson correlation) with response times on sh, sl, oh and ol trials (we
report results as significant for p < 0.0125 (0.05/4)). We found that
dissimilarity between stress and control RDMs correlated significantly
with response times on oh trials (r ¼ 0.473, p ¼ 0.011) and we found a
trend-significant positive correlation for sh trials (r ¼ 0.421, p ¼ 0.026).
We calculated the same correlation with the dissimilarity (1-correlation)
measure between the stress RDM and the control RDM in dorsal mPFC
and did not find any significant correlations (all p-values > 0.20).

4. Discussion

The present study investigated the effects of acute stress on the sim-
ilarity of neural representations of value for self and others. Our central
finding is that stress increased dissimilarity of neural patterns between
high and low value for others in dorsal mPFC and in the right striatum.
We also find that more dissimilarity in neural patterns between high and
low value for others in the striatum correlated with playing more high
value trials for the other.

Thus, the neural representation of high and low value for another
person becomes more distinct under stress. This suggests that individuals
are more sensitive to the rewards for another person when they are
stressed than when not stressed. Our initial hypothesis that value rep-
resentation between self and others becomes more similar under stress –
possibly due to a decreased capacity to differentiate between own re-
wards and rewards for others - was not confirmed. Instead, our findings
rather suggest that stress specifically alters the neural representation of
value for others, which is in line with the arguments set forth in the “tend
and befriend” hypothesis (Taylor et al., 2000).

A number of control measures speak for the validity of our findings.
First, the behavioral measures show that participants played more trials
in the high value condition than the low value condition. This implies
that participants were actively engaged in the task and attempted to
maximize their and the other player’s benefits. Second, the number of
trials played was not overall different between self and other trials
indicating that participants complied with the instructions to gain as
much money as possible for themselves and their partner in the experi-
ment. Third, we validated the success of our stress induction using both
cortisol levels and subjective stress ratings. Both measures show higher
stress in the stress compared to the control condition. Fourth, the fact that
the risk aversion control measures were not affected by stress indicates
that our effects of interest were not confounded by differences in risk
aversion between the stress conditions.

Interestingly, while stress did not affect the number of trials played in
each condition during the lottery task, participants did respond faster in
the control condition than in the stress condition. However, participants
did not seem to have experienced a speed-accuracy tradeoff as the actual
decisions did not differ between conditions. Note however, that we did
not find a significant interaction between stress (stress, control) and
target (self, other) in these effects. Thus, it might be that decision-making
was easier or entailed less extensive cognitive processing in the control
condition.

We did not find an effect of stress in our target comparisons of neural
patterns in the vmPFC (neither in the functional ROI nor in the SELF-
VALUE ROI). However, our finding that stress only affected value rep-
resentation for others in the dorsal but not ventral mPFC is in line with
prior research showing a spatial gradient in value representation along
the mPFC with other-regarding values being represented predominantly
in the dorsal parts of mPFC while the ventral parts were predominantly
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representing self-regarding values (Sul et al., 2015).
Even though previous research has suggested that reward sensitivity

increases under stress (Kumar et al., 2014; Maier et al., 2015; Ironside
et al., 2018) we did not find any significant effects of stress on neural
similarity between high and low value for the self (sh-sl) – in neither of
our ROIs. We speculate that the highly social nature of our gambling task
might have abolished stress effects on own value processing. More spe-
cifically, because participants were playing the lottery task with a real
other person, whom they met in-between each scanning run, the salience
of the other might have been very high throughout the task. As stress has
been shown to shift cognitive processing to a salience-focused mode
(Hermans et al., 2014), the fact that we introduced a salient other person
in the task might have led participants to focus more on the other under
stress, which might have abolished the increased reward sensitivity for
the self, found in previous studies. If this interpretation holds true, this
might mean that the presence of a relevant other person might shift
stress-induced increased reward sensitivity to the other instead of the
self, which would be in line with previous findings showing that partic-
ipants give away more of their own money in a dictator game when
stressed (von Dawans et al., 2012; Tomova et al., 2017). However,
because in our experiment participants did not have to prioritize the self
or the other in their behavior (i.e., they were instructed to play equally
for self and other and playing more for the other did not take away re-
sources from the self), we do not have any behavioral measures on
trade-offs between gains for self versus other. Furthermore, it is impor-
tant to note that this conclusion is based on a null finding (i.e., no effects
of stress on neural dissimilarity between high and low value for the self
(sh-sl)). There are many reasons for observing a null finding including,
for example, ceiling effects in the dissimilarity level in the control con-
dition. Future studies experimentally manipulating the presence of self
and other, and their salience, are thus needed to follow up this concep-
tually and practically highly relevant research avenue.

Our assessment of within-across condition correlations in the RDMs in
all ROIs (only performed for the control condition) showed that the mean
within-condition correlations (mean across all conditions) were higher
than the mean across-condition correlations in all three SELF-VALUE
ROIs. This finding indicates that neural patterns in these ROIs showed
more similar responses to stimuli within one condition than to stimuli
across conditions thus indicating that they were more reliably similar.
We did not find a significant within-across difference in any of the other
ROIs indicating that signals in these ROIs might be less reliable. How-
ever, we find the same general pattern of results in the SELF-VALUE ROIs
as in our other ROIs: differentiation between high and low rewards for
others increases under stress. Thus, our results did not differ based on
differences in the within-across condition similarities.

The present findings connect to prior research showing that stress
increased the magnitude of responding in “empathy for pain” brain re-
gions in response to seeing someone else in pain (Tomova et al., 2017). A
potential common mechanism that could relate our present findings to
these prior results might be that under stress, individuals become more
other-oriented, which increases empathy for others and also valuation of
others’ rewards. Importantly, though, it needs to be noted that these
effects might be specific for social stress. I.e., in our experiment we used
social evaluative threat in combination with time pressure to induce
stress. Thus, it might be that different effects would be observed when
using a non-social stressor. In addition, the present study only included
male participants, so it is important to investigate in future studies
whether the observed effects can be replicated in a female sample.

In the present study, we implemented a within-subjects design in
which each participant underwent an acute stress induction and a control
condition. While overall, we find that our cortisol and subjective stress
measures indicate that participants were more stressed during the stress
compared to the control condition, a potential limitation of our study is
that our baseline measures of cortisol show a difference between con-
ditions, which might be attributed to carry-over effects from one condi-
tion to the other. We note, however, that in the stress condition,
10
participants show a clear increase in cortisol levels, while cortisol levels
decrease in the control condition, which also corresponds to the effects
on subjective stress levels, indicating that the stress manipulation worked
successfully. Another potential limitation of our study is that cortisol
measures and subjective stress levels were not correlated. Indeed, stress
studies often find a mismatch between physiological and endocrinolog-
ical measures and self-reported stress measures. I.e., the subjective
experience of stress is, at least acutely, not directly related to adrenaline
release or cortisol release allowing for discrepancies in these measures
(see Ali et al., 2017 for an experimental study on this topic).

Another possible limitation of the study is that our value manipula-
tion (high and low value) is confounded with choosing to play. Because
participants played most high value trials and decided to not play most
low value trials, it is possible that the observed effect reflects a cognitive
process related to anticipating the gamble (e.g. task engagement or
arousal) instead of a representation for high vs. low value. In that case,
our results could imply that participants under stress showed higher task
engagement or arousal in response to high rewards compared to low
rewards for others. Future studies illuminating the exact cognitive pro-
cess that is responsible for stress induced increases in differentiation
between high and low value for others are thus needed to illuminate the
findings in more detail. .

5. Conclusions

In conclusion, the initial hypothesis that stress decreases differenti-
ation between self and others was not supported by our data. However,
our findings show that under stress neural patterns in response to high
and low value for others become more dissimilar. Furthermore, partici-
pants who showed more neural differentiation between high and low
value for others played more favorably for the other. Thus, our results
imply that stress appears to increase reward sensitivity for another per-
son. This would be in line with converging evidence from behavioral
research indicating that stress increases prosocial behavior (Takahashi
et al., 2007; von Dawans et al., 2012; Margittai et al., 2015; Buchanan
and Preston, 2014; Singer et al., 2017; von Dawans et al., 2019), which
has been interpreted in light of the “tend-and-befriend” hypothesis
stating that individuals become more prosocial under stress in order to
secure help from others (Taylor et al., 2000). Furthermore, previous
research has shown that stress increases the magnitude of brain activity
in “empathy for pain areas” when viewing others in pain, and this pre-
dicted later prosocial behavior (Tomova et al., 2017). The results of the
present study extend this research by showing that in the domain of value
computation, stress leads to an increased differentiation between high
and low value for others suggesting that stressed individuals track the
potential reward for others more closely which is also associated with
playing more favorably for the other.

These findings might be particularly relevant for highly stressful en-
vironments that require close cooperation — such as in medicine, sci-
ence, education, police or military. Indeed, more prosocial stress coping
strategies have been shown to be associated with better leadership skills
in the military environment (Nakkas et al., 2016). Thus, the behavioral
implications of a prosocial stress coping response, in addition to the
classical fight and flight response, should be investigated in more detail
in order to advance our understanding of how humans respond to and
cope with stress.
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