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A B S T R A C T   

The role of testosterone on cognitive functions in humans remains controversial. One recent hypothesis suggests 
that this steroid hormone advances social status. As being observed by others is known to modulate a range of 
behaviors because of image concerns, we hypothesized that such an audience effect might be an important 
component of status seeking that is under the control of testosterone. Thus, we investigated to which extent 
testosterone levels are associated with the effect of being observed during prosocial choices and the neural 
mechanisms underlying this effect. We enrolled twenty-four male participants, aged 22.47 ± 2.62 years, in an 
fMRI experiment to examine the relationship between testosterone levels and brain activity engaged in deciding 
whether to accept or reject monetary transfers to two types of organizations (a positively evaluated organization 
and a negatively evaluated organization) in presence or absence of an audience. When comparing the public to 
the private condition, the rate of acceptance increased for the positively evaluated organization, while the rate of 
rejection increased for the negatively evaluated one. Higher testosterone levels were linked to greater activation 
in the striatum in the public compared to the private condition, regardless of the organization type. These results 
indicate a relationship between testosterone levels and striatal activity induced by the audience effect. These 
findings provide new insights on the role of testosterone in human social behavior.   

1. Introduction 

The steroid hormone testosterone has long been known to regulate 
the development of physical masculinization (Renfree et al., 2002). 
Apart from its role in the body, there has been growing interest in un-
derstanding testosterone-behavior relationships over the past decades 
(Geniole and Carré, 2018; Hines, 2017). One traditional view on 
testosterone functions is that it drives certain forms of aggression in both 
humans (Coccaro et al., 2007; Dabbs and Hargrove, 1997; Räsänen et al., 
1999) and non-human primates (Bouissou, 1983; Giammanco et al., 
2005). However, this traditional view of the role of testosterone in 

driving aggression has been revisited in more recent theories and ex-
periments (Archer, 2006; Nadler et al., 2019). Recent studies empha-
sized its relation to status-enhancing behavior in the form of prosocial or 
antisocial behavior, depending on the social contexts (Booth et al., 2006; 
Dreher et al., 2016; Eisenegger et al., 2011; Mazur and Booth, 1998). For 
example, higher levels of testosterone in both men and women have 
been associated with enhanced social status (Rowe et al., 2004; Sellers, 
2006) or increased spatial cognitive skills when status is at play (New-
man et al., 2005). Other behavioral results in men and women have also 
emphasized the relationship between testosterone levels and social 
cooperation (Casto and Edwards, 2016; Sanchez-Pages and Turiegano, 

* Corresponding author at: Reward, Competition and Social Neuroscience Lab, Department of Psychology & Institute for Brain Sciences, Nanjing University, 
Nanjing, China. 
** Reward, Competition and Social Neuroscience Lab, Department of Psychology & Institute for Brain Sciences, Nanjing University, Nanjing, China. 

E-mail addresses: yansongli@nju.edu.cn (Y. Li), dreher@isc.cnrs.fr (J.-C. Dreher).  

Contents lists available at ScienceDirect 

Psychoneuroendocrinology 

journal homepage: www.elsevier.com/locate/psyneuen 

https://doi.org/10.1016/j.psyneuen.2020.104872 
Received 28 February 2020; Received in revised form 10 September 2020; Accepted 10 September 2020   

mailto:yansongli@nju.edu.cn
mailto:dreher@isc.cnrs.fr
www.sciencedirect.com/science/journal/03064530
https://www.elsevier.com/locate/psyneuen
https://doi.org/10.1016/j.psyneuen.2020.104872
https://doi.org/10.1016/j.psyneuen.2020.104872
https://doi.org/10.1016/j.psyneuen.2020.104872
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psyneuen.2020.104872&domain=pdf


Psychoneuroendocrinology 122 (2020) 104872

2

2010) or the choice of an interaction strategy (domination vs. submis-
sion) in a social context (Inoue et al., 2017; van Honk et al., 2014). In 
addition to these correlational evidence, recent behavioral studies tested 
to what extent testosterone administration plays a causal role during 
social interactions. A single dose of testosterone in women decreased 
trust but increased generosity in non-competitive settings (Boksem et al., 
2013), led to fair bargaining behavior (Eisenegger et al., 2010) and 
motivated for reputable-status seeking, even when the resulting be-
haviors were economically disadvantageous (van Honk et al., 2016). 
Similarly, these findings have been extended to men. For example, 
exogenous testosterone administration in men has been shown to in-
crease not only the altruistic punishment of unfair offers, but also pro-
social behavior (positive reciprocity) in response to generous offers in a 
modified ultimatum game (Dreher et al., 2016), social cooperation (van 
Honk et al., 2012), preferences for high-status goods (Nave et al., 2018) 
and status-seeking motivation with unstable low social status (Losecaat 
Vermeer et al., 2020). 

However, a key element of social interactions in real-world settings is 
whether other individuals can observe both the decisions made by the 
decision maker and their consequences, which is in fact a neglected 
aspect of the aforementioned studies. Decisions under observability can 
indeed be influenced by individuals’ image concerns. In these settings, 
individuals may focus on matching their in-group social values rather 
than raising social status (Everett et al., 2015). Previous studies have 
found that individuals’ behavior can be influenced by the mere presence 
of others (Hamilton and Lind, 2016), suggesting that the presence of an 
audience may be one of the dominant factors driving several social 
enhancing behaviors (Bradley et al., 2018). Audience as a modulator of 
behavior has been found in a diversity of species, including humans and 
nonhuman primates (Chib et al., 2018; Sekiguchi and Hata, 2018). 
Given that the mere presence of an audience can promote status-seeking 
behavior in our social life and testosterone has been shown to play an 
important role in status-relevant behavior, understanding the extent to 
which testosterone levels can be related to audience during prosocial 
decisions would greatly advance our understanding of 
testosterone-behavior relationships. In particular, since testosterone is 
involved in status-relevant behavior, one may expect that an audience 
should enhance its relation with norm-compliant prosocial behavior. 
Moreover, identifying the underlying neural mechanisms of the associ-
ation between testosterone levels and audience in prosocial behavior 
would provide important insights not only into the prosocial role of 
testosterone in the context of social interactions, but also into the 
mechanisms underlying the testosterone-status relationship. This mat-
ters particularly since testosterone has been shown to be disrupted in 
psychiatric disorders (Li et al., 2020). In particular, children who have 
been exposed to high concentrations of testosterone as a fetus would be 
more likely to exhibit autistic traits (Mullard, 2009). Although previous 
research investigated the effect of audience on prosocial behavior in 
autism, the relationship with testosterone remains to be investigated 
(Izuma et al., 2011). Prior neuroimaging evidence pinpoints a brain 
network essential for conducting prosocial decisions. This includes the 
striatum, anterior cingulate cortex (ACC), ventromedial prefrontal cor-
tex (vmPFC) and temporo-parietal junction (TPJ). This network is 
recruited when expecting social rewards as well as when weighing 
monetary costs against compliance with one’s moral values, or when 
helping choices are made (Cutler and Campbell-Meiklejohn, 2019; Qu 
et al., 2019). Yet, how the aforementioned network is regulated by sex 
hormone is unknown, although an increasing effort has been devoted to 
exploring how other hormones such as estrogen and oxytocin modulate 
prosocial behavior (Kemp and Guastella, 2010; Zethraeus et al., 2009). 
Here, we explored the relationship between endogenous testosterone 
levels and the neural mechanisms underlying prosocial behavior in re-
action to the presence or absence of an audience. To address this ques-
tion, we used the behavioral data from a donation experiment published 
by Qu et al. (2019). In this experiment, participants had to decide 
whether to accept or reject monetary transfers to two organizations (one 

positively evaluated, and the other negatively evaluated). Prosocial 
behavior was characterized by two types of decisions: accepting a 
monetary transfer to a positively evaluated organization at a personal 
cost, or foregoing personal monetary gains to reject a transfer to an 
organization that they evaluated negatively. These decisions were made 
in private or in public, depending on the trials. Decisions while being 
observed required weighing the costs and benefits of accepting vs. 
rejecting the donation, plus the expected (positive or negative) image 
sent to the observer. Such reasoning requests the conversion of social 
and monetary rewards into a common currency for comparisons to be 
made (Sescousse et al., 2015). In such settings, participants thus faced a 
moral dilemma: either serving a good cause but at a personal monetary 
cost, or making money but betraying ones’ moral values. This design 
allows us to investigate whether testosterone is involved in guiding 
prosocial vs. selfish decisions induced by the presence of an audience 
when participants face a moral dilemma. Because weighing monetary 
costs against compliance with one’s moral values (Qu et al., 2019) and 
perceiving one’s good reputation (Izuma et al., 2008, 2010) have been 
reported to result in striatal activity, we hypothesize a positive corre-
lation between testosterone levels and striatal activation while making 
prosocial decisions in reaction to the presence of an audience. 

2. Material and methods 

2.1. Participants 

We summarize in this section the experimental design, all the details 
being developed in Qu et al. (2019). Twenty-four healthy male partici-
pants, aged 22.47 ± 2.62 years, with no history of neurological or 
psychiatric illness participated in the fMRI experiment. Three partici-
pants were discarded from the analysis because of failure to collect 
testosterone data. All participants were right-handed, as assessed by the 
Edinburgh Handedness Inventory (Oldfield, 1971), and presented no 
symptoms of depression, as assessed by the 13-item version of the Beck 
Depression Inventory (Beck and Beck, 1972). Informed consent was 
obtained from every participant. The study was approved by the local 
ethics committee (CPP Centre Léon Bérard). 

2.2. Pre-testing 

As described in our previous study (Qu et al., 2019), a behavioral 
pilot study involving 48 healthy volunteers was performed at GATE-Lab, 
Lyon, to help with designing stimuli and task procedures. To guide the 
selection of the organizations, we asked them to complete a question-
naire after the presentation of brief descriptions and logo images of 14 
organizations. Organizations with positive or negative valence were 
presented. For each one, participants had to rate their feelings towards 
them on a scale from − 10 to 10. The organizations were presented in the 
questionnaire in a random order across participants. Based on this pilot 
study, we chose for the fMRI experiment the two organizations that 
received the worst (mean = − 5.73, SD = 3.68) and the best (mean =
8.40, SD = 2.04) ratings. They were a negatively evaluated organization 
(NEG ORG) (‘Groupe d’Action Royaliste’, –an organization that aims at 
promoting the restoration of monarchy in France) and a positively 
evaluated charity (POS ORG) (‘Resto du coeur’, a charity providing food 
to poor people). Because the policy does not allow us to publish trade-
marked names, we have changed the real names of these two organi-
zations. GAR represents the NEG ORG and RES (a symbol of heart) 
represents the POS ORG (a charity providing food to poor people) 
(Fig. 1). 

2.3. Experimental task 

Our previous study (Qu et al., 2019) described that “we used a 2 × 2 
within-participant design, in which participants decided whether to 
accept or reject monetary transfers to the two organizations. Depending 
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on the blocks of decisions, the offers of transfer is concerned with either 
the POS ORG or the NEG ORG. Decisions were made either in presence 
or absence of observers (“public” vs. “private” conditions) (Fig. 1). At 
the beginning of the experiment, participants received an initial 
endowment of 14 Euros. During the experiment, they were faced with 
successive offers involving a variable monetary payoff for themselves 
and a variable payoff for the organization. When making decisions 
regarding the POS ORG, participants had to decide whether to accept or 
reject monetary transfers to the organization at a variable monetary cost 
to themselves, deducted from their initial endowment. When making 
decisions regarding the NEG ORG, they had to decide whether to accept 
or reject monetary transfers to the organization in exchange for a per-
sonal monetary payoff added to their initial endowment. In the latter 
case, the only way for a participant to earn money was to accept a 
donation to the NEG ORG, whereas in the former treatment, any dona-
tion to the POS ORG involved a monetary loss for the participant. One 
crucial aspect is that in both treatments, each organization would 
receive a donation; however, in one case such a donation entails a moral 
cost for the individual (allowing the experimenter to send money to the 
NEG ORG in order to earn money for oneself may violate one’s moral 
values), while in the other case, the donation to the organization gen-
erates a moral benefit for the individual (altruistically foregoing a per-
sonal gain to benefit the POS ORG may comply with one’s moral values). 
Because we systematically varied the monetary cost of a moral decision, 
we were able to identify the price elasticity of demand for moral actions. 
Intuitively, if participants did not perceive some actions as immoral, 
they would display no elasticity to the moral cost of choosing the 
self-serving action. The monetary stakes for the organizations and for 
the participants varied independently across trials. In each trial, the 
organization’s potential gains ranged from 4 to 32 Euros, in increments 
of 4 Euros. Participants’ potential payoffs (in the case of the NEG ORG) 
or costs (in the case of the POS ORG) varied from 1 to 8 Euros, in in-
crements of 1 Euro. Each participant was therefore exposed to 64 
different dilemmas. 

Only one public decision and one private decision among all the 
trials were randomly selected for payment at the end of the experiment. 
If the participant accepted the offer in the randomly selected trial, the 

amount of the accepted transfer was sent to the organization (the mean 
of the two amounts was used if the two trials concerned the same or-
ganization), and the participant’s endowment was increased or 
decreased based on his decision. If the same organization happened to be 
randomly selected twice, then the organization received the average 
transfer and the participant’s endowment was adjusted based on the 
average of the two decisions. If the participant rejected the offer in the 
randomly selected trials, nothing was sent to the organization, and the 
participant’s initial endowment was not modified. 

The presence or absence of an observer (public versus private con-
ditions) was displayed on the screen in the following way. In private 
trials, a yellow frame surrounded the offer, and a picture of a padlock 
was displayed at the top of the screen reminding participants about the 
privacy of their decisions. In the public condition, a cyan frame sur-
rounded the offer, and a picture of the eyes of an observer was displayed 
above, reminding participants that an independent observer would see 
their decisions. Indeed, cues of being watched exert an influence on 
participants’ behavior (Bateson et al., 2006). To further stress the visi-
bility of their choices in the public trials, participants knew that an 
observer in the control room, to whom they were introduced prior to the 
experiment, would see the participant’s screen and therefore observe 
their public trials decisions; in the public trials, the chosen alternative 
was highlighted for 1.5 s on the screen by expanding the font, while the 
other option disappeared. In the private condition, no changes were 
made on the screen after the response, assuring participants that nobody 
would be able to see their choices from the scanner control room. 
Finally, at the end of the experiment, participants had to declare in front 
of a video camera which decision they made in the randomly selected 
trial for the public condition. Participants were told that decisions in the 
private condition were recorded anonymously, guaranteeing that none 
of the experimenters could link a participant’s identity with his de-
cisions. A person not affiliated with the experiment and unaware of its 
content paid all participants. All the participants reported believing in 
the manipulation. 

For each possible combination of individual and organization pay-
offs, and for both organizations, participants made two decisions, one in 
private and one in public. Participants therefore made a total of 256 

Fig. 1. Experimental design. We used a 2 × 2 within-participant design, in which participants decide to accept or reject the possibility of doing a costly good action 
for the benefit of a positively evaluated organization (POS ORG) or avoiding a bad one which would advantage both them and negatively evaluated organization 
(NEG ORG), either in presence or absence of an audience (PUBLIC vs. PRIVATE). The amounts of the potential transfers to the organizations and of the potential costs 
or payoffs to the participants were varied independently across trials. In each trial, the organization potential gains ranged from 4 to 32 Euros, by steps of 4 Euros. 
The participants’ potential payoffs (in the case of the NEG ORG) or costs (in the case of the POS ORG) varied from 1 to 8 Euros, by steps of 1 Euro. This manipulation 
resulted in 64 different dilemmas. Each trial began with the presentation of an offer that the participant could either accept or reject by pressing the left button 
response or the right button response, respectively. To further stress the presence of observers during public trials, the chosen alternative was highlighted for 1.5 s by 
expanding its characters, while the other was disappearing. On the opposite, in the private condition, no changes were shown after the response, ensuring the 
participant that nobody would be able to see their choice. A fixation cross was eventually displayed during a random time interval. 
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decisions, 128 related to the NEG ORG and 128 related to the POS ORG. 
Each trial began with the presentation of an offer, which could either be 
accepted or rejected by pressing the left or right button on a response 
pad. A fixation cross was displayed during a random time interval (jit-
ters), drawn from a uniform distribution between 2.5 and 6.5 s. Partic-
ipants were encouraged to make their decision within 3 s. After this 
delay, a message was displayed on the screen to remind them to respond. 

The scanning session was divided into 4 runs of 64 trials. The first 
two runs concerned one organization and the last two concerned the 
other organization. Within the first run of each organization, the first 
half of the trials was either public or private, with the opposite for the 
subsequent run. The order of the private/public conditions in the second 
run mirrored the order of these conditions in the first run. The order of 
presentation of the organizations and of public/ private conditions was 
balanced across participants. Thirty-two dilemmas from the 64 possible 
combinations were presented in each run and each private/public con-
dition. To guarantee that the two pairs of runs of each organization were 
balanced with respect to the payoffs for the individual and the organi-
zation, we assigned to one run the set of dilemmas composed by the 
participant’s odd potential payoffs and the 4, 12, 20, and 28 potential 
amounts for the organization, while the other run was assigned the 32 
remaining dilemmas of the matrix. Within this criterion, the order of the 
32 dilemmas was randomized. 

Visual stimuli were back-projected on a screen located at the head of 
the scanner bed and presented to the participants through an adjustable 
mirror located above their head. The presentation of the stimuli was 
controlled by Presentation © software (Neurobehavioral Systems), 
which also recorded trigger pulses from the scanner signaling the 
beginning of each volume acquisition.” 

2.4. Procedures 

During a first interview (the pilot pre-testing), participants were 
asked to rate their feelings toward each of 14 organizations on a scale 
ranging from − 10 to 10. Based on this pilot study, we chose for the fMRI 
experiment the two organizations that received the worst and the best 
ratings. For the fMRI experiment, we selected only participants who 
rated the POS ORG with a score greater than 0 and the NEG ORG with a 
negative score. The day of the experiment, participants first received 
instructions about the experiment. 

After receiving the instructions, participants did a few free practice 
trials of all conditions in the control room of the fMRI and were allowed 
to ask questions. After the practice session, participants were asked to 
read a description of the two organizations. Before entering the fMRI 
room, they met with the independent observer. After scanning, the 
participants were debriefed. Participants filled a post-experimental 
questionnaire asking whether they truly perceived the different trials 
as independent, whether they believed in the difference between private 
and public conditions, and whether they thought that the presence of the 
observer had influenced their decisions. 

2.5. Testosterone measurements 

In order to minimize the effect of circadian hormone rhythms, all 
sessions were conducted between 1:45 PM and 3:45 PM. Prior to and 
after the scanning session, blood samples were obtained to detect the 
levels of plasma testosterone for each participant. Plasma total testos-
terone was used for the assay and was measured by a solid-phase, 
competitive chemiluminescent enzyme immunoassay, IMMULITE 
2000 (Diagnostic Products Corporation, Los Angeles, CA). Intra- and 
inter-assay coefficients of variation were 7.2 % and 8.2 %, respectively. 
Such an assay had an analytical sensitivity of 0.5 nmol/L. Corrections for 
incomplete recovery were made using 3H-labeled internal standards 
(Déchaud et al., 1981; Rinaldi et al., 2001; Sabot et al., 1985). Free 
testosterone would be more interesting to investigate, but we did not 
record sex-hormone binding globulin (SHBG) allowing to compute free 

testosterone values. In spite of this, the measurement of total testos-
terone has still been argued to be effective in exploring the potential link 
between testosterone levels and neuropsychological functions in 
humans (Hua et al., 2016). In order to control for other variables 
affecting testosterone levels, participants were asked to practice little 
physical exercise during the appointment day and to refrain from any 
caffeine-containing food or drinks and cigarettes from at least one hour 
before the experiment started. 

2.6. Behavioral analysis 

We characterized accepted trials in the POS ORG and rejected trials 
in the NEG ORG as “prosocial selection”, as these two options permit to a 
positively evaluated charity to earn money or avoid that a negatively 
evaluated organization receives money at a personal direct or indirect 
cost to the participants (either through a reduction of the initial 
endowment or through foregoing a potential gain). By contrast, the 
rejected trials in the POS ORG and the accepted trials in the NEG ORG 
were both characterized as “selfish selection” because these options 
increased or preserved the initial endowment. Our previous study (Qu 
et al., 2019) has reported in detail the relationships between the pa-
rameters of the tasks and participants’ decisions, identified by using 
random-effects logistic models for each organization. Therefore, here we 
only report a brief and updated analysis of the main findings after having 
excluded the three participants from our previous study for whom we 
failed collecting hormones. A repeated-measures ANOVA on prosocial 
choices was conducted, with audience condition (public vs. private) and 
organization type (POS vs. NEG ORG) as within-participants factors. 
This is followed by Wilcoxon signed-rank tests for post-hoc testing. 

2.7. fMRI data acquisition 

The details of the fMRI acquisition and analysis have been reported 
in Qu et al. (2019). fMRI data was acquired on a 1.5 T Siemens MRI 
scanner. The scanning was divided into 4 sessions. 
Blood-oxygenation-level-dependent (BOLD) signal was measured with 
gradient echo T2* weighted echo-planar images (EPIs). Twenty-six 
interleaved slices parallel to the AC-PC line were acquired per volume 
(matrix 64*64, voxel size = 3.4*3.4*4 mm, TR = 2500 ms, TE = 60 ms). 
We used a manual shimming within a rectangular region including the 
orbitofrontal cortex and the basal ganglia to improve the local field 
homogeneity. A high-resolution T1-weighted structural scan was sub-
sequently acquired for each participant (matrix 256 × 256 × 176; voxel 
size = 1 × 1 × 1 mm; TR = 1970 ms; TE =3.93 ms; flip angle = 15). 

2.8. fMRI pre-processing 

Data were pre-processed and analyzed using the SPM8 software 
package (Wellcome Department of Imaging Neuroscience, London) 
implemented in Matlab 7.10 (Mathworks, Natick, MA). The first four 
functional volumes of each session were removed to allow the BOLD 
signal to reach a steady state. The remaining images were slice-timing 
corrected, spatially realigned and unwarped to correct for motion arti-
facts. Unwarping was performed based on phase maps calculated using 
the Fieldmap SPM toolbox. Then in order to suppress the residual fluc-
tuations due to interpolation errors from large motions, we used the 
motion adjustment algorithm provided in the ArtRepair toolbox 
(Mazaika et al., 2009) after a smoothing with a 4 mm full width at half 
maximum (FWHM) Gaussian kernel. This method is an alternative to 
adding motion regressors to the design matrix. The scan artifacts were 
then detected and repaired using both global intensity and scan-to-scan 
movement with the Artifact Repair algorithm from the ArtRepair SPM 
toolbox. 

For each participant, the structural image was co-registered to the 
mean functional image, segmented into white and gray matter, and the 
gray matter was normalized to a standard gray matter template 
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distributed by SPM8. The transformation parameters estimated in this 
step were applied to all functional images. Functional images were then 
spatially smoothed with a 7 mm FWHM Gaussian kernel. 

2.9. fMRI data analysis 

As described in our previous study (Qu et al., 2019), at the 
single-participant level, statistical analyses were performed using a GLM 
in which all regressors were modeled as delta functions and convolved 
with a canonical hemodynamic response function (HRF). We applied a 
high-pass filter with a cut-off of 128 s to the time series to remove 
low-frequency noise and baseline drifts, and we used an AR(1) model 
plus white noise to correct for temporal autocorrelation. Estimations 
were done in an explicit grey matter mask based on the tissue probability 
map provided by SPM. 

Since the current study aims at exploring the relationships between 
testosterone levels and brain activity involved in the audience effect, we 
need to describe the analysis of audience effects based on our previous 
study (Qu et al., 2019). Specifically, we focused on a number of brain 
regions, such as those associated with making prosocial choices in the 
charity condition and those engaged with an audience effect, regardless 
of organization types or choices. We attempted to build a model 
including 8 regressors of interest at the time of “offer onset” in separate 
conditions 2 (accepted trials vs. rejected trials) × 2 (private vs. public) ×
2 (POS vs. NEG ORG). We included the size of the potential gain for the 
organization and the size of the potential gain or loss for the participant 
with two orthogonal parametric regressors. Because little is known 
about the brain networks engaged when being observed (i.e., in the 
public condition) compared to when making decisions in private, 
regardless of the choice made, we performed two contrasts to test for the 
main effects of audience and privacy: public > private, and private >
public, regardless of the organization types and participants’ choices. 
Given our specific a priori region of interest, we used small volume 
correction (SVC) with a threshold of P < 0.05 (FWE corrected) based on 
our a priori region of interest. The SVC was performed using a sphere 
with 10 mm radius centering around the coordinate of peak voxel in the 
left and right putamen (left: -16, 14, -10; right: 12, 10, -4) derived from a 
previous studies on audience effect (Izuma et al., 2010) and in the left 
and right caudate nucleus (x, y, z = -17, 6, 13 and x, y, z = 18, 6, 9) 
derived from a previous study where charitable donation was investi-
gated (Moll et al., 2006). Please note that these original coordinates in 
the Talairach space were transformed into the corresponding co-
ordinates in MNI space using GingerALE 2.3. Given that we ran four SVC 
tests restricted to a single region, we have used a Bonferroni-corrected 
threshold of 0.05/4 = 0.013, accounting for the number of SVC tests. 

For the correlational analysis between testosterone levels and striatal 
activity induced by the public vs. private contrast for both organizations, 
we employed the averaged testosterone levels between those measured 
prior to and after the scanning session in a simple regression analysis. To 
illustrate the correlation between testosterone levels and the patterns of 
activation, percentage signal changes were extracted in the functional 
ROIs of interest (left caudate and left putamen) using the MarsBar 
toolbox (http://marsbar.sourceforge.net). 

3. Results 

3.1. Audience effects 

Our ANOVA analysis showed that there was a significant main effect 
of organization type on prosocial choices (F(1,20) = 7.50, p < 0.05), 
whereas there was not a significant main effect of audience condition on 
prosocial choices (F(1,20) = 0.01, p > 0.05). Moreover, there was a 
significant interaction between them on prosocial choices (F(1,20) =
8.79, p < 0.01). A Wilcoxon signed-rank test showed in the POS ORG, 
participants accepted significantly more offers on average in the public 
(70 %) as compared to the private condition (66 %; Wilcoxon |Z| = 2.81, 

p < 0.01, r = 0.43). In contrast, in the NEG ORG, participants accepted 
significantly less offers on average in the public (43 %) relative to the 
private condition (47 %; Wilcoxon |Z| = 2.30, p < 0.05, r = 0.35) 
(Fig. 2A). This was further confirmed by color-coded heatmaps of the 
probability of accepted donations for transfers to the POS ORG and the 
NEG ORG, respectively (Fig. 2B). These color-coded heatmaps clearly 
demonstrated that participants were more willing to accept to donate to 
the POS ORG in public than in private condition and were less willing to 
accept to donate to the NEG ORG in public than in private condition. 

3.2. The link between testosterone, behavior and striatum 

We first analyzed the main effect of acceptance in the public 
compared to the private condition, independently of the organization 
type. Striatal activity significantly increased in public compared to pri-
vate decisions (MNI [x y z] [-12 2− 2], T = 3.66, p(SVC) < 0.05, FWE) 
(Table 1). In addition, regions such as the anterior cingulate cortex 
(ACC) (MNI[x y z] [0 23 34], T = 5.65), temporal parietal junction (TPJ) 
(MNI[x y z] [48− 25 25], T = 4.34) were also active in public vs private 
decisions (Table 1). By contrast, in private vs public decisions, a 
different brain network was found with only the occipital gyrus (MNI[x 
y z] [30–82 -20], T = 4.45) being significantly engaged (Table 1). Given 
that our a priori hypothesis predicts a positive correlation between 
testosterone levels and striatal signal during prosocial decisions in 
presence of an audience, we performed a correlation analysis between 
testosterone levels and BOLD responses for prosocial decisions made in 
public vs in private for both types of organization. As predicted, our 
results revealed a positive relationship between testosterone levels and 
striatal activity induced by prosocial decisions for public > private 
condition (putamen: MNI[x y z] [-21 5–11], T = 6.77, p(SVC) < 0.05, 
FWE; caudate nucleus: MNI[x y z] [-15 2 13], T = 5.07, p(SVC) < 0.05, 
FWE) (Fig. 3; Table 2). The striatum, involved in prosocial behavior in 
public, showed a correlation with endogenous testosterone levels. By 
contrast, when looking at prosocial decisions made in private > in public 
for both types of organization, we found no supra-threshold activations 
in the social image-related brain network correlating with testosterone 
levels (Table 2). Meanwhile, to exclude potential confounding effects 
caused by the salience of the public context per se, we have further 
performed correlational analyses between testosterone levels and 
striatal activities induced by prosocial decisions for public vs. implicit 
baseline and for private vs. implicit baseline. These analyses failed to 
reveal significant correlations between them (supplementary Table 1 
and 2). Moreover, considering that our previous study has revealed that 
the audience effect (public > private) for both prosocial choices and for 
selfish choices commonly engaged a common brain network including 
the striatum (Qu et al., 2019), our further correlation analysis revealed 
that similar results could also be observed for selfish decisions for public 
> private condition (supplementary Fig. 1). This provides further evi-
dence that such a relationship was not specific to prosocial decisions 
only but can also be observed for selfish choices. Taken together, these 
results somewhat indicate that our observation of a significant rela-
tionship between testosterone levels and audience-induced striatal ac-
tivities was not driven by the salience of the public context per se. 
Finally, to further examine the potential relationship between testos-
terone levels and the difference in prosocial decisions made in public vs. 
in private for each type of organization, we performed a number of 
correlational analyses. However, we did not observe any significant 
relationship between them (POS ORG: r = -0.07, p = 0.78; NEG ORG: r =
0.18, p = 0.44) (supplementary Fig. 2). Similarly, when exploring the 
possible link between striatal activities in public vs. in private and the 
difference in prosocial decisions made in public vs. in private for each 
type of organization, we found a significant relationship between them 
neither for the POS ORG (putamen: r = 0.02, p = 0.94; caudate: r =
-0.18, p = 0.43), nor for the NEG ORG (putamen: r = -0.16, p = 0.50; 
caudate: r = 0.03, p = 0.90). 
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4. Discussion 

The goal of the present study was to investigate the relationship 
between endogenous testosterone levels and the neural correlates 
responsible for prosocial decisions in presence of an audience, i.e., when 
social image and status concerns may be activated. Our results showed 
that striatal response correlated positively with endogenous testosterone 
levels in the public condition as compared to the private condition, 
regardless of organization types. That is, when being observed, a greater 
striatal activity correlated with testosterone levels. This effect highlights 
the fact that audience facilitates prosocial decisions for both types of 
organizations. 

The striatum has been previously demonstrated to be one of the key 
brain areas involved in reputation-based behaviors, such as charitable 
giving and decision making in presence of a moral dilemma (Izuma, 
2012; Izuma et al., 2010; Moll et al., 2006; Shenhav and Greene, 2010). 
This brain region is also strongly involved in reward processing (Haber 
and Knutson, 2009; Sescousse et al., 2013). To better understand the 
potential role of the striatum in public prosociality, two interdependent 
processes need to be considered during the process of reputation 
building. The first is the ability to create meta-representations of oneself 
so as to achieve the desirable image benefit from a given social behavior. 
A second process is the ability to overcome the conflict between the 
expected value of an option and the value of the other, less appealing, 
options (cost-benefit trade-off). While the right temporal parietal junc-
tion (TPJ) may contribute to each of these processes (Obeso et al., 2018), 
the striatum may preferentially be engaged in the cost-benefit analysis of 
the available options when image concerns are active (Izuma, 2012). 
This functional role of the striatum in reputation-based processes may be 
linked to the value attributed to rewards as a common denominator 
between prosocial behavior (monetary gains for the charity in the POS 
ORG) and moral behavior (moral benefit of rejecting offers in the NEG 
ORG). This was probably the case for both organizations when choices 
were made in public rather than in private. In fact, Izuma et al. (2008, 
2010) and Qu et al. (2019) have shown that making donations while 
being observed and receiving monetary rewards both elicit striatal re-
gions activity. In addition, the striatum is known to be engaged upon 
recognition of acceptance from others, i.e., being liked by others (Davey 
et al., 2010). The results of the current study additionally reveal the 
neural mechanisms underlying the role of testosterone in public proso-
ciality when facing different moral dilemmas. 

Fig. 2. Behavioral results. (A) Decisions modulated by the presence of an audience. The participants’ rate of acceptance was significantly increased when decisions 
were observed in public than in private for the POS ORG. Similarly, for the NEG ORG, participants were significantly more likely to reject the propositions in public 
than in private. The results indicated that participants made status seeking behavior due to the presence of an observer. POS ORG, positively evaluated organization; 
NEG ORG, negatively evaluated organization. ** p < 0.01, * p < 0.05. Error bars represent standard errors of the mean. (B) Color-coded heatmaps of the probability 
of acceptance to donate for each dilemma of the 8 × 8 monetary/moral gain/loss matrix. Warmer colors indicate higher probability of acceptance, whereas colder 
colors indicate lower probability of acceptance. One heatmap is drawn for each type of organization and each audience condition. 

Table 1 
Foci of activation relating to decisions made in public as compared to that made 
in private and vice versa. All reported foci are thresholded at p < 0.001 voxel- 
wise uncorrected with p < 0.05 FWE cluster-wise correction except for regions 
marked with the sign * which survived at a SVC corrected threshold of p < 0.05, 
FWE.  

Brain regions L/R 
MNI coordinates 

T value 
x y z 

Public > Private 
Striatum* L − 12 2 − 2 3.66 

Anterior Cingulate Cortex R 0 23 34 5.65 
Temporal Parietal Junction R 48 − 25 25 4.34 

Precentral Gyrus R 36 − 7 46 4.79 
Postcentral Gyrus R − 51 − 13 25 5.39 

Private > Public 
Occipital gyrus R 30 − 82 − 20 4.45  
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One important question is to identify the exact processes underlying 
the relationship between testosterone levels and striatal activation. In 
our study, this process cannot be attributed to the standard role of 
testosterone in reactive aggression. Yet, testosterone levels have been 
shown to correspond with increased striatal activity related to monetary 
rewards (Op de Macks et al., 2011). Because striatal activity is engaged 
with different types of rewards (Li et al., 2015), including moral bene-
fits, the observed correlation in the current study could be proposed to 
reflect that testosterone potentiates striatal circuits functionality to raise 
their reward functions, perhaps mediated through dopamine (Haber and 
Knutson, 2009). To sum up, our results could contribute to the under-
standing of the striatal functions in contexts where social image is at 
play, and reveal a further striatal role in social interactions, as testos-
terone levels might contribute to transform social image concerns into 
generous or prosocial acts even for individuals that are not intrinsically 
prosocially motivated. 

Another possible contribution of the current findings to the literature 
relies on the translation from women’s to men’s prosocial behavior in 
public. Previous studies have shown the role of testosterone in status- 

enhancing behavior in women (Boksem et al., 2013; Eisenegger et al., 
2010; Mehta et al., 2015; van Honk et al., 2012; Zilioli et al., 2014). 
However, it should be noted that these actual effects observed after 
testosterone treatment were induced by factors other than testosterone, 
since in the female brain aromatization to estradiol could equally well 
mediate the behavioral effects. Also, testosterone administration in-
duces supra-physiological levels that are not representative for the 
actual natural level of testosterone in the female brain. Our present 
study adds to the literature by showing how natural testosterone is 
related to striatal activity during prosocial behavior induced by the 
presence of an audience in men. This may suggest that the role of 
testosterone in social behavior could be observed across sexes. However, 
several cognitive functions have been proven different between men and 
women, as well as in temperament characteristics (Borkenau et al., 
2012a; Eagly, 2013). Men seem to show more of a variable pattern of 
social characteristics than women such as in extraversion, or agree-
ableness levels, suggesting that women have a less variable personality 
across the general population (Borkenau et al., 2012b). These factors 
may induce sex differences in the interpretation of social contexts. For 
example, sex differences were reported with regard to cortisol levels 
disparity, which altered behavior differently in a competition context 
(Kivlighan et al., 2005). As such, this raises an interesting question of 
whether our current findings in men would extend to women. 

5. Limitations 

We acknowledge some limitations of our study. First, it included a 
relative small sample, possibly tempering the strength of our conclu-
sions. Replications with larger samples would be welcome. Second, even 
though the present study had a strong prior hypothesis about the stria-
tum involved in the audience effect (Izuma et al., 2010; Moll et al., 
2006), it will still be useful to search for information about other brain 
regions since one region is unlikely to be working all by itself. Third, 
although the measurement of total testosterone has been argued to be 
effective in examining the relationship between testosterone and neu-
ropsychological function (Hua et al., 2016), further correlation with free 
testosterone would be needed to avoid limiting testing correlation to 

Fig. 3. The correlation between testosterone levels and striatal activity. Activation in the striatum (putamen: MNI[x y z] [-21 5 -11], T = 6.77, p(SVC) < 0.05, FWE; 
caudate nucleus: MNI[x y z] [-15 2 13], T = 5.07, p(SVC) < 0.05, FWE) was positively correlated with testosterone levels, regardless of the types of organization. The 
scatter plots indicate that the striatum involved in decisions about transferring to the POS ORG and NEG ORG respectively in public is particularly prominent in high- 
testosterone men. POS ORG, positively evaluated organization; NEG ORG, negatively evaluated organization. 

Table 2 
Foci of activation relating to the correlation between brain activity induced by 
decisions made in public vs that made in private and the basal testosterone levels 
for both organizations. All reported foci are thresholded at p < 0.001 voxel-wise 
uncorrected with p < 0.05 FWE cluster-wise correction except for regions 
marked with the sign * which survived at a SVC corrected threshold of p < 0.05, 
FWE.  

Brain regions L/R 
MNI coordinates 

T value 
x y z 

Both ORG: (public > private) x testosterone levels 
Putamen* L − 21 5 − 11 6.77 

Caudate nucleus* L − 15 2 13 5.07 
Postcentral gyrus L − 12 − 25 43 6.23 

Superior frontal gyrus R 21 62 19 6.44 
Superior parietal gyrus R 15 − 46 64 4.9 

Both ORG: (private > public) x testosterone levels 
None  
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total testosterone levels, which may overlook the possibility of excessive 
bondage to either sex-hormone binding globulin (SHBG) or albumin in 
the blood. Fourth, we used blood samples to measure testosterone levels, 
which may have activated anticipatory stress leading to increased 
cortisol levels. Moreover, there is a great deal of interaction within the 
endocrine system, so our understanding of the relationship between 
testosterone levels and the audience effect on prosocial behavior would 
benefit from the inclusion of more hormones in the same study. In 
particular, the dual-hormone hypothesis posits that testosterone’s role 
in status-motivated behavior is modulated by concentrations of cortisol 
(Dekkers et al., 2019; Mehta and Josephs, 2010; Mehta and Prasad, 
2015). Due to the small sample size, we were not able to explore po-
tential interacting effects of testosterone and cortisol on the audience 
effect on prosocial behavior. Fifth, the present study only concerns men. 
We chose to scan only men because gender has been shown to affect 
prosocial behavior (Buckholtz et al., 2015; Croson and Gneezy, 2009; 
FeldmanHall et al., 2015) and unethical behavior (Berns et al., 2012; 
Dreber and Johannesson, 2008; FeldmanHall et al., 2012). Moreover, 
young women experience hormonal modulations of the reward system 
(Andreoni and Vesterlund, 2001; Dreher et al., 2007), which may affect 
the testosterone levels. In addition, there are known interactions be-
tween the effects of audience and the observer’s gender (kept constant in 
the present experiment). For example, in women the mere presence of 
men can induce transient decrements in cognitive efficiency and aca-
demic performances when confronted to math tests despite similar 
performances when tested separately (Childs, 2012; Eckel and Gross-
man, 1998). There is no doubt that future studies should investigate 
whether the present findings extend to women. Sixth, although the 
present study provided novel insight on the relationship between 
testosterone levels and audience effect on prosocial behavior through 
striatal activity, it is only correlative evidence. Further investigations 
should explore the causal role of testosterone on the audience effect, 
using exogenous testosterone administration. 

6. Conclusion 

The current study provides initial, correlational neural evidence for 
prosocial image seeking in the striatum that is regulated by testosterone. 
As such, we hope that future research will build upon our study by 
replicating our results. These findings help with sheding light on prior 
findings showing that testosterone is involved in social status seeking in 
social endeavors. Our results constitute a good starting point for inves-
tigating the neural mechanisms underlying the causal role of testos-
terone in human social behaviors. Exploring the causal role of 
testosterone on the striatal activity induced by the audience effect by 
using exogenous testosterone administration would be a natural 
extension. 
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