
Contents lists available at ScienceDirect

Hormones and Behavior

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

Review article

Testosterone administration in human social neuroendocrinology: Past,
present, and future☆

Justin M. Carréa,⁎, Brittney A. Robinsonb
a Department of Psychology, Nipissing University, North Bay, Ontario, Canada
b Kinesiology, Nipissing University, North Bay, Ontario, Canada

A R T I C L E I N F O

Keywords:
Testosterone
Pharmacological challenge
Human behaviour

A B S T R A C T

Over the past 20 years, social neuroendocrinology researchers have developed pharmacological challenge
paradigms to assess the extent to which testosterone plays a causal role in human psychological and behavioural
processes. The current paper provides a brief summary of this research and offers recommendations for future
research examining the neuroendocrine mechanisms underlying human behaviour.

1. Introduction

The role of testosterone in modulating physiological and beha-
vioural processes can be traced back to the classic experiment of Arnold
Berthold. In his experiment, Berthold castrated immature male chickens
and observed that male-typical secondary sex characteristics and be-
haviours (e.g., aggression) did not develop. When Berthold transplanted
a testis back into the chickens, they developed normally, leading him to
conclude that the testes must release a substance into the bloodstream,
which plays an essential role in modulating behaviour and physical
development (Berthold, 1849). The discovery of that substance did not
occur until later in the 20th century when David et al. (1935) extracted
and isolated 10mg of testosterone from over 200 pounds of bull testes.
At around the same time, two other research groups simultaneously
published the chemical synthesis of testosterone (Butenandt and
Hanisch, 1935; Ruzicka and Wettstein, 1935), ultimately paving the
way for modern-day clinical pharmacology and endocrinology
(Nieschlag and Nieschlag, 2014). In this mini-review, we provide a
summary of single-dose testosterone administration research, con-
cluding with recommendations for future research in this area of work.

With the development of radioimmunoassay and enzyme im-
munoassay procedures (see Wudy et al., 2018 for review), researchers
began to investigate the extent to which individual differences in tes-
tosterone concentrations were associated with a wide range of human
behavioural and psychological processes (e.g., Persky et al., 1971;
Kreuz and Rose, 1972; Monti et al., 1977). For instance, over the past
50 years, researchers have examined the extent to which individual
differences in baseline testosterone concentrations map onto human

aggression. Results of such work indicate a small correlation (r=0.07)
between baseline testosterone concentrations and aggressive behaviour.
Notably, testosterone concentrations are not static, but fluctuate across
the day, season, and in response to competition- and mating-related
cues (see Geniole and Carré, 2018 for review). The Challenge Hy-
pothesis (Wingfield et al., 1990) and other conceptually similar theo-
retical models (e.g., Biosocial Model of Status, see Mazur, 1985; Fitness
Model of Testosterone Dynamics, see Geniole and Carré, 2018) posit
that such acute changes in testosterone are functional in that they
prepare the organism for competitive or aggressive interactions over
resources important for survival and reproduction. Consistent with such
predictions, a recent meta-analysis found a positive association
(r=0.16) between acute changes in testosterone (e.g., during compe-
tition and/or social provocation) and aggressive behaviour in men (see
Geniole et al., in press). However, one significant limitation of this
research (and other research examining associations between en-
dogenous testosterone concentrations and behavioural outcomes) is
that it is correlational, preventing researchers from making causal
claims about the role of testosterone in modulating human psychology
and behaviour.

Pharmacological challenge research examining the effects of tes-
tosterone on sexual function and anger/aggression began to emerge in
the 1970s and 1980s (see Albert et al., 1993 for review). Most of this
earlier work used chronic dosing of testosterone and was conducted
with clinical samples of hypogonadal men. Results provided clear evi-
dence that testosterone replacement therapy restored sexual function,
and yielded mixed evidence for the role of testosterone in promoting
human aggression (see Albert et al., 1993 for review). Single-dose
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pharmacological challenge paradigms were first developed and vali-
dated by Jack van Honk's group in the Netherlands. It is worth noting
that in contrast to earlier work that used chronic dosing, this new
paradigm involved the use a single, acute dose of testosterone, which
more closely mimicked the time course of changes in testosterone that
occur in the context of competitive interactions and/or social provo-
cation. This program of research began with a study investigating the
time course of the effects of a single sublingual dose of testosterone
(0.5 mg) on women's subjective and physiological arousal. Tuiten et al.
(2000) administered sublingual testosterone to a sample of healthy
young women (n=8, within-subject cross-over design) and assessed
subjective and physiological (vaginal pulse amplitude) arousal in re-
sponse to sexually explicit stimuli over 5 h. The authors reported that
this sublingual dose produced a rapid, supraphysiological rise in serum
testosterone concentrations (see Fig. 1), which returned to baseline
within 90min. Notably, no effects of testosterone were found on sub-
jective or physiological indices of arousal at the time point corre-
sponding to peak testosterone concentrations. Nevertheless, increases
in subjective arousal and vaginal pulse amplitude were detected 3 to
4.5 h after peak testosterone concentrations were achieved. This land-
mark study motivated dozens of other experiments using the same time
lag between drug administration and measurement of cognitive, neural,
and behavioural processes (see sublingual studies in Table 1).

Research examining the effects of a single dose of testosterone on
men's psychological and behavioural processes did not occur until
about a decade later when Zak et al. (2009) utilized transdermal gel as a
means to acutely elevate testosterone concentrations. The authors
found that testosterone decreased men's generosity in an economic
decision-making task (Zak et al., 2009). At the time, pharmacokinetic
data with hypogonadal men indicated that serum testosterone con-
centrations peaked approximately 16 h after application of 100mg of
testosterone gel (Swerdloff et al., 2000), and thus, Zak et al. (2009)
used a 16-hour time lag between administration of testosterone and
measurement of behaviour. However, it is now clear from recent
pharmacological challenge research in eugonadal men, using the same
dosage of transdermal testosterone gel (100mg), that testosterone
concentrations reach peak levels within just 2 h post-application (Puiu
et al., 2019). This evidence suggests that gonadal status (i.e., hypogo-
nadal vs. eugonadal) is an important factor to consider when devel-
oping pharmacological challenge protocols.

One challenge in developing pharmacological paradigms in human
research is that people vary substantially in ‘baseline’ testosterone
concentrations (for women; 0.15 ng/mL to 0.82 ng/mL, Pesant et al.,
2012; for men, 2.64 ng/mL to 9.16 ng/mL; Travison et al., 2017). A
standard hormone manipulation experiment might modify hormone
concentrations very differently for individuals with naturally low or
high endogenous hormone levels (Williams, 2008), and thus, standar-
dizing baseline neuroendocrine function may help to reduce such
variability. Research in animal models effectively eliminates such dif-
ferences in baseline neuroendocrine function through physical castra-
tion. For instance, in one experiment, male California mice were phy-
sically castrated and then replaced with a standard low dose of
testosterone to maintain normal physiological function (Trainor et al.,
2004). After an aggressive interaction (i.e., resident-intruder para-
digm), mice were administered an acute dose of testosterone (mi-
micking a natural rise in testosterone that typically occurs after a vic-
tory) or placebo (mimicking no change in testosterone) and aggressive
behaviour was assessed again 24 h later. Results indicated that mice
administered testosterone after a victory were more aggressive in a
subsequent interaction relative to mice that were administered placebo,
providing the first evidence that a short-term rise in testosterone after
an aggressive interaction positively modulates future aggressive beha-
viour (Trainor et al., 2004). Although this approach is highly effective
in reducing variability in baseline neuroendocrine function, and in
controlling for natural changes in testosterone that occur during ag-
gressive interactions, it is not a feasible approach for research in hu-
mans. However, a gonadotropin releasing hormone (GnRH) antagonist
can be used to substantially reduce variability in baseline testosterone
concentrations in humans. This pharmacological agent acutely sup-
presses testosterone concentrations to the hypogonadal range, and at
the same time, substantially reduces variability in testosterone con-
centrations. Using this approach, we have found that a single in-
tramuscular injection of a GnRH antagonist (3 mg Cetrotide Acetate)
rapidly suppresses, and substantially reduces variability in testosterone
concentrations (see Fig. 2, Goetz et al., 2014). After standardizing tes-
tosterone concentrations using the GnRH antagonist, we then examined
the extent to which a single dose of transdermal testosterone (100mg)
was sufficient to modulate threat-related neural function assessed using
functional magnetic resonance imaging. Results indicated that testos-
terone rapidly (within 45min) increased amygdala, hypothalamus, and

Fig. 1. Serum testosterone concentrations after sublingual, intranasal, and transdermal testosterone administration. Red shading= normal physiological range for
men; Purple shading= normal physiological range for women. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Based on Carré et al. (2017); Geniole et al. (2019a, 2019b); Tuiten et al. (2000)
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Table 1
Summary of single dose testosterone administration studies.

Authors N Sex Drug route Dose Primary outcome

Dreher et al. (2016) 40 Male IM Injection 250mg Ultimatum game
Bird et al. (2019) 400 Male Intranasal 11mg Public goods game
Geniole et al. (2019a) 118 Male Intranasal 11mg Ultimatum game
Geniole et al. (2019b) 308 Male Intranasal 11mg Aggression
Van Wingen et al. (2008) 25 Female Intranasal 0.9 mg Memory for female and male faces
Van Wingen et al. (2010) 25 Female Intranasal 0.9 mg Neural functional connectivity
Van Wingen et al. (2009) 25 Female Intranasal 0.9 mg Threat-related amygdala function
Aarts and van Honk (2009) 24 Female Sublingual 0.5 mg Motivation
Aleman et al. (2004) 26 Female Sublingual 0.5 mg Visuospatial abilities
Boksem et al. (2013) 54 Female Sublingual 0.5 mg Trust game
Bos et al. (2010) 24 Female Sublingual 0.5 mg Social cognition
Bos et al. (2012) 16 Female Sublingual 0.5 mg Neural responses to faces
Bos et al. (2016) 16 Female Sublingual 0.5 mg Social cognition
Bos et al. (2013) 12 Female Sublingual 0.5 mg Threat-related neural function
Buskens et al. (2016) 82 Female Sublingual 0.5 mg Trust game
Chen et al. (2016) 20 Female Sublingual 0.5 mg Moral decision making
Eisenegger et al. (2010) 60 Female Sublingual 0.5 mg Ultimatum game
Enter et al. (2016) 19 Female Sublingual 0.5 mg Gaze avoidance
Enter et al. (2014) 24 Female Sublingual 0.5 mg Gaze avoidance
Heany et al. (2018) 30 Female Sublingual 0.5 mg Neural responses to threat and escape
Hermans et al. (2006a) 20 Female Sublingual 0.5 mg Fear-potentiated startle
Hermans et al. (2006b) 20 Female Sublingual 0.5 mg Facial mimicry
Hermans et al. (2007) 20 Female Sublingual 0.5 mg Autonomic reactivity
Hermans et al. (2008) 12 Female Sublingual 0.5 mg Threat-related neural function
Hermans et al. (2010) 12 Female Sublingual 0.5 mg Reward-related neural function
Mehta et al. (2015) 54 Female Sublingual 0.5 mg Competitive motivation
Montoya et al. (2013) 20 Female Sublingual 0.5 mg Moral decision-making
Postma et al. (2000) 15 Female Sublingual 0.5 mg Object location memory
Radke et al. (2015) 54 Female Sublingual 0.5 mg Approach and avoidance behaviour
Schutter et al. (2005) 14 Female Sublingual 0.5 mg Functional neural connectivity
Terburg et al. (2016) 15 Female Sublingual 0.5 mg Gaze avoidance
Terburg et al. (2012) 20 Female Sublingual 0.5 mg Gaze avoidance
Tuiten et al. (2000) 8 Female Sublingual 0.5 mg Vaginal pulse amplitude
Van Der Westhuizen et al. (2017) 26 Female Sublingual 0.5 mg Sense of urgency
Van Der Westhuizen et al. (2019) 49 Female Sublingual 0.5 mg Rubber hand illusion
Van Honk and JLG Schutter (2007) 16 Female Sublingual 0.5 mg Emotion recognition
Van Honk et al. (2004) 12 Female Sublingual 0.5 mg Sensitivity to reward and punishment
Van Honk et al. (2016) 20 Female Sublingual 0.5 mg Poker game
Van Honk et al. (2005) 16 Female Sublingual 0.5 mg Unconscious fear (Stroop Task)
Van Honk et al. (2001) 16 Female Sublingual 0.5 mg Cardiac responses to angry faces
Van Honk et al. (2012) 24 Female Sublingual 0.5 mg Public goods game
Van Honk et al. (2011) 16 Female Sublingual 0.5 mg Cognitive empathy
Wu et al. (2016) 26 Female Sublingual 0.5 mg Risk-taking
Arnocky et al. (2017) 30 Male Transdermal 150mg Moral decision-making
Bird et al. (2016) 117 Male Transdermal 150mg Preferences for facial femininity
Bird et al. (2017) 147 Male Transdermal 150mg Social cognition
Carré et al. (2015) 30 Male Transdermal 150mg Cognitive empathy
Carré et al. (2017) 121 Male Transdermal 150mg Aggressive behaviour
Cueva et al. (2017) 38 Male Transdermal 100mg Ultimatum game
Goetz et al. (2014) 16 Male Transdermal 100mg Threat-related neural function
Hansen et al. (2017) 16 Male Transdermal 150mg Inhibition of return
Henderson et al. (2018) 242 Male Transdermal 100mg Lying behaviour
Knight et al. (2017) 120 Male Transdermal 150mg Cortisol response to stress
Knight et al. (in press) 628 Male Mixeda Mixeda Cognitive reflection
Kopsida et al. (2016) 68 Mixed Transdermal 60mg Ultimatum game
Liao et al. (2018) 63 Male Transdermal 150mg Decoy effect
Losecaat Vermeer et al. (2020) 173 Male Transdermal 150mg Competitive motivation
Nadler et al. (2017) 140 Male Transdermal 100mg Asset training
Nadler et al. (2019) 643 Male Mixedb Mixedb Cognitive empathy
Nave et al. (2017) 243 Male Transdermal 100mg Cognitive reflection
Nave et al. (2018) 243 Male Transdermal 100mg Status brand preferences
Olsson et al. (2016) 33 Female Transdermal 50mg Cognitive empathy
Panagiotidis et al. (2017) 90 Male Transdermal 50mg Aggressive behaviour and anger
Wagels et al. (2017a) 103 Male Transdermal 50mg Sequential decision-making
Wagels et al. (2017b) 82 Male Transdermal 50mg Threat distance preference
Wagels et al. (2018) 103 Male Transdermal 50mg Anger response to social provocation
Wagels et al. (2019) 93 Male Transdermal 50mg Threat related neural responses
Welling et al. (2016) 30 Male Transdermal 150mg Self-perceived masculinity
Wibral et al. (2012) 91 Male Transdermal 50mg Lying behaviour
Wu et al. (2017) 64 Male Transdermal 150mg Status

(continued on next page)
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periaqueductal gray reactivity to threat-related facial cues (Goetz et al.,
2014). These findings were noteworthy in light of evidence that
heightened threat-related neural function may represent a neural
marker for one's propensity to engage in reactive aggression (see
Coccaro et al., 2011 for review).

Unfortunately, the high cost of the GnRH antagonist (> $400/in-
jection) prohibited its widespread use in relatively large-scale studies
examining the effects of testosterone on complex behavioural out-
comes. Fortunately, several single-dose paradigms have been developed
that acutely increase testosterone levels to the high-normal range at the
cost of approximately $8 per research subject. In one paradigm,
Eisenegger et al. (2013) examined the effects of a single dose of
transdermal testosterone gel (150mg) on serum testosterone con-
centrations in young men (n=10). They reported that testosterone
concentrations peaked approximately 3 h after drug application to le-
vels slightly above the normal physiological range (11.45 ng/mL), de-
creasing over the next 3 h, but remaining slightly above baseline con-
centrations (Eisenegger et al., 2013). Other work with a larger sample

of men (n=120) found that serum testosterone concentrations reached
the high-normal range (8.79 ng/mL) approximately 1 h after trans-
dermal testosterone gel (150mg) and remained elevated 3 h post-ap-
plication (Carré et al., 2017). More recently, we have developed a
pharmacological challenge protocol using a commercially-available
intranasal testosterone gel. In a study of healthy young men (n=13),
we found that 11mg of intranasal testosterone gel led to a rapid rise
(within 15min) in serum testosterone concentrations (Geniole et al.,
2019a, 2019b). The rise in testosterone concentrations occurred much
quicker with the intranasal gel compared to the transdermal gel, but
otherwise, levels were similar to those observed using transdermal gel
(see Fig. 1). The advantage of the intranasal gel is that the rapid rise in
testosterone more closely mimics the natural increases in endogenous
testosterone that are seen within the context of human social interac-
tions (see Geniole et al., 2017; Roney, 2016), adding an element of
ecological validity to the paradigm and enabling researchers to more
effectively assess the extent to which acute fluctuations in testosterone
play a functional role in preparing the organism for competitive or
aggressive interactions over resources important for survival and re-
production.

2. Future directions

2.1. Development of pharmacological challenge paradigms for use in men
and women

Neuroimaging work suggests that a single dose of testosterone in-
creases threat-related amygdala and hypothalamic reactivity in women
(Hermans et al., 2008) and men (Goetz et al., 2014). On the other hand,
other work suggests that testosterone decreases empathic processes in
women (van Honk et al., 2011; Hermans et al., 2006a, 2006b; Olsson
et al., 2016), but not men (Carré et al., 2015; Nadler et al., 2019). One
major limitation of this work is that none of these experiments included
both men and women in the same paradigm. Further, data obtained
from studies of men and women involved different modes of adminis-
tration (e.g., sublingual vs. transdermal vs. intranasal), dosages used,
and time lags between drug administration and assessment of outcome
measures. These methodological differences make direct comparisons
of the neuroendocrine mechanisms underlying behavioural processes in
men and women challenging. Testosterone administration research in
women typically involves the administration of a single sublingual dose
that yields a very large (supraphysiological) increase in testosterone
concentrations (Tuiten et al., 2000). Results from these paradigms are
difficult to interpret because women cannot naturally produce this
substantial of a testosterone response. Thus, a critical avenue for future
work will be to develop a pharmacological challenge paradigm that
increases testosterone concentrations to the high-normal range for
women, producing a rise in testosterone that is proportionally similar to
that observed in men using the same drug (e.g., 60% above baseline
concentrations).

2.2. Time course of the effects of testosterone on psychological and
behavioural processes

Single-dose testosterone administration studies have used various

Table 1 (continued)

Authors N Sex Drug route Dose Primary outcome

Wu et al. (2018) 64 Male Transdermal 150mg Emotions and counterfactual choice
Wu et al. (2019) 174 Male Transdermal 150mg Social discounting
Wu et al. (2020) 111 Male Transdermal 150mg Intertemporal choice
Zak et al. (2009) 25 Male Transdermal 100mg Economic decision-making

a Exp 1 and 3 used transdermal testosterone (150mg) and Exp 2 used intranasal testosterone (11mg).
b Exp 1 used transdermal testosterone (100mg) and Exp 2 used intranasal testosterone (11mg).

Fig. 2. Serum testosterone concentrations before- and after- receiving an in-
tramuscular injection of a gonadotropin release hormone antagonist.
Based on Goetz et al. (2014)
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time lags between drug administration and assessment of psychological
and behavioural outcomes. The landmark study by Van Honk's group
determined that 3 to 4.5 h was the optimal time lag to use between drug
administration and assessment of self-reported sexual arousal and va-
ginal pulse amplitude (Tuiten et al., 2000). Since then, dozens of studies
using this sublingual approach, and other studies using transdermal
testosterone have utilized similar time-courses. However, we know
from other studies in women (e.g., Van Wingen et al., 2009) and men
(e.g., Carré et al., 2017; Geniole et al., 2019a, 2019b) that testosterone
may have more rapid, and perhaps non-genomic effects (see Foradori
et al., 2008) on physiological and behavioural processes. Thus, a sig-
nificant challenge for single-dose research will be to map out the time-
course for the effects of testosterone on psychological and behavioural
processes. This type of time-course research has been conducted in
other human neuroendocrinology research examining the effects of
cortisol on cognitive, neural, and behavioural function. For instance,
Henckens et al. (2011) found that a single dose of hydrocortisone
(10mg) leads to improvements in working memory performance if
administered 240min prior to testing, but not if administered 30min
before testing. In other work, preferences for small/immediate rewards
versus large/delayed rewards (i.e., inter-temporal choice behaviour)
were assessed after participants received either hydrocortisone (10mg)
or placebo. Results indicated that effects of hydrocortisone on inter-
temporal choice were time-dependent: participants showed an in-
creased preference for small/immediate rewards vs large/delayed re-
wards when tested 15min after hydrocortisone administration, but not
when tested 195min after hydrocortisone administration (Riis-
Vestergaard et al., 2018). These findings suggest that steroid hormones
may exert rapid- and/or delayed- effects on psychological and beha-
vioural processes.

2.3. Personality-based moderators of the relationship between testosterone
and human behaviour

There is now a growing body of correlational and experimental
evidence suggesting that testosterone's association with behavioural
outcomes depends upon variability in personality traits (see Carré and
Archer, 2018 for review). For instance, our work indicates that com-
petition-induced changes in testosterone positively predicts subsequent
aggressive behaviour in men scoring high in trait dominance (Carré
et al., 2009) and independent self-construal (Welker et al., 2017). These
findings were corroborated in pharmacological challenge studies
whereby a single dose of testosterone potentiated aggressive behaviour
among men scoring high in trait dominance, independent self-con-
strual, and impulsivity (Carré et al., 2017; Geniole et al., 2019a,
2019b). Collectively, these findings suggest that individual differences
in certain personality traits (e.g., dominance, impulsivity, independent
self-construal) may serve as important risk-factors for testosterone-in-
duced behavioural outcomes and should be considered in future re-
search examining the causal role of testosterone in modulating human
social behaviours.

2.4. Replicability of social neuroendocrinology findings

Although single-dose pharmacological challenge paradigms have
afforded researchers the ability to make stronger causal claims con-
cerning the role of hormones in modulating human behaviour, chal-
lenges related to the replicability of this research remain. In a landmark
paper published in Nature, Kosfeld et al. (2005) reported that a single
dose of intranasal oxytocin increased men's trust behaviour in an eco-
nomic decision-making task. Despite strong enthusiasm in the academic
community and popular press, these findings have generally failed to
replicate (see Nave et al., 2015 for a review). Thus, it will be critical to
replicate and extend the promising early findings from single-dose
testosterone administration studies to determine the extent to which the
effects are robust, and whether such effects are similar or different in

men and women. Recent single-dose testosterone administration studies
suggest that testosterone's effects on behavioural outcomes depend
upon personality (Carré et al., 2017; Geniole et al., 2019a, 2019b) and/
or social context (Mehta et al., 2015; Bird et al., 2019; Losecaat
Vermeer et al., 2020), and thus, replication attempts will require rela-
tively large sample sizes to provide sufficient statistical power to be
able to detect complex hormone x personality and/or hormone x social
context interactions.

3. Conclusions

Theoretical models have postulated that rapid fluctuations in tes-
tosterone during competition and/or mating-related cues may ulti-
mately function to fine-tune the organism's ongoing and/or future fit-
ness-related behaviours (see Wingfield et al., 1990; Mazur, 1985;
Geniole and Carré, 2018). Correlational studies and more recent single-
dose pharmacological challenge paradigms have provided support for
some components of such models. As detailed in this mini-review, fu-
ture research taking into account sex/gender, time lags, dosages, and
personality traits will be required to further build upon and expand
theoretical models on the role of testosterone in modulating human
behaviour.
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