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While strong claims have been made that testosterone increases risk-taking, the existing
literature is inconclusive. Thus, our experiment aimed at addressing some shortcomings
of previous work. First, risk-taking was assessed using the Columbia Card Task, which
allows to decompose overt risk-taking into three task factors—gain amount, loss amount,
and the probability of losing—in both a dynamic, more affective (“hot”) and a static, more
deliberative (“cold”) decision-making context. Second, we conducted a testosterone
administration study in 80 females using a triple-blind (i.e., blinded participants,
experimenters, and data-analysts), placebo-controlled, randomized, between-subjects
design to investigate the causal effect of exogenous testosterone on risk-taking. Re-
viewers were also blind to the treatment conditions during the reviews. Third, we
preregistered our analyses. We investigated (a) the main effect of testosterone, (b) the
influence of gain amount, loss amount, and the probability of losing on risky decision-
making, each in a more affective and more deliberative decision-making context, and
(c) whether testosterone moderated any of those effects. Although we replicated previous
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studies showing that risk-taking was affected by gains, losses, probabilities, and decision-
making context, we found no evidence for a main or interaction effect involving
testosterone. This finding was further supported by our meta-analysis, which suggests
that the effect of administered testosterone on risk-taking in women is smaller than a small
effect size. In conclusion, these results provide no evidence for an effect of exogenous
testosterone on decision-making under risk, raising some doubts about the commonly

suggested direct link between the two.

Keywords: risk-taking, testosterone, Columbia Card Task, decision-making

Supplemental materials: https://doi.org/10.1037/dec0000192.supp

Events such as the financial crisis of 2008
raised the question whether heightened testoster-
one levels were related to exacerbated financial
risk-taking, which in turn caused the collapse of
the market (Coates & Herbert, 2008; Cueva et al.,
2015; Nadler et al., 2018). Previous research,
however, has yielded inconclusive results regard-
ing the role of testosterone in risky decision-
making: Although some correlational studies
indeed showed that higher levels of endogenous
testosterone (i.e., as naturally produced by the
body) are related to increased risk-taking
(Apicella et al., 2014, 2008; Coates & Herbert,
2008; Dariotis et al., 2016; Evans & Hampson,
2014; Stanton, Liening, & Schultheiss, 2011),
others found this relationship to be nonlinear
(Sapienza et al., 2009; Stanton, Mullette-
Gillman et al., 2011), to be driven by males
(Reavis & Overman, 2001; Schipper, 2012), to
be moderated by cortisol (Mehta et al., 2015;
Smith & Apicella, 2017), or to be absent (Derntl
etal., 2014; Doi et al., 2015). Studies examining
the causal effect of exogenous testosterone (i.e.,
by administering testosterone) on risk-taking
report even more inconsistent results: While
some reported increased risk-taking after testos-
terone administration (Cueva et al., 2015; van
Honk et al., 2004), others found moderation by
either a genetic variant (Wagels et al., 2017) or a
prior loss outcome (Wu et al., 2016), or found no
effects (Boksem et al., 2013; Nadler et al., 2021;
Stanton et al., 2021; Woyke et al., under revision;
Zethraeus et al., 2009).

Given these mixed findings, drawing strong
conclusions on the influence of testosterone on
decision-making under risk is difficult. Likely,
some of these differences can be attributed to
differences in study-designs (e.g., causal vs. cor-
relational, within- vs. between-subjects), partici-
pant samples (e.g., gender and age distribution of
the samples), risk-taking paradigms (e.g., loss/

gain/mixed lotteries, balloon analog risk task,
Iowa Gambling Task), as well as social versus
nonsocial task contexts (Heany et al., 2016).
Moreover, Stanton (2017) suggested that the
inconsistency in findings might be attributed to
the potential existence of publication bias (but see
Kurath & Mata, 2018, who found no support for
this in correlational endogenous studies) as well as
data-contingent analyses in the field of testoster-
one research, stressing the necessity of methodi-
cally strong and preregistered studies with
unbiased designs and analysis approaches. In
line with this idea, and in order to examine whether
testosterone affects risk-taking behavior in a non-
social context, we conducted a testosterone-
administration study with a triple-blind (i.e.,
blinded participants, blinded experimenters,
and blinded data-analysis using labels A/B for
group instead of testosterone/placebo), placebo-
controlled, randomized, between-subjects design,
and we preregistered our analyses (https://osf.io/
vejat/). To avoid any potential biases in the review
process, the reviewers and authors remained blind
to which group (labeled A and B) received placebo
versus testosterone until the article was accepted
for publication.

We assessed risky decision-making via the
Columbia Card Task (CCT), which provides
two advantages over other commonly used task
paradigms: First, it allows to decompose overt
risk-taking levels into three underlying psycho-
logical processes. In the decision sciences, agents
faced with a risky choice are assumed to consider
potential gains, losses, and the probabilities with
which the gains and losses occur. Based on these
three pieces of information (i.e., the three eco-
nomic primitives), decision-makers are thought
to make their choice on how much risk to take. In
the CCT, the three economic primitives are varied
orthogonally and systematically across game
rounds to investigate how each of them
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contributes to the decision on how many cards to
turn over. The number of cards turned over
in each game round serves as the measure of
risk-taking as turning over more cards increases
outcome variability (i.e., risk as defined in the
decision sciences) and the probability of incur-
ring a loss (i.e., risk as defined in everyday
language; see Figner & Weber, 2011). Thus,
this design feature of the CCT allows for the
decomposition of overtrisk-taking levels into three
underlying psychological processes, namely, sen-
sitivity to gains, losses, and probabilities.
Second, the CCT exists in a hot and a cold
version: In the hot version, participants are
assumed to make decisions based on gut feeling,
affect, and arousal (Type 1 decision processes)
compared to the cold CCT, where participants are
assumed to make their decisions based on math-
ematical reasoning and deliberation (Type 2 deci-
sion processes; e.g., Buelow, 2015; Figner et al.,
2009; Figner & Weber, 2011; Welleretal.,2019).
The hypothesized differential involvement of
affective versus deliberative processes in the
two CCT versions has been confirmed using
self-reports and the assessment of electrodermal
activity (Figneretal., 2009): Both self-reported as
well as physiological emotional arousal (as mea-
sured through skin conductance response) were
higher in the hot compared to the cold CCT.
This latter distinction opens up the possibility to
examine two contradicting claims about the work-
ing mechanisms via which testosterone is sug-
gested to influence risk-taking: Some claim that
testosterone influences intuitive decisions and
unconsciously motivated behavioral responses
via affective circuits in subcortical regions
(Naveetal.,2017; van Honk et al., 2004), suggest-
ing that testosterone moderates Type 1 decision
processes. This would suggest that testosterone
effects on risk-taking may be more pronounced in
the hot compared to the cold CCT. A different
claim in the literature states that testosterone in-
fluences risk-taking by increasing risk-neutrality
(i.e., a change toward financially optimal risk-
taking levels; Apicella et al., 2008, 2014; Heany
et al., 2018; Sapienza et al., 2009), which would
suggest that testosterone relates to Type 2 decision
processes. In that case, we would expect decisions
in the hot and the cold CCT to be more similar to
each other and closer to risk-neutrality in the
testosterone compared to the placebo group.
Given the inconclusive literature on the relation
between testosterone and risk-taking, we decided

to preregister three (partly competing) hypotheses,
each consistent with one of the contradictory
claims in the literature: (a) The increased
risk-taking hypothesis, (b) the risk-neutrality
hypothesis, and (c) the null-effect hypothesis.
After analyzing our data, we then evaluated which
hypothesis was most consistent with our results.
Thus, the main goal of this preregistration was to
commit to a set of specific a priori analyses (not
hypotheses), to avoid any possible bias that could
result from (implicit or explicit) wishes to find
specific effects or results. First, the increased risk-
taking hypothesis predicts that the testosterone
group makes more risky decisions compared to
the placebo group (Cueva et al., 2015; van Honk
et al.,, 2004). This effect could be driven by
increased reward-sensitivity (van Honk et al.,
2004), decreased punishment-sensitivity (Stanton,
Liening, & Schultheiss, 2011), and/or decreased
probability sensitivity (Cueva et al., 2015). Based
on previous work suggesting that testosterone acts
via an affective-motivational pathway (van Honk
et al., 2004), we would expect a stronger testos-
terone effect in the hot than cold version of the
CCT. Second, the risk-neutrality hypothesis pre-
dicts that testosterone increases risk-neutrality
(Apicella et al., 2008, 2014; Heany et al., 2018;
Sapienza et al., 2009). Although participants typi-
cally display risk-aversion in risk-taking para-
digms (i.e., lower risk-taking levels than
financially optimal), participants in the CCT usu-
ally display risk-seeking behavior (i.e., higher risk-
taking levels than financially optimal; Figner et al.,
2009). In this case, the risk-neutrality hypothesis
thus predicts a decrease in risk-taking. Such a
decrease might be explained by either increased
or decreased reward-sensitivity, increased
punishment-sensitivity, and/or increased probabil-
ity sensitivity. Furthermore, we expect increased
risk-neutrality to impact both the hot and cold
CCT, such that the hot/cold difference might be
smaller in the testosterone than placebo group.
Finally, given (a) the inconsistent findings in the
literature, (b) the potential existence of publication
bias and data-contingent analyses in existing work
(see also Stanton, 2017), and (c) our attempt at an
unbiased design and analysis approach, we also
deemed it possible that our study would reveal null
effects of the testosterone administration. In this
case, we would expect no main effect nor inter-
actions involving testosterone.

To supplement our work and as suggested by a
reviewer, we additionally conducted a systematic
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literature search and a meta-analysis on the effect
of administered testosterone on risk-taking in
women. Given the differential effects of testos-
terone in men and women and across develop-
ment, we focused on adult female-only samples.
To further limit the scope of this analysis, we
restricted our search to studies that include behav-
ioral measures of risk-taking. We ultimately com-
bined the results of six eligible studies using
meta-analytical procedures to summarize the evi-
dence for an effect of exogenous testosterone on
risk-taking in women.

Methods of Experiment

Participants and Exclusion Criteria

Eighty women (age range 18-27 years; M =
21.37,8D =2.10) were recruited via the participant-
recruitment system of the Radboud University in
Nijmegen, the Netherlands. Only females partici-
pated in the study, as the time course and dosage for
inducing neurophysiological effects of the specific
sublingual testosterone administration method we
employed in this study has only been validated in
females (Tuiten et al., 2000; van Rooij et al., 2012).
Exclusion criteria (following Tuiten et al., 2000;
van Rooij et al., 2012) are reported in Supplemental
Materials (SM)-Appendix A. Eligibility of partici-
pants was determined based on self-report screen-
ing questionnaires.

Participant groups (placebo/testosterone;
40 each) did not differ significantly in age,
income, digit span, positive and negative affect,
or self-reported risk-taking across five domains
(i.e., Domain-Specific Risk-Taking [DOS-
PERT]: ethical, financial, health/safety, recrea-
tional, social; see Blais and Weber (2006), and
SM-Appendix B, for more information) as mea-
sured after drug intake but before the drug-active
window 3.5 hr later, indicating comparable
groups. The sample size was based on an a priori
simulation-based power analysis, which indi-
cated that given a sample size of 72 participants
and a medium effect size (a Cohen’s d of approx-
imately 0.38), this study would achieve approx-
imately 80% power (see SM-Appendix C and
https://osf.io/vejat/ for more details). Ulti-
mately, 80 participants were tested to avoid a
reduction in power in case of technical issues or
participant exclusions. In addition to compensa-
tion with money or course credits, every

SCHAEFER ET AL.

participant entered a lottery with 20% chance
of receiving an additional payment that could
range between €0 and €100 based on their
decisions in one of all the decision-making tasks
that were completed in the drug active window
(see SM-Figure A, for an overview).

Procedure

After signing the consent-form and being
screened for exclusion criteria, participants
received either a single dose of 0.5 mg testosterone
suspended in a clear solution (0.5 ml with 0.5 mg
hydroxypropyl-p-cyclodextrin, 0.005 ml ethanol
96%, and distilled water) or a matched placebo
using double-blind between-subjects randomiza-
tion. Participants were instructed to hold the solu-
tion under their tongue for 1 min before
swallowing it. This standardized testosterone
administration procedure has shown to induce
consistent behavioral and psychophysiological
effects 3.5-6 hr after administration (Tuiten
et al., 2000; van Rooij et al., 2012).

Accordingly, starting 3.5 hr after drug
administration, participants completed two 1-hr
task-blocks with several decision-making (see
SM-Figure A, for an overview of the whole
procedure). In addition to the CCT, participants
conducted several other tasks, including a risk
and ambiguity task (Tymula et al., 2012), proba-
bility, money, and time ratings, as well as an
intertemporal choice task (Figner et al., 2010).
These results will be reported elsewhere. These
tasks were selected to study the effects of exoge-
nous testosterone on economic, nonsocial
decision-making; each of them targeting different
aspects of decision-making.

Both versions of the CCT were completed in the
first task-block (hot/cold order counterbalanced
between-subjects), separated by two other tasks.
At the end of the experiment, participants entered
the lottery for additional performance-based pay-
outs and received compensation for their partici-
pation. Over the course of the experiment,
participants also provided a total of five saliva
samples (passive drool method), which confirmed
a successful testosterone administration procedure
(see Figure 1). The whole experiment had a dura-
tion of 6.5 hr, started at 10 am for each participant,
and was approved by an accredited local Research
Ethics Committee (Commissie Mensgebonden
Onderzoek Regio Nijmegen-Arnhem, protocol
ID: NL49277.091.14).
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Figure 1
Testosterone Levels (in pg/ml) per Group During the Time Course of the
Experiment, as Measured Using Saliva Samples

300 1

200 - Group

—e— Testosterone

—A—
100 - Placebo

Testosterone level (pg/ml)

e e —

5 $210 4275 +350
Time of measurement (in min)

Note. CCT = Columbia Card Task. The first measurement was taken 5 min prior to
testosterone administration (—5 min); the last almost 6 hr later (+350 min), at the end of
the experiment. The CCT was administered during the drug active window (starting
from +210 min). We additionally collected a saliva sample 1 hr and 30 min after
testosterone administration, but since this returned only missing values in one group,
we do not show this time point in the plot. Although we are not sure what may have
caused this, the missing time point is not essential in evaluating whether the testoster-
one administration was effective. To avoid unblinding any of the authors until the
article was accepted for publication, an otherwise noninvolved party sent us the data
after changing all participant IDs, such that even if we tried we would not be able to link
these samples to the CCT data. See the online article for the color version of this figure.

Blinding Procedure

This study employed a triple-blind design,
meaning that participants, experimenters, and
data-analysts were blind with respect to which
participants received placebo versus testosterone
(using labels A/B for group instead of testoster-
one/placebo). The same labels were used during
the review process. The study was unblinded only
after acceptance of the article on June 27, 2022.

Materials

Columbia Card Task

We used versions of the hot and the cold CCT
with 24 game rounds each (e.g., Figner & Weber,
2011). At the beginning of each game round, 32
cards were presented face down on the computer
screen in four rows of eight cards. Out of the 32
cards, one or three were loss cards, the rest were
gain cards. The number of loss cards thus varied
across game rounds (representing the task factor

loss probability). By turning over a gain card, a
specified number of points was added to the total
score (i.e., gain amount: 10 or 30 points), and by
turning over a loss card, a specified number of
points was subtracted from the total score (i.e.,
loss amount: —250 or —750 points) and the game
round ended. At the top of the screen, information
about gain amount, loss amount, and the number
of loss cards in the current game round was
presented; each game round started with a score
of 0 points. Number of loss cards (1/3), loss
amounts (—250/-750), and gain amounts
(10/30) were full factorially crossed to create
eight different combinations that were repeated
three times (in blocks unnoticeable to partici-
pants), resulting in 24 game rounds per CCT
version. The primary dependent variable was
the number of cards turned over per game round,
with more cards indicating more risk-taking.

In the hot CCT, participants could select any
card by clicking on it, which would then turn over,
revealing whether it was a gain or loss card
(Figure 2A). If it was a gain card, the gain amount
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Figure 2
Examples of (A) a Hot and (B) Cold CCT Trial

(A) How many cards do you want to take? | Cument Round Total: 60 |
|  LossAmount:750 | |  GainAmount:30 | | Number of Loss Cards: 1 |
nNo Card STOP/Turn Over Nest Bound

e o

JIBRIl
Jlrenil
] B[] (o] )
HEEEERAE

B) How many cards do you want to take?

|  LossAmount:750 | |  GainAmount:30 | | Number of Loss Cards: 1 |

UHEAMEEDEEWDEEEE08082)2) EIIEEIRDEIRIE)E)

Note. CCT = Columbia Card Task. Information about the current game round, loss amount (per loss card), gain amount (per
gain card), and number of loss cards was always provided on top of the screen. (A) In the hot CCT, currently two gain cards
(out of 32) are turned over. Participants could continue turning over cards by selecting additional cards, with direct feedback
being provided in terms of added/lost points (visible at “Current Round Total”). A game round ended when the participant
turned over a loss card or pressed the STOP button. (B) In the cold CCT, participants only had to indicate how many cards they
want to turn over (ranging from 0 to 32) and no feedback was provided until all game rounds were played. See the online article
for the color version of this figure.
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was added to the total score, which was constantly
visible and changed with every card turned over.
Participants could then continue to turn over
cards, or end the current game round by pressing
the STOP button at the top of the screen. If a loss
card was turned over, however, the loss amount
was subtracted from the total score, and the game
round ended.' When a game round ended, all
cards were always turned over, revealing which
of the remaining cards were gain and loss cards.
The cold CCT (Figure 2B) was very similar to
the hot CCT, except here at the top of the screen, a
sequence of buttons labeled from 0 to 32 was
presented. In the beginning of each game round,
participants needed to indicate the number of cards
they wanted to turn over by clicking one of these
buttons. Participants also received no outcome
feedback until all game rounds were finished.
Importantly, in the hot CCT, some game
rounds ended when the participant turned over
aloss card. In these right-censored game rounds,
we do not know whether participants would have
turned over more cards if they had not encoun-
tered the loss card. In contrast, in the cold CCT
participants were always able to indicate how
many cards they wanted to turn over, without
any censoring. This difference in censoring was
accounted for in our analyses (see below).

Self-Report

Using short self-report questionnaires after
each CCT version, the constructs Type 1 decision
processes (i.e., intuitive, gut-based decision-
making; 5 items), and Type 2 decision processes
(i.e., deliberative, mathematical decision-making;
5 items) were assessed, based on and adapted from
Figner et al. (2009). Responses were given on
continuous visual analog scales ranging from 0
(does not apply at all) to 100 (strongly applies),
and internal consistency of the constructs was
.77 and .82, respectively. For more details, see
SM-Appendix D.

Data Analysis

Data and scripts are available at (https://osf
.io/vejat/). All analyses were conducted using
mixed-effects models in a Bayesian framework,
calculating credible intervals (CIs) using the brm-
function of the R-package brms (Biirkner, 2017),
which provides an interface to Stan (Carpenter
etal., 2017). We used brms’ weakly informative

default priors and fit the models using six chains
with 8,000 iterations each (4,000 warmup).
Model convergence was inspected by checking
the Rhats (Rhat should be <1.01 and >0.99) and
visually inspecting the trace- and densityplots of
all parameters. If the 95% CI of an effect did not
include 0, we concluded that there was a signifi-
cant effect. To account for the repeated-measures
nature of the data and to avoid inflated Type I
errors, we used a maximal random-effects struc-
ture in all models as recommended by Barr et al.
(2013). Thus, all models included a random
intercept per participant, random slopes for all
within-subjects effects, and all possible random
correlations.

The CCT data were analyzed at the game-
round level without aggregation. The number
of cards turned over per game round (range: 0-
32) was analyzed as a function of group (testos-
terone/placebo), CCT version (hot/cold), gain
amount (10/30 points), loss amount (—250/
—750 points), and number of loss cards (1/3
loss cards). We also included all possible two-
way interactions between group and the other
predictors, and three-way interactions between
group, CCT version, and either number of loss
cards, loss amount, or gain amount. All predictors
were sum-to-zero contrast coded, and group was
the only between-subjects predictor. To account
for the right-censoring of our data, we used the
addition term resp_cens() as implemented in
brms (Biirkner, 2017). When using this function,
censored observations are integrated out (see
Section 4.3 in Stan User’s Guide, for more details;
Stan Development Team, 2021). Furthermore,
since the data are censored, we report estimated
marginal means (EMMs) and 95% CIs using the
ggeffects package (Liidecke, 2018) instead of the
raw data.

To specifically test whether testosterone affects
risk neutrality, we used the exact same predictors
as described above, but now with deviation scores
as dependent variable. To obtain the deviation
scores, we first computed the number of cards
that maximized the expected value (EV) for each
game round. In short (for details, see Figner et al.,
2009), the normative solution maximizing EV
says that no further card should be turned over

! Note that with each card turned over, both the probability
of turning over a loss card and the outcome variability
increases (the latter one increases up to a point, after which
it decreases again).
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if the EV of turning over an additional card is
smaller than 0, or formally, when fewer than 7,4
remain to be turned over, calculated by:

Meargs = NMoss cartz(g + l) i (1)

where 1y cards 1S the number of loss cards, g is the
gain amount and / is the loss amount. For exam-
ple, with one loss card, aloss amount of 250, and a
gain amount of 30, ng,qs 18 9.33, indicating that
the participant should turn over (32 — 9.33) =
22.67 cards to maximize EV. We then computed
the deviation score by subtracting the actual from
this optimal number of cards turned over, and
multiplied that by —1. Thus, a positive deviation
score represented risk-seeking (i.e., more cards
than optimal) and a negative deviation score risk-
aversion (i.e., less cards than optimal).

Finally, to test for the effects of CCT version
and group on Type 1 and Type 2 decision pro-
cesses, these dependent variables were separately
analyzed as a function of group, CCT version, and
their two-way interaction. These models only
included a random intercept per participant.

Results of Experiment

Testosterone Effects

Group (placebo/testosterone; originally ana-
lyzed using the labels A/B) did not significantly
influence the number of cards turned over, placebo:
EMM = 8.75, 95% CI [7.67, 9.84]; testosterone:
EMM = 9.80, 95% CI [8.74, 10.87], estimated
regression coefficient: B =—0.53; 95% CI[-1.29,
0.25]. Figure 3 illustrates that the two groups are
highly similar with regard to their central tenden-
cies and distributions. Furthermore, all interaction
effects involving group were nonsignificant
(Table 1). Interestingly, visual inspection of the
ClIs suggests that specifically the main effect of
group was estimated with less precision than other
significant and nonsignificant effects (i.e., the 95%
Cls are wider for the group main effect compared to
the other effects; Figure 4).2’3

To specifically test whether testosterone
affected risk neutrality, we used the same fixed-
and random-effects structure as in the model
above but with a different dependent variable,
namely, deviation scores. As expected, partici-
pants were generally risk-seeking in the CCT,
EMM =4.77,95% CI [3.97, 5.56]. Group did not

SCHAEFER ET AL.

influence the deviation scores, placebo: EMM =
4.28,95% CI[3.11, 5.37], testosterone: EMM =
5.26,95% CI [4.16, 6.39], suggesting that neither
group was closer to risk-neutrality than the other.
All interactions effects involving group were
nonsignificant (Table 2).

Task Effects

As expected, all three task factors were signifi-
cant (Table 1). Participants selected more cards
(a) when the probability of losing was low com-
pared to high, 1 loss card: EMM = 11.85,95% CI
[10.95, 12.74]; 3 loss cards: EMM = 6.71, 95%
CI[6.02,7.38], (b) when the loss amount was low
compared to high, 250-point loss: EMM = 11.39,
95% CI [10.53, 12.25]; 750-point loss: EMM =
7.15,95% CI [6.38, 7.96], and (c) when the gain
amount was high compared to low, 30-point gain:
EMM = 10.24, 95% CI [9.47, 11.03]; 10-point
gain: EMM = 8.31, 95% CI [7.52, 9.12]. These
findings indicate that participants were sensitive
to changes in the gain amount, the loss amount,
and the probability of losing, and adjusted their
level of risk-taking accordingly.

Furthermore, participants selected signifi-
cantly more cards in the hot than the cold
CCT, hot: EMM = 9.77, 95% CI [8.92, 10.64];
cold: EMM = 8.78, 95% CI [7.95, 9.65]. In
addition, there was a significant interaction
between CCT version and loss amount, indicating
that the change from a small to a large loss amount
reduced the number of turned over cards more in
the cold than the hot CCT (i.e., a 41.80% vs.

% As suggested by a reviewer, we reran this model using the
mean DOSPERT score across the five scales as a main effect
to control for possible baseline differences in risk-taking. We
found the same pattern of significance, confirming that group
did not significantly influence the number of cards turned
over, even after controlling for baseline differences in risk-
taking, placebo: EMM = 8.71, 95% CI [7.60, 9.83]; testos-
terone: EMM = 9.80, 95% CI [8.66, 10.90], estimated
regression coefficient: B = —0.52; 95% CI [-1.29, 0.25];
see SM-Table C.

3 As suggested by a reviewer, we also conducted a Bayes-
ian ROPE (Region of Practical Equivalence) analysis to
quantify the support for a null effect. In summary (see details
in SM-Appendix E): We can conclude with high credibility
that the true effect is smaller than a medium standardized
effect size (ICohen’s dl = |Hedge’s gl < 0.46). Given our
sample size, the correction factor for computing Hedge’s g
has only a minor influence, such that Hedge’s g rounds to the
same value as Cohen’s d. The conclusion of a null effect is
only supported with low credibility, suggesting that our study
was underpowered to find small effects.
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Figure 3

Combined Violin- and Boxplots Based on the Raw Data, Showing the
Number of Cards Turned Over in the (A) Hot and (B) Cold CCT Version
per Game Round, as a Function of Group (Placebo/Testosterone)

(A) Hot CCT

30

20 -

Number of cards turned over

T T
Placebo  Testosterone

Group

(B) Cold CCT
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Note. CCT = Columbia Card Task. The black dots indicate the mean number of cards
turned over in the placebo and the testosterone group. As can be seen, central
tendencies and distributions are very similar in both groups.

32.76% reduction, respectively). Thus, partici-
pants seemed less sensitive to losses in the hot
than the cold CCT, in line with the notion that
affect can decrease attention to choice-relevant
information (e.g., Pachur et al., 2014 found this
for probabilities).

Table 1

Self-Report

As expected (Figner et al., 2009), participants
reported greater reliance on Type 1 decision pro-
cesses (e.g., decisions based on excitement and gut
feelings) in the hot compared to the cold version of

Results of Choice Model With Number of Cards Turned Over per Game Round as Dependent Variable

Predictor B Est. error Lower 95% CI Upper 95% CI Sign.
Intercept 9.28 0.39 8.51 10.05 S
Group (placebo/testosterone) —0.53 0.39 -1.29 0.25 ns
CCT version (hot/cold) -0.50 0.20 —0.89 —0.10 S
Probability of losing (3 or 1 loss cards) 2.57 0.12 2.34 2.81 S
Gain amount (30 or 10 points) —-0.96 0.12 -1.19 —0.74 S
Loss amount (=750 or —250 points) 2.11 0.16 1.79 2.44 S
Group X CCT version 0.10 0.20 -0.30 0.49 ns
Group X Probability -0.14 0.12 —0.38 0.10 ns
Group X Gain amount —-0.05 0.12 -0.28 0.17 ns
Group X Loss amount 0.12 0.16 —0.20 0.44 ns
CCT version X Probability of losing —-0.09 0.08 -0.24 0.06 ns
CCT version X Gain amount —-0.06 0.09 -0.22 0.11 ns
CCT version X Loss amount 0.20 0.08 0.04 0.37 S
CCT version X Group X Probability of losing 0.06 0.08 —0.09 0.21 ns
CCT version X Group X Gain amount 0.08 0.09 -0.09 0.25 ns
CCT version X Group X Loss amount -0.04 0.08 —0.21 0.12 ns

Note. B =estimated regression coefficient; Est. Error = estimated standard error; lower 95% CI = lower boundary of the 95%
posterior credible interval; upper 95% CI = upper boundary of the 95% posterior credible interval; Sign = significance of effect.
If the 95% CI does not include 0, we interpret the effect as significant, with s = significant; ns = nonsignificant; CCT =

Columbia Card Task.
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Figure 4

Unstandardized Estimated Regression Coefficients (B) With 95% Posterior
Credible Intervals (Cls) for the Fixed Effects of the Main Model

Group

CCT version

Probability

Gain amount

Loss amount

Group x CCT version

Group x Probability
Group x Gain amount 4

Group x Loss amount

CCT version x Probability
CCT version x Gain amount 1
CCT version x Loss amount 1

Group x CCT version x Probability

Group x CCT version x Gain amount

Group x CCT version x Loss amount

-0.53
—— (). 50*
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—— 211*
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- 006
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- 0.06
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Note.

K] 0 i 2 3
Estimated regression coefficient(B)

CCT = Columbia Card Task; CI = credible interval. Since all categorical

predictors are sum-to-zero coded, the magnitude of B can be compared. The number of
cards turned over was the dependent variable in this model, with * indicating that the
95% CI did not include 0, in which case we rejected the null hypothesis for that effect
and deemed the effect significant. As can be seen, specifically the group effect has
wider CIs compared to the other effects, indicating that this effect was estimated with

less precision.

the CCT, hot: EMM = 64.80; 95% CI [61.64,
67.77]; cold: EMM = 55.87, 95% CI [52.87,
58.99], and, vice versa, they reported greater reli-
ance on Type 2 decision processes (e.g., decisions
based on deliberative and mathematical strategies)
inthe cold compared to the hot CCT, cold: EMM =
51.86,95% CI[48.16, 55.36]; hot: EMM =43.71,
95% CI [40.14, 47.31]. Group did not influence
Type 1 or Type 2 decision processes nor were any
interactions involving group significant. For full
results of these models, see Table 3.

Meta-Analysis

Literature Search

To identify potential work for inclusion in our
meta-analysis, we employed multiple search
strategies. First, we searched Google Scholar
using the keyword testosterone in combination
with keywords related to sex (women, female)
and risk (risk, risky, risky choice, risk-taking,

reward). See SM-Appendix F, for all used key-
words. We also screened the reference lists of
review articles on the relation between testoster-
one and risk-taking (Apicella et al., 2015; Kurath
& Mata, 2018; Stanton, 2017) as well as of two
recent empirical studies (Nadler et al., 2021;
Stanton et al., 2021).

Inclusion Criteria

To be included in the meta-analysis, records
had to fulfill the following criteria:

1. Studies include an adult female participant
sample: Participants were all female, and
the mean age of the sample was above 18
years. If no information on the mean age
was provided, we used the midpoint of the
age range.

2. Studies contained a risky decision-making
task: Tasks were required to measure risky
decision-making, operationalized  as
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Table 2
Results of Choice Model With Deviation Scores per Game Round as Dependent Variable
Predictor B Est. error Lower 95% CI Upper 95% CI Sign.

Intercept 4.77 0.41 3.97 5.56 S
Group (placebo/testosterone) -0.50 0.40 -1.29 0.30 ns
CCT version (hot/cold) —0.83 0.20 —-1.24 —-0.44 S
Probability of losing (3 or 1 loss cards) -1.12 0.13 -1.36 —0.88 S
Gain amount (30 or 10 points) 2.25 0.12 2.02 2.50 S
Loss amount (—750 or —250 points) -1.07 0.17 —-1.41 -0.73 S
Group X CCT version 0.08 0.20 —0.31 0.48 ns
Group X Probability -0.12 0.13 -0.37 0.13 ns
Group X Gain amount -0.07 0.12 —0.31 0.17 ns
Group X Loss amount 0.14 0.17 -0.19 0.48 ns
CCT version X Probability of losing -0.24 0.10 —0.43 —0.04 S
CCT version X Gain amount 0.06 0.10 —0.13 0.25 ns
CCT version X Loss amount 0.05 0.10 —0.13 0.24 ns
CCT version X Group X Probability of losing 0.04 0.10 -0.15 0.23 ns
CCT version X Group X Gain amount 0.09 0.10 —0.11 0.28 ns
CCT version X Group X Loss amount —-0.06 0.10 -0.25 0.13 ns

Note.

B = estimated regression coefficient; Est. Error = estimated standard error; lower 95% CI = lower boundary of the 95%

posterior credible interval; upper 95% CI = upper boundary of the 95% posterior credible interval; Sign = significance of effect.
If the 95% CI does not include 0, we interpret the effect as significant, with s = significant; ns = nonsignificant; CCT =

Columbia Card Task.

choosing the option with higher outcome
variability compared to other options
(Figner & Weber, 2011).

3. Studies implemented a testosterone admin-
istration manipulation.

4. Studies contained (or authors provided)
sufficient statistics to calculate the effect
size for the difference in risk taking
between the testosterone and the placebo
group.

5. Studies were written in English.

Screening and Selection Procedures

Figure 5 presents the Preferred Reporting
Items for Systematic Reviews Meta-Analyses
(Moher et al., 2009) diagram depicting the selec-
tion and exclusion process. In short, we identified
455 studies through the Google Scholar search
and 670 records by manually inspecting reference
lists. Studies that clearly did not meet the inclu-
sion criteria (based on reading the title and
abstract) were excluded at this stage (N = 893).
We screened the remaining studies (N = 232) in
more detail for the inclusion criteria. At this stage,
227 records were excluded: 103 studies were
excluded as they were duplicates, 123 did not
pass the inclusion criteria, and one record was
excluded as the results were still blinded.* In
addition to the current project, we thus identified

a total of five studies, resulting in a sample of six
studies to be included in the analysis.

Coding of Study Characteristics

Two of the authors independently evaluated the
suitability of studies for inclusion and coded
the study characteristics. Interrater agreement
between coders was high (interrater reliability =
.94) and all discrepancies were resolved.

We coded the study’s sample size (ranging from
12 to 134) and mean age of the sample (ranging
from 21.37 to 62.5). With respect to the risky
decision-making task, we coded the name of the
task, whether task performance was incentive-
compatible, whether choice probabilities were
known or unknown, whether immediate perfor-
mance feedback was provided, and whether a
safe option (i.e., no outcome variability associated
with one of the available options) was available. In
addition to this, we also determined the type of
testosterone administration procedure as well as the
study design.

4 This study comes from our group and uses the same
participant sample but a different task, which assesses
decision-making under ambiguity and under risk. To date,
we have not yet unblinded the conditions, that is, we do not
yet know which group received testosterone and which
placebo (Woyke et al., under revision).
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Table 3
Results of the Self-Report Questionnaire Data, With Type 1 or Type 2 Decision Processes as a Dependent
Variable
Dependent variable Predictor B Est. error  Lower 95% CI  Upper 95% CI  Sign.
Type 1 decision processes Intercept 60.32 1.35 57.65 62.95 S
CCT version (hot/cold) —-4.47 0.81 —6.04 -2.88 S
Group (placebo/testosterone) —1.36 1.37 —4.05 1.31 ns
Group X CCT version 1.17 0.81 -0.40 2.74 ns
Type 2 decision processes Intercept 47.77 1.57 44.65 50.82 S
> CCT version (hot/cold) 4.07 0.98 2.11 6.01 S
Group (placebo/testosterone) —0.13 1.58 -3.22 2.95 ns
Group X CCT version —-0.38 0.99 -2.32 1.56 ns

Note. B =estimated regression coefficient; Est. Error = estimated standard error; lower 95% CI = lower boundary of the 95%
posterior credible interval; upper 95% CI = upper boundary of the 95% posterior credible interval; Sign = significance of effect.
If the 95% CI does not include 0, we interpret the effect as significant, with s = significant; ns = nonsignificant; CCT =
Columbia Card Task.

Calculation of Effect Sizes making in the testosterone and the placebo group.
They were coded so that a positive effect reflects

Effect size and variances were calculated to  more risk-taking in the testosterone group com-
reflect the difference between risky decision- pared to the placebo group. We first computed

Figure 5
Preferred Reporting Items for Systematic Reviews Meta-Analyses (PRISMA) Diagram Depicting
the Record Selection and Exclusion Process
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Cohen’s d and transformed it into Hedge’s g
which corrects for inflated effect sizes that may
occur when the sample size is small (Formulas
4.22-4.24in Borenstein etal., 2009). Hedge’s g is
interpreted in the same way as Cohen’s d. Please
note that the correction is very small for even
moderate sample sizes: for example, for our own
study with N = 80, the correction factor is about
0.99, that is, Hedge’s g is only about 1% smaller
than Cohen’s d. See SM-Appendix F, for more
details on the effect size calculation and compa-
rability of effect sizes.

Data-Analysis Plan

We estimated the average effect size for the
effect of administered testosterone on risky
decision-making in women using a random-
effects model in metafor (Viechtbauer, 2010).
We additionally conducted equivalence tests in
the context of quantifying support for the null
hypothesis. We compared the meta-analytic
effect size against (a) a small effect size (Igl >
0.2; as defined by Cohen, 1988) and (b) half of a
small effect size (Igl > 0.1) as suggested by
Kruschke (2013, 2018) as default boundaries
for defining a region of practical equivalence
(ROPE) around a null effect.

Results of Meta-Analysis

For a complete overview of the characteristics
of the included studies, see SM-Table D. In short,
five out of six studies included a sample with the
participants’ mean age between 21 and 23 years
and administered a single-dose of 0.5 mg sublin-
gual testosterone. The remaining study recruited
participants between 60 and 65 years of age and
used testosterone undecanoate 40 mg daily for 4
weeks. Different behavioral measures were em-
ployed, ranging from the Iowa Gambling Task
and the CCT (the present study) to different
variants of gambling tasks. While five out of
six studies provided performance-based incen-
tives, only four out of six studies included known
task probabilities. Three tasks as well as the hot
version of the CCT provided immediate feedback
but the two remaining tasks as well as the cold
version of the CCT did not provide immediate
feedback. Half of the studies included a safe
option and four out of the six included studies
employed a between-subjects design. Sample
sizes ranged from 12 to 134 participants.

The random-effects model indicated that the
average effect size is small and not significant,
Hedge’s g=0.01,95% CI[-0.16,0.17],z=0.08,
p > .05. Equivalence tests suggested that we can
reject effects larger than small effects (Igl = 0.2,
z=—-2.28, p =.011) but we cannot reject effects
that are larger than half of a small effect (Igl = 0.1,
z = —1.10, p = .139). Thus, our meta-analysis
suggests that the effect of administered testoster-
one on risk-taking in women is smaller than a
small effect size.

Discussion

The present study investigated the causal effect
of exogenous testosterone on decision-making
under risk in women. We preregistered our anal-
yses, employed a triple-blind design with initial
reviews using the labels A/B for group instead of
testosterone/placebo, and assessed both overt
risk-taking levels as well as the relative contribu-
tion of the underlying psychological processes
(sensitivity to gains, losses, and probabilities) in a
more affective and a more deliberative decision-
making context. While we replicated the results
of previous work with the CCT, showing that the
three task factors (i.e., gain amount, loss amount,
and probability of losing) as well as decision-
making context (affective vs. deliberative)
affected risk-taking (Buelow, 2015; Figner et
al., 2009; Weller et al., 2019), we did not find
a significant effect of testosterone on risk-taking,
neither as a main nor as an interaction effect.

Our results thus provide no support for the
increased risk-taking or for the risk-neutrality
hypothesis. Based on our ROPE analysis, we
can conclude with high credibility that the true
effect of administered testosterone on risk-taking
in women is smaller than a medium, standardized
effect size (ICohen’s dl = I[Hedge’s gl < 0.46). The
results of the meta-analysis are consistent with the
notion of a very small, if any, effect (smaller than
a small, standardized effect size; IHedge’s gl <
0.2). When interpreting the empirical results of
our experiment, it is important to consider the
question whether the results reflect the true
absence of an effect or whether they might be
due to other causes. We believe that the results of
our experiment align most with the idea that
testosterone either has no or only a small effect
on risky choice in women: First, we replicated all
typical task effects, suggesting that the absence of
a group effect cannot be attributed to unreliable
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task measurements or to participants misunder-
standing the task or not paying attention. Second,
groups (i.e., testosterone vs. placebo) were com-
parable in terms of age, income, digit
span, positive and negative affect as well as
self-reported risk-taking before the drug-active
window, thus excluding the possibility that such
preexisting differences influenced our results.
Third, the central tendencies and distributions
per CCT version were highly similar in both
groups, further strengthening the argument that
a potential causal effect of testosterone on risk-
taking would be likely rather small (see Figure 3).
Fourth and perhaps most importantly, these
empirical results are in line with the results of
our meta-analysis, which suggests that the true
effect of administered testosterone on risk-taking
in women is most likely very small (i.e., smaller
than a small, standardized effect size), if it exists
at all.

These results may raise doubts about the effi-
cacy of commonly used testosterone administra-
tion procedures, a topic critically discussed in the
literature (see, e.g., Nadler et al., 2019). Note that
the procedure used in the present study has been
validated (Tuiten et al., 2000; van Rooij et al.,
2012) and has shown behavioral effects in several
studies using a similar timeline and comparable or
smaller samples (see, e.g., Boksem et al., 2013;
Enter et al., 2014; Hermans et al., 2010;
Hutschemaekers et al., 2021; Mehta et al.,
2015; Terburg et al., 2012; van Honk et al.,
2004, 2012, 2016). Furthermore, our manipula-
tion check confirmed increased testosterone le-
vels in the saliva of the testosterone group
compared to the placebo group when the CCT
was administered (see Figure 1°). For these rea-
sons, we deem it unlikely that the observed
absence of a testosterone effect in our empirical
study can be explained by an unsuccessful tes-
tosterone administration.

Note, however, that it is unclear to what extent
testosterone levels in the saliva (as measured in
our manipulation check) reflect testosterone le-
vels in the brain. Generally, this field of pharma-
cological research would benefit from more basic
science and larger validation studies: To date,
there is no consensus as to when or how much
testosterone reaches the brain for any of the
typically used administration methods (i.e., sub-
lingual, intranasal, or gel). Consequently, there is
little guidance on the optimal dosage and time-
course for finding reliable behavioral effects, nor

is it clear to what extent different administration
methods may yield comparable results.

Although several testosterone administration
studies already reported a nonsignificant main
effect on risk-taking in women (Boksem et al.,
2013; Buskens et al.,, 2016; Wu et al., 2016;
Zethraeus et al., 2009), we believe that our inde-
pendent replication of this null effect makes a
valuable contribution to the literature. Specifi-
cally, we conceptually replicate the null effect
using a different risk-taking task that is more
comprehensive and arguably more naturalistic
(Figner et al., 2009) than the simpler risky gam-
bles used in other studies (Boksem et al., 2013;
Biirkner, 2016; Wu et al., 2016; Zethraeus et al.,
2009). In addition, although most (if not all)
behavioral measures of risk-taking may have
limited predictive validity (see, e.g., Frey et al.,
2017, for a large study showing poor predictive
validity across a large set of behavioral risk tasks),
the CCT has demonstrated at least a somewhat
higher temporal stability relative to other behav-
ioral measures of risk-taking (i.e., a 6-month test—
retest reliability of about .6 compared to the aver-
age of about .4). Last, given the inconclusive
literature and potential existence of publication
bias and data-contingent analyses in the field of
testosterone research (see Stanton, 2017), concep-
tually replicating work using unbiased designs and
analysis approaches (i.e., a triple-blind, placebo-
controlled randomized design and preregistered
analyses) is valuable.

We think it is worth to further compare and
embed our empirical study in the context of
existing studies: Three out of the four existing
studies reporting a nonsignificant effect of testos-
terone on risk-taking in women had a sample that
was similar to or smaller than our sample. One
study—Zethraeus et al. (2009)—used a larger
sample size with a between-subjects design
with n = 67 participants in the placebo group
and n = 67 in the testosterone group. While
compared to this study, our own study used a
more comprehensive and arguably more reliable
measure of risk-taking, there are a two additional
key differences between both studies so that
replicating the null effect from Zethraeus et al.

> While one could argue that the increased testosterone
levels might stem from contamination—a possibility we
ultimately cannot rule out—it at least confirms that the
testosterone group indeed received testosterone and the pla-
cebo group did not.
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(2009) further strengthens our confidence in the
conclusion that testosterone has only a very small
effect on risk-taking in women, if at all. First,
Zethraeus et al. (2009) recruited an older sample
of postmenopausal women aged 50—65 years, in
contrast to the young adult female participants
aged 18-27 years that were recruited in the
present study. Second, Zethraeus et al. (2009)
used a prolonged 4-week treatment with testos-
terone undecanoate, while we used a one-time
sublingual testosterone administration method. It
is likely that the physiological testosterone curves
resulting from each of the administration proce-
dures are very different, making the replication of
a nonsignificant effect valuable.

It is important to point out that a nonsignificant
effect does not necessarily indicate that testoster-
one has no effect on risk-taking. However, such a
pattern of null results across several studies such
as in our meta-analysis, suggests that one should
realistically expect the effect of administered
testosterone on risk-taking in women to be smal-
ler than a small, standardized effect size. As a
matter of fact, none of the published studies had
enough power to detect even a small effect size
(e.g., to detect an effect size of Cohen’s d =0.2 in
a one-tailed ¢ test with 80% power and an « level
of .05, one would require at least 310 participants
per group in a between-subjects design).® This
inconsistency between reported effects and used
sample sizes seems to point to the potential exis-
tence of p-hacking or data-contingent analyses.
Indeed, Schifer and Schwarz (2019) compared
the reported effect sizes of publications in psy-
chology journals with and without preregistration
and found that effect sizes reported in articles
without preregistration were twice as big as effect
sizes reported in articles with preregistration. To
draw clear conclusions about the true magnitude
of administered testosterone’s effects on risk-
taking, studies with strong methodologies are
thus needed. This would involve (a) the use of
preregistration and registered reports as well as
(b) blinding procedures that extend to data-
analysts and reviewers to reduce data-contingent
analysis, unintentional biases, and file-drawer
effects, (c) blinding procedures that extend to
data-analysts and reviewers to further reduce
file-drawer effects and unintentional biases, and
(d) ideally sufficiently powered studies to pro-
duce reliable estimates.

Another factor that may have contributed to the
observed null results is that testosterone is a

hormone that may be specifically relevant in
social (rather than nonsocial) situations. Across
species, in birds, rodents, nonhuman primates,
and humans with and without social anxiety
symptoms, upcoming social challenges result
in the release of testosterone (Bateup et al.,
2002; Hutschemaekers et al., 2020; Muller &
Wrangham, 2004; Neave & Wolfson, 2003;
Wingfield et al., 1990, 2001). Likewise, it has
been suggested that testosterone may affect risky
behavior specifically in socially challenging si-
tuations, for example, when social hierarchies
have to be defended (Wingfield et al., 2001).
Even though the CCT has a clear affective com-
ponent, it does not have a social component.
Therefore, future work on the role of testosterone
in risk-taking might profit from systematically
comparing risky behavior in social versus nonso-
cial settings.

Last, it is also important to consider that our
participant sample consisted of women only.
While there are articles that have shown effects
of exogenous testosterone on decision-making
under risk both in female and male participants
(Cueva et al., 2015; van Honk et al., 2004), a
direct comparison is difficult since there is no
validated testosterone administration procedure
that can be used in both women and men. Given
that basal testosterone levels are generally 5- to
25-fold higher in men than in women (Salameh et
al., 2010), one might expect to find stronger
testosterone effects in male than in female sam-
ples. However, Sapienza et al. (2009) have shown
that while increased basal testosterone relates to
lower risk aversion in females, this relation does
not exist in males. If anything, this would suggest
stronger effects of testosterone on risk-taking in
women than in men. Furthermore, two recent
studies with relatively large sample sizes found
no effect of testosterone administration on risk-
taking in men (Nadler et al., 2021; Stanton et al.,
2021). Future research should thus evaluate to

® This inconsistency is generally in line with the results of
the meta-analysis of Kurath and Mata (2018), who assessed
the effects of endogenous testosterone on risk-taking (includ-
ing studies with behavioral tasks and questionnaire-based
measures). They found a small but significant correlation
between testosterone and risk-taking (r = .12, corresponding
to a Cohen’s d of 0.24; Borenstein et al., 2009). Importantly,
96% of the studies included in their meta-analysis were
underpowered (i.e., well powered studies would require
approximately 430 participants to find an effect with 80%
power).
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what extent our findings generalize to males,
which, however, requires ideally the develop-
ment of a reliable testosterone administration
technique that is similarly applicable and compa-
rable in all genders.

To conclude, our testosterone administration
study with a triple-blind, placebo-controlled, ran-
domized, between-subjects design provides no
evidence for an effect of testosterone on risky
decision-making. Using the best-known practices
to guarantee unbiased data-collection and analy-
ses, we replicated all expected task effects, yet
found no significant main effect or interactions
involving testosterone. While we are not the first
toreport a null effect (e.g., Zethraeus et al., 2009),
we believe that our study makes a valuable
contribution to the mixed literature on the effects
of testosterone on risk-taking. Specifically, our
conceptual and independent replication adopted
high methodological standards to safeguard
against bias and shows that the true effect of
administered testosterone on risk-taking in
women is smaller than a medium effect size.
Furthermore, our meta-analysis across six inde-
pendent studies is consistent with our observed
null effect, as the meta-analysis also found no
evidence for a significant effect of testosterone
and suggests that the true effect is smaller than a
small, standardized effect size. These results
contradict strong claims regarding the role of
testosterone in risk-taking, raising doubts
whether heightened testosterone levels were
involved in the financial crisis of 2008, while
also being highly relevant to applied scholars
targeting excessive risk-taking in the real world.
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