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Abstract

The cognitive reflection test (CRT) measures reliance on intuitive thinking versus deliberate reasoning and predicts
important real-world outcomes. Prior research has suggested that testosterone administration impaired CRT performance,
but follow-up studies produced null results. To provide a rigorous test, we conducted a large, preregistered, double-
blind, placebo-controlled experiment, unprecedented in size, with 1,000 adult men, as part of an adversarial
collaboration. Participants received a single dose of intranasal testosterone or placebo, completed the CRT, and rated
their confidence level. We found an insignificant treatment effect on the CRT, with the point estimate in the opposite
direction of the original hypothesis (B, = 0.118, 95% confidence interval (CD = [-0.099, 0.335)]). In a second primary
test, we found a significant negative treatment effect on confidence (B, g = —0.329, 95% CI = [-0.558, —0.100]), which
is also the opposite of our prediction. Our findings challenge earlier claims about testosterone’s cognitive effects
and highlight the importance of high-powered replications. Long-term or developmental testosterone effects remain
potentially important but difficult to study.
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The CRT has become a valuable tool for examining
how contextual, psychological, and biological factors
affect decision-making (e.g., Margittai et al., 2016). One
such factor is the sex steroid testosterone. Testosterone
levels in animals and humans respond dynamically to
social and environmental stimuli, rising, for example, in
competitive or mating contexts (Geniole et al., 2017) to
facilitate instinctive, fast-acting behaviors, such as physi-
cal aggression (e.g., Geniole et al., 2019). This situational
reactivity is central to theories such as the challenge
bypothesis, which posits that testosterone modulates
behavior in a context-sensitive way, especially under
social threat or competition for status. Translating this
idea to human cognition led to the hypothesis that tran-
sient testosterone elevations shift judgments and deci-
sions toward intuitive responses, as measured by the
CRT, by reducing the likelihood of engaging in the slow,
difficult reflection needed to override initial impulses.

In a 2017 Psychological Science article, Nave et al.
(2017) reported that a single dose of testosterone
reduced CRT performance in a randomized, double-
blind, placebo-controlled study. Drawing on theories
and evidence linking testosterone to status-seeking
behavior (Eisenegger et al., 2011) and status-seeking to
overconfidence (Anderson et al., 2012), the authors
speculated that testosterone-induced overconfidence
may underlie the effect. This study included a notably
large sample size of 243 men, five to ten times larger
than that of prior published experimental studies at the
time on testosterone’s effects on cognition and deci-
sion-making (e.g., Dreher et al., 2016; Eisenegger et al.,
2010; van Honk et al., 2011).

Reaching scientific consensus, however, requires more
than a single study. A subsequent Psychological Science
commentary reported inconsistent effects in three addi-
tional randomized, placebo-controlled studies on the
impact of testosterone administration on CRT perfor-
mance (Knight et al., 2020). All three studies (V = 116,
N =396, and N = 116) reported weak, statistically insig-
nificant effects, calling into question the robustness of the
original findings. However, there were critical differences
between the additional studies and the original work.
Most notably, the two smaller studies among the three
included additional manipulations of acute stress and
treatment blindness, and a significant fraction of partici-
pants (40%) in the third (larger study) were at floor CRT
performance, making it difficult to detect a treatment
effect in the negative direction (Nave et al., 2020). Finally,
although finding no main effects of testosterone adminis-
tration on cognitive reflection, Knight et al. (2020)
reported a significant interaction between trait impulsiv-
ity and testosterone treatment: Testosterone negatively
affected CRT performance at low levels of impulsivity,

but positively affected CRT performance at high levels of
impulsivity.

Preregistered studies with greater statistical power are
essential for generating more reliable evidence. We pro-
vide such evidence through a very large study, unprece-
dented in size, conducted as an adversarial collaboration
between teams that had previously reported conflicting
findings (Knight et al., 2020; Nave et al., 2017, 2020). In
this double-blind, placebo-controlled, randomized experi-
ment, participants (N = 1,000 men) received either a sin-
gle dose of intranasal testosterone gel (11 mg of Natesto)
or a placebo. After a 30-min soak period, participants
completed several tasks, including the CRT (completed
approximately 1 hour after drug administration). To avoid
potential floor effects and to mitigate participants’ famil-
iarity with the test’s questions, we relied on a validated
7-item modified version of the CRT (Manfredi & Nave,
2019). We incentivized participants by offering $1 per cor-
rect answer in the CRT, as in Nave et al’s (2017) study.
Following the task, participants self-reported their confi-
dence in their performance and their expectations for oth-
ers’ performance. We also collected survey data on trait
impulsivity at baseline. The testosterone-administration
paradigm used increases testosterone concentrations to
approximately 60% to 80% above baseline levels, bringing
them to the high-normal physiological range (Luberti
et al., 2021). Notably, this paradigm has been used in sev-
eral recent studies reporting behavioral effects of the
treatment (Geniole et al., 2019; Luberti et al., 2024). The
study was preregistered with a preanalysis plan (PAP) at
the Open Science Framework (OSF; https://osf.io/x6g3v).
Consistent with our preregistration, we used the conser-
vative 0.5% threshold (i.e., p<.005) for statistical signifi-
cance, as suggested by Benjamin et al. (2018).

Our primary hypothesis is that a single dose of testos-
terone administration negatively affects CRT performance
(see Table 1 for a description of the primary hypotheses).
We find no compelling evidence for such an effect, with
a point estimate in the opposite direction of the hypoth-
esis and the 99.5% confidence interval (CD indicating that
effects larger than d = 0.11 in the hypothesized direction
are highly unlikely. In two additional primary tests, we
investigated whether testosterone positively affects confi-
dence relative to one’s own performance or others’
performance. We found no evidence supporting the
hypothesized effects, but we unexpectedly observed a
significant decrease in confidence (p<.005) relative to
one’s performance following testosterone administration.
Despite the high-powered preregistered design and the
strong statistical evidence, we interpreted this finding very
cautiously, given the low prior probability of finding an
effect in this direction, which contrasts current theories of
testosterone’s role in human cognition and behavior.
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Table 1. Primary Hypotheses Tested in the Study

Hypothesis Outcome variable

Definition of outcome variable

Hypothesized sign

Testosterone decreases CRT score
cognitive reflection

Testosterone increases
confidence

Confidence score

Number of correct answers in the CRT
(0-7 correct responses).

The guessed number of one’s own
correct responses (0-7) in the CRT,

Negative

Positive

controlling for actual performance
(a measure of overconfidence in
relation to one’s own performance).

Relative confidence
score

Testosterone increases
relative confidence

The guessed number of correct
responses on the CRT minus the

Positive

guessed average CRT score of the
other participants (a measure of
overconfidence in relation to the
performance of others)

Note: CRT = cognitive reflection test.

Thus, further replication studies are needed to confirm
the robustness and generalizability of this result. Finally,
in preregistered exploratory analyses, we failed to con-
ceptually replicate the interaction between testosterone
treatment and trait impulsivity reported by Knight et al.
(2020). still, we found significant evidence of a negative
association between basal testosterone and CRT score
and suggestive evidence of a positive interaction between
basal cortisol and testosterone treatment on CRT perfor-
mance. To carry much weight, however, these exploratory
findings will require confirmation in future studies.

In conclusion, our findings fail to conceptually repli-
cate the negative effect of single-dose testosterone on
cognitive reflection reported in Nave et al. (2017), sug-
gesting instead that short-term testosterone fluctuations
do not play a meaningful role in cognitive reflection. The
potential of developmental or long-term testosterone
effects, which are ethically challenging to test experimen-
tally in humans, remains an open question for future
research.
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Study 1 disclosures

Preregistration: The research aims and hypotheses,
along with the materials, methods, and analysis plan,
were preregistered (https://osf.io/x6g3v) and posted on
the Open Science Framework (OSF) in March 2018,
shortly after data collection had started in February 2018
and before data were accessed or analyzed (data collec-
tion was completed in December 2023). There were
minor deviations from the preregistration in the analyses
and in the collection and coding of the independent vari-
ables (for details, see Table S1 in the Supplemental
Material available online). Materials: All study materials
are publicly available (https://osf.io/37ycj). Data: All pri-
mary data are publicly available (https://osf.io/37yc)).
Analysis scripts: All analysis scripts are publicly avail-
able (https://osf.io/37ycj). All materials, data, and analy-
sis scripts are under a Creative Commons CCO license.
Computational reproducibility: The computational
reproducibility of the results in the main article (but not
the Supplemental Material) has been independently con-
firmed by the journal's STAR team. Open Science
Framework (OSF): To ensure long-term preservation,
we registered all OSF files at https://osf.io/37ycj.

Method

Study location and sample

Location. We collected data in three locations: (a) Nipiss-
ing University’s Social Neuroendocrinology Laboratory in
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North Bay, Ontario; (b) Georgian College in Barrie,
Ontario; and (¢) medical offices in Sudbury, Ontario. Par-
ticipants completed the study in sessions of up to seven
people in isolated computer stations.

Sample. Participants were men ranging in age from 18
to 45years old. They included university students, com-
munity college students, and community members. Par-
posters and booths, classroom announcements, a research
participant database, community posters, local mall
booths, newspaper ads, radio ads, and word of mouth.
Data collection began on February 13, 2018, and con-
cluded on December 13, 2023, when we reached our
target sample size of 1,000. The data collection took
much longer than initially planned because of the COVID-
19 pandemic.

Participant payment. Participants received $40 for
their participation, which required 2 hours of their time,
plus a variable bonus based on their decisions and
chance.

Experimental procedure

Below, we describe the experimental procedure in chron-
ological order.

Informed consent and rules. Participants read and
signed an informed-consent form that outlined the study
rules; they then changed into a new T-shirt to wear dur-
ing the study (as part of another study, not reported here,
that examined the potential effects of testosterone on
olfactory cues).

Trait measures. Participants filled out the Ten-Item
Personality Inventory (TIPD), the Self-Report Dominance
and Prestige Scale, the Self-Control Scale (Tangney et al.,
2004), the Barratt Impulsivity Scale (BIS; Patton et al.,
1995), and the Thirty-Item Self-Construal Scale (Singelis,
1994).

First saliva sample. Participants provided their first
saliva sample by chewing on a synthetic swab for 30s.
Saliva samples were stored at —20°C until the time of
hormone determination, when they were thawed and
centrifuged. The supernatant was then extracted and
analyzed in duplicate. Salivary testosterone and cortisol
were assayed using commercial enzyme immunoassay
kits from DRG International, Inc. (Springfield Township,
New Jersey).

Self-administration of testosterone or placebo.
Under the supervision of a research assistant, participants

self-administered 11 mg of testosterone or placebo
(5.5 mg per nostril) using 1-mm amber syringes. Both the
testosterone gel and the placebo gel were prepared by
Pharmasave; a third-party pharmacy technician filled the
syringes before the study. The syringes were filled with
either 0.12 mL of Natesto or Secaris. The volume of
0.12 mL was determined to deliver 5.5 mg of testosterone
and account for the void space in each syringe. This vol-
ume was determined by using the density (weight per
volume) of testosterone and then weighing the delivered
amounts until a consistent volume was released.

Soak period (30min). During the soak period, partici-
pants answered a series of demographic questions, com-
pleted the MacArthur Scale of Subjective Social Status,
reported their income, answered two questions regarding
sleep, had a picture of their faces taken, and had their
hands scanned (for studies not reported here).

Second saliva sample. Participants provided their sec-
ond saliva sample using the same procedure as before.

Mouthwash sample. Participants provided a mouth-
wash sample used for genetic analyses (not reported
here).

Primary tasks. The experimental battery included the
following tasks: Brief Mood Introspection Scale (Mayer &
Gaschke, 1988), risky decision-making task, ultimatum
game, trust game, dictator game, charity game, CRT/
confidence task, competition task, sexual motivation task,
and grip-strength task. The order of these tasks was the
same for all participants.

Cognitive reflection test (CRT). The CRT task included
seven math problems designed to elicit compelling but
incorrect intuitive responses. We used the CRT version
developed by Manfredi and Nave (2019), a reworded
adaptation of the extended seven-item test by Toplak
et al. (2014), to reduce the risk of floor and ceiling effects
and prior familiarity with the items. Each question was
presented with a prompt and an open-response text box.
Participants’ answers were coded as either correct or
incorrect, resulting in a total score ranging from 0 to 7.
Participants received $1 for each correct answer, similar
to the approach used in Nave et al.’s (2017) study.

Confidence. Participants responded to two questions in
which they guessed their own and others’ performance
on the CRT using open-response text boxes: “How many
of the previous seven questions do you think you
answered correctly?” and “How many of the previous
seven questions do you think the average participant
answered correctly?” Participants were asked to round
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their responses to the nearest integer. Any text response
that could not be easily interpreted as an integer number
was excluded from analysis, as were numbers larger than
7. Nonnumeric responses that could be readily inter-
preted as integer numbers were included. For example,
“most,” “half” and “90%” would be excluded because
they could not be coded as an integer, whereas “100%”
and “I think T missed one” were recoded as 7 and 6,
respectively. This interpretation process was not preregis-
tered. We defined relative confidence as the guessed
number of correct responses for oneself minus the
(guessed) number of correct responses attributed to the
average participant. We did not incentivize the two con-
fidence questions, and we cannot rule out that this could
have affected the responses.

Closing tasks. Participants completed two study-satis-
faction questions, answered a few questions about the
study’s purpose and whether they had participated in a
similar study before, and answered two questions about
treatment expectancy.

Preregistration and statistical testing

We posted a preanalysis plan (PAP) at OSF in March 2018
shortly after the data collection had started and before
data were accessed or analyzed (https://osf.io/x6g3v).
The preregistered analyses and tests were divided into
hypotheses (referred to here as the three primary hypoth-
eses), robustness tests, and exploratory hypotheses. We
followed the PAP precisely, except for the deviations
listed in the Supplemental Material available online (see
Table S1 for details). These deviations and clarifications
are due to differences and ambiguities in how some vari-
ables were collected and coded. Consistent with our pre-
registration, we based all tests on two-sided p values and
interpreted results with p<.005 as “statistically significant
evidence” and results with .005<p<.05 as “suggestive
evidence,” as recommended by Benjamin et al. (2018).
One motivation for using the more conservative p<.005
threshold for statistical significance is that multiple com-
parisons increase the risk of false positives. Our study has
80% statistical power to detect a Cohen’s d effect size as
small as 0.23 at the 0.5% threshold for statistical signifi-
cance used in the study, and 80% power to detect a
Cohen’s d effect size as small as 0.18 at the suggestive 5%
level. (These power estimates are based on using an
independent-samples ¢ test or ordinary least squares
[OLS] regression to interpret power in Cohen’s d units,
rather than the ordered logistic regressions used in the
primary hypotheses—but as seen in Table S4 in the
Supplemental Material, the test statistics are very similar
for an OLS model and an ordered logistic regression.)

Results

Manipulation check. We recruited 1,000 participants
who completed the study, with 500 in the placebo group
and 500 in the testosterone group (i.e., a list of 1,000 was
randomized so that half were placebo and half were tes-
tosterone). Of these, 999 participants (500 in the testos-
terone group) completed the CRT task. Tables S2 and S3
in the Supplemental Material provide descriptive statistics
of the testosterone and placebo groups. In addition to
the baseline measurement, testosterone levels were mea-
sured in saliva samples from both groups 30min after
drug administration. As a manipulation check, we con-
firmed that the treatment increased testosterone levels
compared with the placebo group (independent-samples
1 test on the log of testosterone: #(993) = 37.07, p<.0001;
N =995). This manipulation check was not preregistered,
and we note that it is difficult to assess the actual magni-
tude of the testosterone increase in saliva samples after
administration. Thus, the test only confirms that the treat-
ment increased testosterone levels, but not by how much.
Based on previous work measuring serum testosterone,
the testosterone-administration paradigm is expected to
increase serum levels by 60% to 80% (Luberti et al., 2021).

Confidence responses. Of the 999 self-confidence
responses, 957 contained appropriate numeric responses,
and 20 text responses were converted to numerical val-
ues; 7 contained text that could not be converted, and 15
contained numbers that were too large. Of the responses
related to the average participant’s performance, 985
were appropriate, 13 contained numbers that were too
large, and one was left blank.

Testosterone’s effects on cognitive reflection and
confidence. We conducted three primary hypothesis
tests, as described in Table 1, with the hypothesized
directions indicated. These tests’ three primary outcome
measures are CRT performance, confidence, and relative
confidence scores. The CRT score is the number of cor-
rect answers on the seven-item cognitive reflection test
used in the study (Manfredi & Nave, 2019); the Confi-
dence Score is the participant’s belief about the number
of correct answers on the cognitive reflection test
(between 0 and 7), and the relative confidence score is
the confidence score minus the belief about the average
number of correct responses of other participants
(between —7 and 7).

Consistent with our preregistration, we used ordered
logistic regression [OLR] to test these three hypotheses.
All models were run using the polr function from the
MASS package (Venables & Ripley, 2002) in R (Version
4.4.1). We calculated p values for OLRs by comparing the
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¢t value to the standard normal distribution. The ¢ values
and normal distributions are equivalent in the limit of
infinite degrees of freedom and can be used as reason-
able approximations for sufficiently large sample sizes.
To ease the interpretation of the estimated effects’ magni-
tudes, we have also included the coefficient and confi-
dence intervals from an ordinary least squares regression
with robust standard errors in Table S4 in the Supplemental
Material. (These ordinary least squares regressions were
not preregistered and were not used for hypothesis test-
ing, but were reported only for descriptive purposes.)
The regression models estimated for the three primary
tests include a binary treatment indicator (1 = testoster-
one, 0 = placebo) as the independent variable. In the tests
of the confidence score and the relative confidence score,
we also, as preregistered, controlled for each participant’s
CRT score (i.e., their actual performance).

Figure 1a plots the CRT score in the testosterone and
placebo groups, and Table 2 reports the results of testing
the three primary hypotheses. The average number of
correct answers on the CRT is 3.01 (D = 2.18) in the
testosterone group and 2.86 (SD = 2.12) in the placebo
group. We find no statistical evidence of an effect of tes-
tosterone on the CRT score, with the point estimate in the
opposite direction of the hypothesis (B, = 0.118, 95%
CI = [-0.099, 0.335], z = 1.065, p = .287, N = 999). Figure
2a illustrates the predicted effect of testosterone adminis-
tration on the CRT score.

Figure 1b displays participants’ confidence (i.e., their
estimates of how many CRT questions they answered
correctly) in the testosterone and placebo groups. The
mean guess is 5.37 (SD = 1.42) in the testosterone group
and 5.55 (8D = 1.35) in the placebo group, indicating
that participants are overconfident. Figure 2b illustrates
the predicted effect of testosterone treatment on the
confidence score. Our regression models testing our sec-
ond primary hypothesis failed to find evidence support-
ing the hypothesis that testosterone has a positive effect
on the confidence score; however, we found a statisti-
cally significant effect of testosterone on the confidence
score in the opposite direction of the hypothesis (B, oqr
= -0.329, 95% CI = [-0.558, —0.100], z = -2.821, p =
.0048; N = 977). As this is an unexpected finding with a
low prior probability, we interpret it cautiously until it is
confirmed by additional studies. We did not adjust our
hypothesis tests for multiple comparisons, but instead
used the conservative p<.005 threshold for statistical sig-
nificance. We tested three primary hypotheses in this
study and nine primary hypotheses in a previously pub-
lished study on economic preferences (Dreber et al.,
2025). A Bonferroni correction based on these 12 tests
implies that the confidence-score result would have an
adjusted p value greater than .05, which is another rea-
son to interpret this result cautiously.

The mean guess about other participants’ CRT scores
is 4.65 (SD = 1.14) in the testosterone group and 4.75
(8D = 1.07) in the placebo group, indicating that partici-
pants also overestimate the performance of others,
though to a lesser degree than their own performance.
This pattern is consistent with previous results on over-
confidence in the CRT (Ring et al., 2016). The third pri-
mary outcome variable, relative confidence score, is the
difference between participants’ estimate of their own
performance and their estimate of others’ performance.
Figure 1c plots the distribution of the relative confidence
score in both treatment groups. The hypothesis test on
the relative confidence score yields an insignificant effect
in the opposite direction of our hypothesis (B;oq =
—0.205, 95% CI = [-0.432, 0.021], z = —1.776, p = .076, N =
970). Figure 2c illustrates the predicted treatment effect
on the relative confidence score.

In a preregistered robustness test of the three primary
hypotheses, we add the following control variables to
the ordered logistic regressions: math ability, right-hand
2D:4D, pleasant-unpleasant mood, arousal-calm mood,
time of day, and a categorical variable for the three sites
(see the Supplemental Material for the exact variable defi-
nitions). Table 2 reports these results, showing that the
statistical conclusion is the same for the CRT score. In
contrast, the unexpected finding in the opposite direction
of the hypothesis for the confidence score changes from
statistically significant to suggestive evidence. For the rela-
tive confidence score, the effect of testosterone now
reaches suggestive evidence of testosterone reducing rela-
tive confidence after we controlled for covariates (B, =
—0.244, 95% CI = [-0.484, —0.004], =z = —=1.989, p = .047,
N = 875). This effect runs counter to the hypothesis’s pre-
diction. Note that although the statistical conclusions dif-
fer somewhat in the robustness tests, the z values in the
robustness tests are close to the z values in the main tests.
The sample size is slightly smaller in the robustness tests
because of missing values for some added control vari-
ables (V= 875-897, depending on the modeD.

Preregistered exploratory bypotheses. We also con-
ducted several preregistered exploratory analyses, and
we report these tests in Table 3, which includes informa-
tion about the hypothesized directions of these tests.
Some of these tests involve interactions, and for those
tests, we used an OLS regression model rather than an
ordered logistic regression, because interpreting interac-
tions in logistic regression is difficult (Ai & Norton, 2003).

First, we test whether participants’ basal testosterone
and cortisol levels (log-transformed and residualized for
time of day and waking time) are associated with the
CRT score. In line with the preregistered exploratory
hypothesis, we found a significant negative association
between basal testosterone and CRT score (f = —0.158,
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Fig. 1. Distribution of responses as the fraction of the treatment group for (a) CRT performance, (b)
confidence (guessed number correct), and (¢) relative confidence (guessed number correct minus guessed
number correct for average participant). CRT = cognitive reflection test.
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Table 2. Test Results and Robustness Tests of the Three Primary Hypotheses

Primary hypothesis tests (ordered logistic regression)

Hypothesized Treatment 95% CI
Outcome variable sign N effect (SE) (99.5% CD z value p value
CRT Negative 999 0.118 —-0.099, 0.335 1.07 0.297
(0.11D) (=0.193, 0.429)
Confidence score Positive 977 -0.329 —-0.558, —0.100 -2.82 0.005
0.117) (=0.657, =0.002)
Relative confidence score Positive 970 -0.205 —0.432, 0.021 -1.78 0.076
(0.116) (-0.530, 0.119)
Robustness tests of primary hypothesis tests;
ordered logistic regression
Hypothesized Treatment 95% CI
Outcome variable sign N effect (SE) (99.5% CD z value p value
CRT Negative 897 0.148 —0.084, 0.380 1.253 0.210
(0.118) (—0.184, 0.480)
Confidence score Positive 880 —-0.330 —0.573, —0.087 —2.666 0.008
(0.124) (-0.678, 0.017)
Relative confidence score Positive 875 —0.244 —0.484, —0.004 —1.989 0.047
(0.122) (-0.587, 0.100)

Note: CRT = cognitive reflection test.

95% CI = [-0.206, —0.049], 99.5% CI = [-0.314, —0.002],
z =-2.837, p = .0046, N = 988). Cortisol was not associ-
ated with CRT performance. We also tested for an inter-
action between basal testosterone and basal cortisol,
because some have argued that such an interaction
affects behavior related to social status (Dekkers et al.,
2019). We hypothesized a positive interaction effect, but
we failed to confirm it. We further tested for an interac-
tion between treatment and basal cortisol, finding sug-
gestive evidence of a positive interaction in line with our
hypothesis (f = 0.391, 95% CI = [0.109, 0.673], 99.5% CI =
[-0.013, 0.796], #962) = 2.721, p = .007, N = 966).

In two additional exploratory analyses, we tested
whether testosterone administration affects the response
time for the seven cognitive reflection test questions.
Specifically, we tested whether participants who received
testosterone provided correct answers more slowly, and
incorrect answers more quickly, than participants who
received a placebo. We tested these hypotheses by esti-
mating a linear mixed-model regression with response
time as the dependent variable (logged for normaliza-
tion), fixed effects for treatment, and an indicator for an
error on the CRT question, and the interaction between
treatment and error. The model also included random
effects for participant and question number. The model
included seven observations per participant, with one
observation per CRT question. We found no evidence of
a testosterone effect on response time in these two

exploratory analyses. Finally, we tested for an interaction
effect between treatment and trait impulsivity on the CRT,
as reported in the exploratory analysis by Knight et al.
(2020). We found no evidence of such an interaction.

Nonpreregistered robustness tests

Based on reviewers’ suggestions, we tested the robust-
ness of our three primary hypotheses after controlling
for behavior in the tasks that preceded the CRT and the
confidence tasks; see the Supplemental Material for
details. When we included 10 variables from the pre-
ceding tasks in our ordered logistic regressions, we
found statistically significant (CRT score and relative
confidence score) or suggestive (confidence score) evi-
dence of associations between these 10 variables and
the three outcome measures, on the basis of a joint
Wald test (see Table S5 in the Supplemental Material).
However, adding these controls did not affect the con-
clusions about the treatment effects on the three out-
come measures. We also tested for interactions between
these 10 variables and the testosterone treatment, but
found no evidence of such interactions for any of the
three outcome measures, after joint Wald tests (see
Table S5 in the Supplemental Material). Finally, using
nonparametric Mann-Whitney U tests, we tested whether
CRT score, the confidence score, the confidence score
minus the CRT Score, and the relative confidence score
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Fig. 2. Marginal effects of testosterone treatment compared with placebo from ordinal logistic regression
models for (a) CRT performance, (b) confidence (guessed number correct), and (c) relative confidence
(guessed number correct minus guessed number correct for average participant). Black error bars denote
95% confidence intervals; gray error bars denote 99.5% confidence intervals. CRT = cognitive reflection test.

differed between the testosterone and placebo groups. score (in the opposite direction of our hypothesis) is
These analyses did not affect our conclusions, except = now suggestive rather than statistically significant (see
that the evidence for a treatment effect on the confidence ~ Table S6 in the Supplemental Material).
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Discussion

In a randomized, preregistered, placebo-controlled study
with an unprecedented sample size of 1,000 men, con-
ducted as an adversarial collaboration between the origi-
nal research teams, we found a weak, insignificant effect
of a single dose of testosterone on cognitive reflection, in
the opposite direction of our hypothesis. This finding
suggests that momentary variations in testosterone do
not affect this behavioral outcome. Our study can be con-
sidered a highly powered conceptual replication of Nave
et al. (2017). still, it should not be interpreted as a direct
replication, because the designs are not identical (Dreber
& Johannesson, 2025).

Using the 99.5% confidence interval, we found strong
evidence against effects larger than about d = 0.11 in the
hypothesized direction. We also failed to find evidence
for our two additional primary hypotheses on the confi-
dence score and the relative confidence score. However,
we surprisingly found a statistically significant effect
(p<.005) for the confidence score in the opposite direc-
tion of our hypothesis, indicating that testosterone
decreased confidence relative to placebo. This result
should be interpreted cautiously unless confirmed in
additional studies, but it provides strong evidence against
the hypothesized effect. Relatedly, two randomized, dou-
ble-blind studies with 91 and 242 participants reported
weak, statistically insignificant effects of testosterone on
confidence (Nadler et al., 2024). However, these studies
were underpowered to detect the effect size observed for
the confidence score in this study (even when we pooled
the studies, there was less than 50% power to detect such
an effect size at the 5% level). We also could not concep-
tually replicate the result reported by Knight et al. (2020),
which found an interaction between testosterone treat-
ment and trait impulsivity on cognitive reflection.

In an exploratory analysis, we found evidence for a
significant negative correlation between basal testoster-
one and CRT performance. However, as this was only an
exploratory analysis, this correlational evidence requires
confirmation from new studies before we draw firm con-
clusions. Finally, another exploratory analysis found sug-
gestive evidence of a positive interaction between basal
cortisol and testosterone treatment on CRT performance.
This interaction also requires confirmation in future
studies.

Our findings, along with the current literature, have
limitations that constrain their generalizability and leave
important questions unanswered for future research. First,
similar to previous research on this question, we included
only men (Knight et al., 2020; Nave et al., 2017). We know
from animal research and behavioral theories, such as the
challenge hypothesis, that more potent effects of testos-
terone on behavior are expected in men. Nevertheless,

other work has suggested that there are also testosterone-
dependent effects on the brain and behavior in women
(Carré et al., 2023). Therefore, it will be valuable to evalu-
ate the generalizability of our findings to women in future
research.

Second, the dosage, the administration method, and
the timing of hormone administration may be important
for observing a behavioral effect. Previous work has
shown that the intranasal administration paradigm used
here yields an increase in serum testosterone concentra-
tions of 60% to 80% within 30min (Luberti et al., 2021)
and that this affects outcome measures in men, such as
aggression and dehumanization (Carré et al., 2017,
Geniole et al., 2019; Luberti et al., 2024). Furthermore,
previous work indicates that a single dose of testosterone
affects threat-related amygdala function in both men
(Goetz et al., 2014) and women (van Wingen et al., 2009)
within 45 to 60min of administration, suggesting that tes-
tosterone may exert relatively rapid, possibly nonge-
nomic, effects on human brain function. These findings
are also consistent with a growing body of work in animal
models demonstrating rapid effects of testosterone on
several behavioral outcomes (see Nyby, 2008, for a
review). Nonetheless, it is still possible that a longer time
lag is needed to observe testosterone’s behavioral effects.
Some prior work, such as Tuiten et al.’s (2002) study, sug-
gested that behavioral changes may occur 3.5 to 4hours
after testosterone administration. However, that study had
substantial limitations: It included only 8 participants,
reported a weak treatment effect (p = .04), and measured
outcomes after testosterone levels had already returned to
baseline. Thus, although we cannot entirely rule out
delayed effects, the weight of existing evidence favors a
relatively rapid timescale for testosterone’s influence on
behavior.

We also note that, with our single-dose paradigm, we
cannot rule out the possibility that administering testoster-
one over a longer period—such as in clinical contexts,
like gender transitions or hormone replacement therapy—
might influence cognitive reflection. Chronic exposure
may lead to neural or behavioral changes that differ from
those observed here. However, experimentally investigat-
ing such long-term effects in healthy individuals poses
significant ethical and practical challenges, particularly
given the difficulty of maintaining placebo control, isolat-
ing causal mechanisms, and managing potential health
risks associated with sustained hormonal manipulation.

Our findings also do not speak to the potential impact
of testosterone exposure during critical developmental
periods, such as in utero, postnatally, or during puberty,
when hormonal influences may shape brain organization
and long-term cognitive tendencies. However, experi-
mentally studying these developmental effects in humans
is not feasible because of ethical constraints, and existing
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evidence relies heavily on indirect proxies, such as clini-
cal populations or the 2D:4D proxy, the validity of which
is questionable (Nadler et al. 2019; Nave et al., 2021; van
Leeuwen et al., 2020). Thus, although our results chal-
lenge claims about short-term hormonal effects, the role
of testosterone in shaping cognitive styles throughout
development remains an open and important question
for future research.
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