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Abstract 

 Nave and colleagues (2017) presented a single experiment (n=243) finding that 

exogenous testosterone caused a decrease in performance on the Cognitive Reflection Test 

(CRT) by increasing intuitive-but-incorrect responses. We report three new experiments (total 

n=628) that also examine the effect of exogenous testosterone on CRT performance. When 

pooling the data across experiments, we find (i) substantial variation in CRT performance across 

experiments, treatment groups, and participants and (ii) variable treatment effects of testosterone 

on CRT performance across experiments with any average effect being weak relative to this 

underlying variability – regardless of whether we considered the three new experiments or all 

four. Given our modeling assumptions, an average treatment effect of a 7% decrease in the odds 

of correctly responding to a CRT item is the value most compatible with the data from the three 

new experiments; however, anything from a 53% decrease to a 99% increase is also reasonably 

compatible. Similarly, a 27% decrease is the value most compatible with the data from all four 

experiments; however, anything from a 62% decrease to a 58% increase is also reasonably 

compatible. We explore potential explanations for the pattern of results observed across the four 

experiments. 
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Introduction 

Testosterone is associated with behaviors such as aggression, sensation seeking, and 

impulse control disorders, including drug addiction and eating disorders, but if and how 

testosterone affects cognition and decision-making remains unclear. Given the role of 

testosterone in mating and reproduction, Nave, Nadler, Zava, and Camerer (2017; hereafter 

NNZC) suggested the “facilitation of rapid intuitive responses by testosterone could be 

biologically adaptive in contexts in which reproductive success depends on instincts (e.g., during 

copulation) and when responding slowly might be especially costly (e.g., during physical 

challenges)” (p. 1404). This led them to hypothesize that testosterone biases decision making 

away from reflective and deliberate responses and toward rapid and intuitive ones, thereby 

elucidating one potential mechanism by which testosterone might cause behaviors such as 

aggression, sensation seeking, and impulse control disorders. 

To study their hypothesis, NNZC conducted a single experiment (n=243) in which they 

randomly administered either exogenous testosterone or placebo to participants and then 

measured their performance on the Cognitive Reflection Test (CRT), a simple three-item 

assessment of intuitive versus deliberate decision making (Frederick, 2005). Each CRT item has 

an intuitive but incorrect response with which most people respond; discerning the correct 

response requires one to inhibit this intuitive response and to perform deliberate but easy 

calculations. For example, one item reads 

In a lake, there is a patch of lily pads. Every day, the patch doubles in size. If it takes 48 

days for the patch to cover the entire lake, how long would it take for the patch to cover 

half of the lake?  
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When asked this question, many people automatically respond with the perhaps intuitive but 

ultimately incorrect response of 24 days; discerning the correct response (47 days) requires 

inhibiting the automatic response and deliberating on the question. Consistent with their 

hypothesis, the NNZC experiment found that exogenous testosterone caused a decrease in 

performance on the CRT by increasing intuitive-but-incorrect responses. 

We report three new experiments (total n=628) that also examine the effect of exogenous 

testosterone on CRT performance. When pooling the data across experiments, we find (i) 

substantial variation in CRT performance across experiments, treatment groups, and participants 

and (ii) variable treatment effects of testosterone on CRT performance across experiments with 

any average effect being weak relative to this underlying variability – regardless of whether we 

considered the three new experiments or all four. We explore potential explanations for the 

pattern of results observed across the four experiments. 

Materials for the three new experiments; data from the three new experiments and the 

original NNZC experiment; and code that implements all analyses presented in this manuscript 

and in our Supplementary Online Materials, which provides further detail on Methods, Results, 

and other matters related to this manuscript, are available at https://osf.io/6ppdv/. Materials for 

and data from the original experiment were obtained from the corresponding publication, 

supplemental materials (https://osf.io/79r2v), and personal communication with Nave. 

 Methods  

The three new experiments were designed independently of and executed prior to the 

publication of NNZC and therefore differ with one another and with NNZC with regards to the 

experimental design as discussed below (Table S1). Like NNZC, these experiments included 

tasks completed prior to the CRT as part of larger protocols, including competitive and pro-
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social decision-making tasks (Experiment 1); an aggression task and public goods game 

(Experiment 2); and emotion recognition tasks, empathy tests, and pro-social decision-making 

tasks (Experiment 3). 

Testosterone versus Placebo Administration  

Exogenous testosterone or placebo was administered to three samples of men aged 18-41 

(Experiment 1: n=116, Oregon, USA; Experiment 2, n=396, Ontario, Canada; Experiment 3, 

n=116, Bratislava, Slovakia) prior to the CRT topically (150-mg dose, Experiments 1 and 3) or 

intranasally (11-mg dose, Experiment 2).  

Cognitive Reflection Task  

Each of the three new experiments presented the CRT items in random order. Experiment 

3 presented them in Slovak, the native language of the participants. Experiments 1 and 2 did not 

include financial incentives for CRT performance, but, in an effort to increase attention and 

engagement with the task Experiment 3 did as did NNZC; specifically, Experiment 3 paid €0.30 

per correct response, a value chosen to reflect the local, part-time job salary for students (€4 per 

hour at the time of experiment). We note that financial incentives may improve effort but not 

performance in laboratory experiments, or they may improve performance only for individuals 

with higher cognitive skills (Camerer & Hogarth, 1999). Consistent with this reasoning, a large-

scale meta-analysis suggests that financial incentives do not impact CRT performance (Brañas-

Garza et al., 2015).  

Methodological Difference Variables 

Experimental Manipulations. All manipulations in the three new experiments were 

randomized and administered prior to the CRT. Two of the experiments included manipulations 
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in addition to testosterone or placebo. Experiment 1 manipulated blinding by informing half of 

all participants (n=58) whether they had been assigned to testosterone or placebo; experimenters 

remained fully blind. Experiment 3 assigned participants to one of two experimental stressors 

(cold pressor, n=39; a socially-evaluated cold pressor, n=37) or control (warm pressor, n=40). 

Experimenter Gender. Experiments 1 and 2 used male and female experimenters while 

Experiment 3 used female only; NNZC used male only. Limited prior work suggests that 

experimenter gender may alter testosterone levels and behavior in young men in an ecological 

setting (Ronay & von Hippel, 2010). Other work has shown such experimenter gender effects 

may generalize to a laboratory setting, but the effects may be weaker and may depend on the 

time of day (Roney et al., 2007). To our knowledge, no experiment has found that experimenter 

gender impacts the effect of testosterone treatment on behavior. 

Time of Day. The new experiments administered the CRT at a range of times from 

approximately 11:00 AM to 7:00 PM; NNZC administered it at approximately 4:00 PM. In all 

experiments, the CRT was administered in the time period that pharmacokinetic analyses suggest 

should coincide with peak testosterone levels for each method (Eisenegger et al., 2013; Geniole 

et al., 2019). Although testosterone levels fluctuate with a diurnal rhythm, whether the time of 

day impacts the effect of testosterone treatment on CRT performance is unknown.  

In sum, the three new experiments administered testosterone or placebo prior to the CRT, 

but they differed with one another and with NNZC with regard to some details. These differences 

provide a valuable opportunity to examine the generalizability of the NNZC finding regarding 

the effect of testosterone treatment on CRT performance across diverse experimental populations 

and designs as well as heterogeneity in the treatment effect that may result from these or other 
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unknown factors – an important consideration when conducting replications of psychological 

research studies (McShane et al., 2019). 

Individual Difference Variables 

Prior research reports that several individual difference variables including basal cortisol, 

the ratio between the lengths of the second and fourth digits (2D:4D ratio), and trait impulsivity 

may affect the relationship between testosterone and social cognition and behavior. Although 

these variables have not been examined in studies of the effect of testosterone on CRT 

performance, exploring their effects may provide insight into potential moderators that could be 

investigated in future studies. 

Basal Cortisol. A recent meta-analysis suggests that testosterone is more strongly 

associated with status-relevant behavior when cortisol levels are low, though heterogeneity is 

evident in the direction and magnitude of this interaction effect across studies (Dekkers et al., 

2019). In the three new experiments, basal cortisol was measured prior to testosterone or placebo 

administration. 

2D:4D Ratio. The 2D:4D ratio is believed to be associated with prenatal testosterone 

exposure, which in turn may moderate the effects of testosterone administration on socio-

cognitive behavior among men. Accordingly, prior work has reported reduced empathic accuracy 

in individuals with lower 2D:4D ratios (van Honk et al., 2011; Carré et al., 2015). In the three 

new experiments, participants’ left and right hands were scanned on a flatbed scanner; trained 

research assistants digitally measured the lengths of the second and fourth digits between the 

ventral proximal creases of the digits to the fingertips. 
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Trait Impulsivity. Recent work reports that the effect of testosterone on reactive 

aggression is associated with trait impulsivity (Carré et al., 2017; Geniole et al., 2019). In the 

three new experiments, trait impulsivity was measured via three questionnaires: Experiment 1 

used the impulsivity subscale of the Zuckerman-Kuhlman Impulsive Sensation-Seeking Scale 

(Zuckerman et al., 1993); Experiment 2 used a summed composite of the Barrett Impulsivity 

(Patton et al., 1995) and Brief Self-Control Scale (Tangey et al., 2004); and Experiment 3 used 

the fun-seeking subscale of the Behavioral Inhibition/Behavior Activation Scales (Carver & 

White, 1994). 

Models 

Primary. To estimate the effect of testosterone treatment on CRT performance, we meta-

analyzed the data from the three new experiments as well as all four experiments by fitting a 

multilevel logistic regression to the response of each participant to each CRT item (Correct=1, 

Incorrect=0) jointly (McShane and Böckenholt, 2017; 2018). The model treated effects for the 

interaction of each item and primary treatment condition (i.e., testosterone or placebo) as “fixed” 

and effects for (i) each experiment across all items, (ii) each experiment for each item, (iii) each 

treatment group (i.e., primary treatment condition crossed with blinding or stressor condition as 

applicable) across all items, (iv) each treatment group for each item, and (v) each participant 

across all items as “random.” We also expanded the model to directly compare the degree to 

which the treatment effect pooled across the three new experiments differed from the treatment 

effect in NNZC. 

Secondary. For comparability with NNZC, we also meta-analyzed aggregated data. 

Specifically, we fit a multilevel linear regression specified mutatis mutandis analogously to our 

primary model to the score of each participant (i.e., number of CRT items correct out of three). 
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We also expanded the primary model to include covariates included by NNZC, namely 

age, treatment expectancy, right hand 2D:4D ratio, basal cortisol levels, positive/negative affect 

(Experiments 1, 3, and NNZC only), and mathematics aptitude (Experiment 1 and NNZC only). 

As in NNZC, we also report the effect of testosterone treatment separately for each CRT item as 

well as the effect on intuitive-but-incorrect responses (1=intuitive-but-incorrect, 0=all other 

responses) instead of correct responses.  

We also examined potential moderators of the effect of testosterone on CRT 

performance. We did so for methodological differences across the experiments in two ways: (i) 

by re-fitting our primary model with the single-blind and stressor groups removed from 

Experiments 1 and 3 respectively and (ii) by expanding our primary model to include the 

interaction of each item, primary treatment condition, and various methodological difference 

variables [experimenter gender, time of day, experimental blinding conditions (Experiment 1), 

and experimental stressor conditions (Experiment 3)]. We did so for individual difference 

variables (basal cortisol, right- and left-hand 2D:4D ratio, and trait impulsivity) by expanding the 

model to include interactions in the same manner. 

Models fit to subsets of experiments (e.g., because one or more did not measure a given 

variable) were specified analogously to our primary model with effects treated as random 

removed when they were not identified. 

Estimation. We estimate all models in a fully Bayesian manner (Gelman, et al., 2013) 

and present point and 95% interval estimates for each coefficient or effect of interest. All 

estimates are presented on the scale of a logistic regression coefficient unless otherwise noted, 

with point estimates given by the median of the estimated posterior distribution and interval 
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estimates given by the 2.5 and 97.5 percentiles. Positive estimates imply better CRT 

performance.  

Results 

Distributions of CRT Performance 

 Experiments differed in terms of CRT performance as reflected in the mean (Table S2) 

and the distribution of the scores of the participants (Figure S1 and Table S3) with lower 

performance in the three new experiments as compared to NNZC. The distributions in the three 

new experiments were relatively more similar to the distribution in a large meta-analysis 

(Brañas-Garza et al., 2015) whereas the distribution in NNZC was relatively more similar to the 

distributions in the highest performing samples in prior research (e.g., MIT and Princeton 

students; Frederick, 2005; Iyer et al., 2012). 

Primary 

We begin by discussing the estimates of the variance components from our primary 

model as they inform our discussion of the estimates of the treatment effect. These estimates 

indicated substantial variation in CRT performance from (i) experiment to experiment, thus 

reflecting the differences in CRT performance across experiments discussed above; (ii) treatment 

group to treatment group, thus reflecting differences in the treatment effect from experiment to 

experiment; and (iii) participant to participant, thus reflecting individual differences in CRT 

performance – regardless of whether we considered the three new experiments or all four (Table 

S4). 

To illustrate the extent of this variation, we use our point estimates of the variance 

components to create three comparisons that correspond to each of the above three points 

respectively and that are scaled relative to the point estimate of the meta-analytic average 
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treatment effect. First, the difference in CRT performance from experiment to experiment was 

estimated to be 15.50 times larger than the meta-analytic average treatment effect when we 

considered the three new experiments or 4.01 times larger when we considered all four. Second, 

the difference in the treatment effect from experiment to experiment was estimated to be 6.71 

times larger than the meta-analytic average treatment effect when we considered the three new 

experiments or 2.05 times larger when we considered all four. Third, the difference in CRT 

performance from participant to participant was estimated to be 46.25 times larger than the meta-

analytic average treatment effect when we considered the three new experiments or 10.20 times 

larger when we considered all four. We note the larger relative estimates when we considered the 

three new experiments as compared to all four do not so much reflect differences in the estimates 

of the variance components; instead, they primarily reflect the scaling by the estimate of the 

meta-analytic average treatment effect, which, as we discuss immediately below, was 

considerably smaller when we considered the three new experiments as compared to all four. 

Given this degree of variation, the meta-analytic average treatment effect was 

unsurprisingly estimated with considerable uncertainty regardless of whether we considered the 

three new experiments (Point Estimate: -0.07; 95%CI: [-0.76, 0.69]; Figure 1 and Table S4) or 

all four (-0.32; [-0.96, 0.46]; Figure 1 and Table S4). Put differently, given our modeling 

assumptions, an average treatment effect of a 7% decrease in the odds of correctly responding to 

a CRT item is the value most compatible with the data from the three new experiments; however, 

anything from a 53% decrease to a 99% increase is also reasonably compatible. Similarly, a 27% 

decrease is the value most compatible with the data from all four experiments; however, 

anything from a 62% decrease to a 58% increase is also reasonably compatible. A comparison of 

the treatment effect in the three new experiments to the treatment effect in NNZC within our 
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modeling framework also resulted, again unsurprisingly, in an estimate with considerable 

uncertainty (-1.01; [-2.44, 0.53]; Table S6); while the point estimate suggests a stronger (i.e., 

more negative) treatment effect in NNZC as compared to the three new experiments, a similar or 

even weaker treatment effect is also reasonably compatible with the data from all four 

experiments given our modeling assumptions.  

In sum, our results suggest variable treatment effects of testosterone on CRT performance 

across experiments with any average effect being weak relative to this underlying variability. 

Secondary 

 CRT Score. The multilevel linear regression fit to the score of each participant (i.e., 

number of CRT items correct out of three) yielded results in line with those presented above 

(Table S7). Variance component estimates again indicated substantial variation across 

experiments, treatment groups, and participants. The meta-analytic average treatment effect was 

again estimated with considerable uncertainty regardless of whether we considered only the three 

new experiments (-0.03; [-0.31, 0.28]) or all four (-0.13; [-0.39, 0.21]). Put differently, given our 

modeling assumptions, an average treatment effect of a 0.03 point decrease in the score is the 

value most compatible with the data from the three new experiments; however, anything from a 

0.31 point decrease to a 0.28 point increase is also reasonably compatible. Similarly, a 0.13 point 

decrease is the value most compatible with the data from all four experiments; however, 

anything from a 0.39 point decrease to a 0.21 point increase is also reasonably compatible.  

Covariates, Individual Item Responses, and Intuitive-but-Incorrect Responses. 

Results remained substantively similar when controlling for covariates included by NNZC 

(Table S8). Results also remained substantively similar when the meta-analytic average 

treatment effect was broken down at the CRT item-level (Table S4). Finally, results remained 
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substantively similar when examining the effect of testosterone on intuitive-but-incorrect (as 

opposed to correct) responses both on average and at the item-level (Figure S2 and Table S9).  

Methodological Difference Variables. Estimates of variance components and the meta-

analytic average treatment effect remained substantively similar to those from the primary model 

when we excluded the single-blind and stressor groups from Experiments 1 and 3 respectively 

(Table S10); the result concerning the stability of the variance component estimates is 

particularly notable because it suggests our conclusions regarding differences in the treatment 

effect from experiment to experiment are not driven by the single-blind or stressor conditions of 

the respective experiments. In addition, methodological difference variables showed no 

substantial moderating effects (Table S11). 

Individual Difference Variables. Individual difference variables showed no substantial 

moderating effects (Table S12) but the results may suggest a moderating effect of trait 

impulsivity. Specifically, the effect of testosterone on CRT performance may be associated with 

trait impulsivity, with a potential negative treatment effect at lower levels of trait impulsivity and 

a potential positive treatment effect at higher levels of trait impulsivity (0.52; [0.06, 0.99]; 

Figure S3 and Table S12). 

Discussion 

NNZC presented a single experiment suggesting that exogenous testosterone causes a 

decrease in CRT performance. We report three new experiments that also examine the effect of 

exogenous testosterone on CRT performance. When pooling the data across experiments, we 

find (i) substantial variation in CRT performance across experiments, treatment groups, and 

participants and (ii) variable treatment effects of testosterone on CRT performance across 

experiments with any average effect being weak relative to this underlying variability – 
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regardless of whether we considered the three new experiments or all four. The extent of this 

relative variability suggests the notion of the effect of testosterone on CRT performance is not 

particularly meaningful. Instead, to the degree that testosterone does affect CRT performance, 

focusing on potential moderators that drive this variability would seem to be of greater interest.  

Our results suggest two possible moderators. First, CRT performance in the three new 

experiments was relatively more similar to that in a large meta-analysis whereas CRT 

performance in NNZC was relatively more similar to that in the highest performing samples in 

prior research. It is therefore possible that testosterone causes impaired CRT performance only in 

high performing populations. Second, our results suggest that trait impulsivity may moderate the 

effect of testosterone on CRT performance with a potential negative treatment effect at lower 

levels of trait impulsivity and a potential positive treatment effect at higher levels of trait 

impulsivity. This finding may be related to recent work suggesting that trait impulsivity 

moderates the effect of testosterone on reactive aggression but with a positive treatment effect at 

lower levels of trait impulsivity and a negative treatment effect at higher levels of trait 

impulsivity (Carré et al., 2017; Geniole et al., 2019).  

It is perhaps of interest to consider these two possible moderators jointly and alongside 

prior work linking high CRT performance with low trait impulsivity (Frederick, 2005). 

Specifically, although trait impulsivity was not measured in NNZC, the participants in that 

higher performing sample may have been less impulsive and therefore more vulnerable to any 

negative effect of testosterone on CRT performance as compared to participants in the three new 

experiments. Nonetheless, this would suggest that testosterone causes impaired CRT 

performance only in populations low in trait impulsivity. 
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However, we urge due caution in interpreting our moderation results particularly given 

the number of experiments, the sample sizes of the experiments, and the number of moderator 

variables examined. We also note we examined the moderating effects only of variables studied 

either in NNZC or in testosterone research more broadly; other variables may moderate the effect 

of testosterone on CRT performance. Nonetheless, insofar as future research efforts continue to 

examine the effects of testosterone treatment on cognitive reflection – perhaps in search of such 

moderators – our results suggest something akin to a “one phenomenon, many labs” approach 

that features systematic variation of methodological difference variables and examines potential 

moderating effects of relevant variables in larger and more diverse samples seems necessary 

(McShane et al., 2019). 
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Figure 1. Primary Results. Point estimates are given by the circle; 50% and 95% interval 
estimates are given by the thick and thin lines, respectively. Estimates are based on models fit to 
data from each experiment separately and based on our primary meta-analytic model fit to the 
data from the experiments jointly (Tables S4-S5). 
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