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There is evidence that human-produced androstenes affect attitudinal, emotional, and

physiological states in a context-dependent manner, suggesting that they could be

involved in modulating social interactions. For instance, androstadienone appears to

increase attention specifically to emotional information. Most of the previous work

focused on one or two androstenes. Here, we tested whether androstenes affect

linguistic processing, using three different androstene compounds. Participants (90

women and 77 men) performed a lexical decision task after being exposed to an

androstene or to a control treatment (all compounds were applied on the philtrum). We

tested effects on three categories of target words, varying in emotional valence: positive,

competitive, and neutral words (e.g., hope,war, and century, respectively). Results show

that response times were modulated by androstene treatment and by emotional valence

of words. Androstenone, but not androstadienone and androstenol, significantly slowed

down the reaction time to words with competitive valence. Moreover, men exposed to

androstenol showed a significantly reduced error rate, although men tended to make

more errors than women in general. This suggests that these androstenes modulate the

processing of emotional words, namely some particular lexical emotional content may

become more salient under the effect of androstenes.

Keywords: 16-androstenes, lexical decision task, olfaction, emotions, humans

INTRODUCTION

Despite the conventional belief that olfaction is not as efficient and functional in humans as in other
mammals, humans have a very good sense of smell (Stoddart, 1990; Schaal and Porter, 1991; Wyatt,
2014;Wyatt and, 2015; McGann, 2017). Humans are reported to be able to discriminate one trillion
olfactory stimuli (Bushdid et al., 2014) and at best an innumerable amount of odors (Gerkin and
Castro, 2015). Humans use this sensory channel extensively and chemical communication plays
an important role in our everyday life, consciously or unconsciously. Odorants may induce basic
emotions: a sniff of lavender odor will activate the autonomic nervous system and elicit “happiness,”
while the odor of butyric acid will induce negative emotions such as “anger” and “disgust” (Vernet-
Maury et al., 1999). Odorants have an effect on taste perception by enhancing or suppressing
both sweet and sour tastes (Stevenson et al., 1999). Perhaps one of the most surprising ways by
which odorants influence human behavior is through the modulation of other sensory inputs. For
instance, we automatically adjust the spread of our fingers to match the size of an object when
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grasping. However, if we smell the odor of an orange when
grasping a strawberry the amplitude of our hand opening will
be larger than when the odor evokes an object of a similar
size as the target; conversely, if we smell the odor of a small
object (e.g., an almond) when grasping a large item (e.g., a
peach) the amplitude of hand opening is reduced (Castiello
et al., 2006). Odorants presented at a sub-threshold level, and
thus not consciously perceived, can affect visual processing by
facilitating the identification of an object in a complex scene that
is congruent with the odor (e.g., looking at the picture of an
orange among 12 other items after being exposed to orange odor;
Seigneuric et al., 2010).

Humans, as well as other animals, are constantly exposed
to olfactory stimuli in the environment, some of which may
modulate attitudes, behavior, and physiology. In particular, we
are regularly exposed to compounds produced by our own
body and those of others. Among these are 16-unsaturated C19
steroids (16-androstenes), which have been found in human
axillary sweat, saliva, semen, and milk (reviewed in Havlicek
et al., 2010). During the last couple of decades, studies have
focused on three of these androstenes supposedly produced
prevalently, or in greater amounts, by men: 5α-androst-16-en-
3-one (androstenone), 5α-androst-16-en-3α-ol (androstenol),
and 4,16-androstadien-3-one (androstadienone) (reviewed in
Havlicek et al., 2010; Wyatt and, 2015). This does not imply that
these androstenes are the only possible candidates for human
semiochemicals (cf. Wyatt and, 2015); yet, generally in laboratory
experiments, these compounds appear to play a significant role
in modulating human behavior, psychology, and physiology,
usually in a gender-specific manner (e.g., Gustavson et al.,
1987; Bensafi et al., 2003). For instance, androstenes increase:
(i) women’s ratings of attractiveness of both men and women
(Cowley et al., 1977; Kirk-Smith et al., 1978; Saxton et al., 2008;
but see Ferdenzi et al., 2016; Hare et al., 2017 where effects are
not gender-specific); (ii) positive mood (Jacob and McClintock,
2000; Jacob et al., 2002); and (iii) social interactions with the
opposite sex (Cowley and Brooksbank, 1991). Results are not
always consistent possibly because different compounds play
different roles, for example they might be involved in either
intersexual (i.e., in regulating attractiveness of men to women) or
intrasexual (i.e., in regulating male-male competition) processes
(Havlicek et al., 2010). In addition to effects on behavior, exposure
to androstenes may modulate physiological responses such as
variation in skin conductance, respiration rate and heart rate,
sometimes with opposite effects in men and women (Grosser
et al., 2000; Bensafi et al., 2003). Being exposed to one of the
commonly investigated androstenes, androstadienone, raises the
level of cortisol in women, a hormone linked to arousal andmood
(Wyart et al., 2007). If the chemistry of sexual attraction involves
states of mind, such as being relaxed, being in a good mood or
being open to men’s or women’s advances, then androstenes may
help in “setting the stage” for physical attraction. Yet, androstenol
and androstenone did not seem to increase female sexual arousal
in response to erotic prose (McCollough et al., 1981; Benton and
Wastell, 1986).

In the various experimental studies available in the literature,
only one or two of these androstenes have been tested with the

same protocol (reviewed in Havlicek et al., 2010).We thus believe
that it is important to test the effect of these three different
androstenes using the same experimental paradigm, in order to
assess their relative importance as potential chemosignals. In
the present study we investigated whether and how exposure
to androstenes may have an impact on linguistic processing.
Our rationale is based on previous studies showing that the
semantic value or the emotional valence of olfactory stimulations
can interact with lexical access. For instance, by using a lexical
decision task in the presence of an odor, Holland et al. (2005)
found that odors facilitated the recognition of odor-related words
in a lexical decision task (the possible effect of gender was not
tested). In a study manipulating the affective valence of stimuli,
Hermans et al. (1998) found that the response time to evaluate
words as “positive” or “negative” was shortened if preceded
by an affectively congruent odor compared to an affectively
incongruent odor. This result was only observed in female
participants, and interpreted by the authors as being related to
general gender differences in odor perception.

Recently, androstadienone has been suggested to specifically
increase attention to visual stimuli with emotional significance
(Hummer and McClintock, 2009). To our knowledge, this is
one of the few studies using, among other psychological tests, a
language paradigm, namely the “Stroop task” (Stroop, 1935; for
a review, see MacLeod, 1991) in which participants are required
to identify the ink color of written words. Naming response
(reaction) times are recorded. The Stroop effect occurs when
a psychological process (word reading) interferes with the goal
of the task (naming the ink color of words). In Hummer and
McClintock’s (2009) experiment, the emotional Stroop effect was
defined by calculating the difference between naming times of
the ink color of emotional words (positive or negative valence
such as holiday and pathetic) and of control pseudo-words. The
authors also compared matching and mismatching words (e.g.,
green written in green and green written in blue) to control
pseudo-words. Androstadienone slowed ink color identification
only for emotional words, both positive and negative, and the
effect was similar in men and women. The authors suggested a
selective effect of androstadienone on emotional attention, i.e.,
the lexical emotional content was more difficult to ignore when
exposed to androstadienone. This opens novel research questions
aimed at exploring the possible role of odor-active compounds,
and specifically of androstenes, in the modulation of linguistic
processes.

The aim of the present study was to investigate possible
interactions between androstenes and language by testing cross-
modal modulation between the presentation of androstenes and
the processing of words. In particular, we investigated whether
androstenone, androstenol, and androstadienone may affect the
processing of emotional words with a paradigm classically used
in psycholinguistic studies (e.g., Meyer and Schvaneveldt, 1971;
Neely, 1991; McNamara, 2005; Bueno and Frenck-Mestre, 2008).
In the lexical decision task, participants must determine whether
or not a letter string is a real word (for instance, in English:
boat vs. trui). Response times and errors are recorded. In our
experiment, three types of words were studied representing
three emotional conditions: positive emotion words (e.g., love),
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competitive emotion words (e.g., fight), and control, neutral
words (e.g., portion). We used positive and competitive words
because the effects of androstenes might be linked to positive
(intersexual) or competitive (intrasexual) cue processing. There
were three experimental groups of participants (exposed to either
androstenone, androstenol, or androstadienone) and one control
group (mineral oil), each of which composed of about half
women and half men (Table 1). All participants performed the
lexical decision task.

In the present study, participants were tested in the context
of the priming paradigm, generally used in a large variety
of circumstances (e.g., McRae and Boisvert, 1998; Plaut and
Booth, 2000; review in McNamara, 2005; Bueno and Frenck-
Mestre, 2008). In the experimental condition, participants are
exposed to a first event (the prime) that is supposed to facilitate
the recognition/categorization/naming (and more generally the
psychological or motor behavior) of a second one, the target,
whenever they are linked. In the control condition, this prime
is replaced by another prime not related to the target. If a
mental relationship exists between the prime and the target,
then the target is processed more rapidly in the experimental
condition. For instance, presenting a prime word such as doctor
facilitates (i.e., accelerates) the recognition of the target word
nurse (pinpointing the semantic proximity of these concepts
in memory), compared to the situation where the prime (e.g.,
window) is not related to the same target word nurse. The present
study falls into the framework of the semantic priming effect
since it compares the exposure to one event (the androstrene
treatment) and its effect on a target word.

We expected that exposure to androstenes would influence
processing of emotional words, and that these processing effects
might differ according to emotional valence of words (positive,
competitive, or neutral). In a lexical decision task, we recorded
response times (the latency to decide whether a sequence
of letters is a real word or not) and error rates (correctly
distinguishing between words and pseudo-words). In lexical
decisions, responses to positive stimuli are generally faster than
to negative stimuli (review in Kuperman et al., 2014).

We hypothesized that androstenes could act at two levels.
First, at the level of attentional processes. Knowing that
androstadienone enhances attention to emotional stimuli (e.g.,
Hummer and McClintock, 2009), we expected that androstenes
would increase attention to emotional words, compared to

TABLE 1 | Sample size and age of participants for the three androstene

treatments and one control group.

Treatment Number of participants Mean age (SD)

Women Men Women Men

Mineral oil(Control) 22 19 23.1 (6.0) 21.6 (2.0)

Androstenone 21 19 22.4 (2.8) 23.4 (4.7)

Androstenol 23 19 24.13 (4.8) 23.4 (3.7)

Androstadienone 24 20 21.4 (2.3) 21.3 (2.4)

Total 90 77

control words. Moreover, given that androstadienone enhances
the feeling of being focused (Lundström et al., 2003), we expected
that error rates in androstene-exposed groups would be lower
than in the control group.

The second level addresses the possible function of
androstenes in sexual selection. If androstenes are involved
in inter-sexual relationships, exposure to androstenes would
facilitate the processing of positive words. We would therefore
expect faster response time and lower error rates for positive
words compared to the other categories of words in androstene-
exposed participants. Moreover, if androstenes are involved in
intra-sexual processes, we would expect that the processing of
competitive words may be facilitated (faster responses, lower
error rate) compared to the other categories of words. Different
androstenes may differ in their effects; this is why it is important
to test different androstenes using the same protocol.

The effects of androstenes have been shown to be gender-
specific in some studies (e.g., Saxton et al., 2008) but not in others
(e.g., Ferdenzi et al., 2016). Therefore, we could not formulate
a clear prediction in this respect; however, we tested whether
the effects of androstenes on response time and error rates were
modulated by sex.

METHODS

Participants
A total of 171 adults participated in the experiment. Their age
ranged from 18 to 40 (mean ± SD = 22.75 ± 4.39 years, details
in Table 1). Participants were assigned to one of four groups (3
androstene treatments and 1 control, sample size in Table 1).
Among them, four were discarded from subsequent analyses:
one because she was aged more than 40 years; two because they
made more than 10% errors on the lexical decision task; and
one because 10% of his response times were outliers according
to the classical criterion used in studies dealing with this kind
of task (mean ± 2 SD; see details below). Thus, analyses were
performed on a sample of 167 participants (77 men and 90
women) who were mostly students enrolled at the University of
Paris 13, Sorbonne Paris Cité.

Overall, the percentage of women participating in this
study and taking hormonal contraceptives was 54.1%. The
percentage of women taking hormonal contraceptives did not
differ significantly among treatments (chi-square test: χ

2
3 =

1.575, P = 0.665): control group: 61.9%, androstenone: 45.0%,
androstenol: 61.9%, and androstadienone: 56.5%. Furthermore,
the phase of cycle in women who did not take hormonal
contraceptives did not differ among treatments, as we did not
find significant differences among the four treatment groups in
the time delay between the women’s last period and their date
of participation in the study [one-way Anova: F(3, 33) = 0.102,
P = 0.959].

Participants were remunerated with a 15-euro voucher at
the end of the experiment. Written informed consent was
obtained from all participants before testing. Data management
and experimental protocol have been approved by both digital-
data collection and French ethics committees [Commission
Nationale de l’Informatique et des Libertés (CNIL) and Comité
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de Protection des Personnes Ile de France X - Hôpital Robert
Ballanger, Aulnay-sous-Bois, respectively].

Chemicals
We prepared three test solutions of 16-unsaturated C19 steroids
(16-androstenes) and one control. Test chemicals were 5α-
androst-16-en-3-one (androstenone, SIGMA-Aldrich, France),
5α-androst-16-en-3α-ol (androstenol, Steraloids, U.S.A.), and
androsta-4,16-dien-3-one (androstadienone, Steraloids, U.S.A.)
dissolved in mineral oil (SIGMA-Aldrich, France) to obtain a
250µMsolution. This concentration was used in previous studies
of androstadienone (e.g., Jacob and McClintock, 2000; Saxton
et al., 2008), and when comparing effects of androstadienone
and androstenol (Jacob et al., 2002). Other studies have used
widely differing concentrations, including some with even higher
concentrations of androstadienone (Bensafi et al., 2004) and
several using lower concentrations for the stronger-smelling
androstenone and androstenol (reviewed by Havlicek et al.,
2010). Because it would be challenging to obtain perceptually
equivalent concentrations for each individual, given that there
are substantial individual differences in sensitivity to different
androstene compounds, we used the same concentration across
all three compounds. The control stimulus was mineral oil alone.

After the completion of the lexical decision task, we asked the
participants to indicate whether and how they had perceived the
smell of the substance (androstenes or mineral oil) on their upper
lip, using a score ranging from −2 to +2 (−2: very unpleasant;
−1: unpleasant; 0: neutral; +1: pleasant; +2: very pleasant).
A statistical comparison of these scores revealed no significant
differences in the perception of the substances among the 4
treatment groups (Kruskal Wallis H test: χ2

3 = 2.397, P = 0.494).

Linguistic Material
Three categories of real words were used: 15 words with
emotional positive value (e.g., kindness, mean frequency of
positive words= 50.00 per million, SD= 66.03; mean length, i.e.,
number of letters = 6.53, SD = 1.68), 15 words with emotional
competitive value (e.g., fight, mean frequency = 40.96, SD =

93.14; mean length = 5.06, SD = 2.07), and 15 neutral words
(e.g., portion, mean frequency = 35.96, SD = 61.10; mean length
= 5.93, SD = 1.87). The three categories of words did not differ
significantly in frequency, i.e., in the occurrence per million
words used [one-way Anova: F(2, 37) = 0.173, P = 0.842] or
in length [i.e., in the number of letters: F(2, 37) = 1.090, P =

0.347]. The list of words is available as Supplementary Material.
Furthermore, the correlation between number of letters and
number of phonemes in French words is significantly high (r =
0.77; New et al., 2001). To avoid the possibility that participants
might become aware that they were tested on the valence of
words, 45 “filler” words were added. Filler words were neutral
and were controlled for frequency and length. In order to have
the same amount of “yes” and “no” answers (so to avoid possible
answering strategies), 90 pseudo-words were created based on
legal French letter strings (New et al., 2001). Half of the items
were real (French) words and half were pseudo-words (e.g.,
patrule). The resulting list of words was composed of 180 items
in total.

Two preliminary tests assessed the valence of the words used
in the lexical decision task, one for selecting the positive and
neutral words (pre-test 1), and one for selecting the competitive
words (pre-test 2). Forty-eight participants were recruited for
pre-test 1, and 42 additional participants for pre-test 2. To select
the neutral and positive words, 220 words were rated. To avoid
fatigue, each participant was asked to judge the emotional valence
of 110 words on a scale ranging from −3 (very negative) to +3
(very positive), with 0 being considered neutral. Two series of 110
words were created. To avoid a rank effect, three orders of these
words were created for each series, yielding six lists. Participants
were allocated to one of these lists. For pre-test 2, aiming at
selecting the competitive words, participants judged how much a
word would refer to a competitive situation using a scale ranging
from 0 (no competition) to 10 (very competitive situation). Here,
a total of 30 words were pre-tested and three different orders of
these words were created.

For the positive emotional words, we selected the 15 words
that had the highest score according to the pre-test results.
Similarly, for neutral words we selected 15 words with a value
of 0. Selected competitive words were the 15 highest rated words
on the 10-point scale. This selection procedure allowed selecting
words for which the judgment reached 75% of agreement among
the raters.

Procedure
Each participant entered a quiet experimental room individually,
a male experimenter gave the participant the informed consent
document to read and complete. Participants were pseudo-
randomly allocated to one of the four experimental groups
by trying to balance the number of men and women in
each group. Afterwards, the experimenter applied 100 µL of
solution (either one of the three androstene solutions or the
control) to the philtrum of the participant using a cotton swab.
Participants did not begin the experimental session until 10min
after the administration of the solution. During this interval, the
participant completed a questionnaire about general background
information (e.g., gender, age) and was given instructions about
the forthcoming computer task.

Each participant then completed the lexical decision task on
a computer, while seated on an office chair in the experimental
room. Participants were asked to decide, as quickly and accurately
as possible, whether the letter string appearing on the computer
screen was an existing word or not, by pressing a key (designed
as “yes” or “no”) on the computer keyboard. A sequence
was composed of three events: a blank screen for 2 s, then
12 hashmarks for 500ms in the middle of the screen, and
finally the target item, which remained on the screen until the
decision was made. The DMDX software (Forster and Forster,
2003) was used to control word display, recording of response
times (i.e., the latency to make a decision whether a sequence
of letters constitutes a word) with millisecond accuracy, and
the occurrence of errors (false negatives, i.e., a real word was
classified as a pseudo-word by the participant answering “no”).
False positives, i.e., cases where pseudo-words were incorrectly
considered as a word were rare and not taken into account for
further analyses. Prior to the task, participants performed a short
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training session on a few items. In total, the experimental session
lasted about 30min, during which the experimenter remained in
the room seated quietly in a corner far from the computer.

Statistics
The word ring (belonging to the category of words with
competitive valence) was excluded from statistical analyses
because of the high error rate participants made with respect to
this word (33% of errors). During manuscript revision, we also
excluded the words champion and victory from analyses. These
words belonged to the competitive valence group, but may entail
elements of positive valence. These exclusion criteria reduced the
number of words with competitive valence from 15 to 12. An
analysis based on the complete list of competitive words (n= 15)
gave substantially the same results.

Statistical analyses were performed with R, version 3.4.1
(R Core Team, 2017). Data were analyzed by multifactorial
(generalized) linear mixed-effects models, using the R package
lme4 (Bates et al., 2015). Models included two random (intercept)
factors: Individual (subject) identity was included to account for
repeated measurements of subjects across words with different
valence within each treatment. Furthermore, the identity of
the words (in total: 42 different words) was included as a
random factor in order to account for potentially different
responses (in response time or in error probability) to these
words.

We analyzed the effects of three independent (predictor)
variables: treatment (factor with 4 levels), sex (factor with 2
levels), and valence (factor with 3 levels) on the dependent
variables: (a) response time (continuous variable) and (b)
the occurrence of errors (false negatives) in determining
the existence of a given word (dichotomous variable). The
analysis of response time was carried out by multifactorial
linear mixed-effects models (LMM). To this end, the variable
“response time,” which showed a right skewed distribution,
was log[x]-transformed to adjust its distribution to normal.
The analysis of occurrence of errors (hereafter referred to
as “error rate”) was carried out by multifactorial generalized
linear mixed-effects models (with a logit link) for binomially
distributed data (GLMM). P-values for LMM were calculated
by F-tests based on the Satterthwaite’s approximation (Bolker
et al., 2009). P-values for GLMM were calculated by Wald
chi-square tests. For LMM, we checked for homogeneity
of variances by plotting residual vs. fitted values, and
we verified that model residuals were well-adjusted to a
normal distribution by normal probability plots (Faraway,
2006).

Full models included 3-way and all 2-way interactions
between the three independent (predictor) variables: treatment,
sex, and valence (Table 2). We present minimal adequate models
with respect to interaction terms (Crawley, 2007); that is,
non-significant interaction terms were step-wise removed from
the models before these were recalculated; however, the P-
values of the last step prior to removal from the models are
given in the tables (Tables 2–4) for completeness. In addition,
we applied likelihood ratio tests (Faraway, 2006) by which
we compared the full models with less parameterized models

TABLE 2 | Effects of different predictor variables including their interactions on the

response time (latency) of participants to decide whether the letter string was an

existing word or not, and the occurrence of false negatives in this decision.

Predictor Response timea Error probabilityb

F df P χ
2 df P

Treatment T 0.391 3 0.759c 1.511 3 0.679c

Sex S 0.332 1 0.565c 0.020 1 0.887c

Valence V 1.160 2 0.325c 5.587 2 0.061c

T × S 2.049 3 0.110d 8.581 3 0.035c

T × V 2.719 6 0.012c 1.565 6 0.955d

S × V 4.029 2 0.018c 1.345 2 0.510d

T × S × V 0.994 6 0.427d 5.738 6 0.499d

Response times (dependent variable) with respect to existing words were considered

for this analysis. The occurrence of errors (yes/no) was used as a dependent variable

in the error probability analysis. During the procedure, participants were exposed to

control (mineral oil) or to one of three androstene treatments. Valences of words were

categorized as neutral, positive and competitive. Significant effects are highlighted in bold;

post-hoc comparisons are shown in Tables 3, 4 and in Figures 1–3. Analysis by linear

mixed-effects modelsa and generalized linear mixed-effects models for binomial datab.

Models included subject identity and word identity as random factors. Reaction times

were log-transformed for analysis to adjust them to a normal distribution. P-values were

calculated by corrected F-tests (Satterthwaite approximation)a and by Wald chi-square

testsb. Non-significant interactions were stepwise removed from the models before these

were re-calculated. Thus, non-significant interaction terms provided in the table (d ) are

not part of the final model (c). See more details on model selection in Table S1 in the

supplementary material.

excluding one of the interaction terms (see Tables S1, S2 in
the supplementary material). The aim of this analysis was to
identify interaction terms, which did not provide significant
information to the model and thus could be excluded. These
additional analyses provided the same results as our model
selection strategy of a stepwise removal of interaction terms via
F-tests based on the Satterthwaite’s approximation, as presented
in Tables 2–4.

For significant interaction terms including “treatment,” we
carried outmultifactorial post-hoc analyses based on comparisons
between the different androstene treatments and the control
treatment (Tables 3, 4). Pairwise post-hoc comparisons after
significant LMM (Figures 1, 2) and GLMM (Figure 3) were
carried out using the same principal model, respectively—
although based on a subset of the data. Alpha levels of these
multiple comparisons (Figures 1–3) were Bonferroni corrected
by a sequential correction following the methods as described in
Holm (1979).

As usual with analysis of response time data, outliers might
result from distraction, boredom, tiredness or similar factors, and
were consistently removed from the dataset (e.g., Holland et al.,
2005; Bueno and Frenck-Mestre, 2008). Outliers were identified
as those response times over 2 standard deviations from the
mean, with limits separately calculated for each treatment,
gender, word valence and participant (Ratcliff, 1993; Baayen and
Milin, 2010). Overall, 5.1% of the data were excluded as outliers
from the analysis of response times. However, an analysis based
on the full data set including these outliers gives very similar
results.
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TABLE 3 | Post-hoc analyses to the significant interaction between treatment and valence with respect to participants’ response times.

Predictor Androstenone vs. control Androstenol vs. control Androstadienone vs. control

F df P F df P F df P

Treatment T 0.098 1 0.764a 0.312 1 0.572a 0.132 1 0.717a

Valence V 1.313 2 0.280a 0.359 2 0.700a 0.312 2 0.741a

T × V 6.884 2 0.001a 1.634 2 0.195b 2.525 2 0.080b

Overall analysis is reported in Table 2. Significant effects are in bold; further post-hoc statistics can be found in Figure 1. Analysis by linear mixed-effects models including subject

identity and word identity as random factors. Reaction times were log-transformed for analysis to adjust them to a normal distribution. P-values were calculated by corrected F-tests

(Satterthwaite approximation). Non-significant interactions were stepwise removed from the models before these were re-calculated. Thus, non-significant interaction terms provided in

the table (b ) are not part of the final model (a). See more details on model selection in Table S2 in the supplementary material.

TABLE 4 | Post-hoc analyses to the significant interaction between treatment and sex with respect to participants’ error probability.

Predictor Androstenone vs. control Androstenol vs. control Androstadienone vs. control

χ
2 df P χ

2 df P χ
2 df P

Treatment T 0.305 1 0.581a 0.863 1 0.353a 1.381 1 0.240a

Sex S 3.396 1 0.065a 3.144 1 0.076a 3.494 1 0.062a

T × S 0.812 1 0.368b 7.306 1 0.007a 2.288 1 0.130b

See overall analysis in Table 2. Significant effects are in bold; further post-hoc statistics can be found in Figure 3. Analysis by generalized linear mixed-effects models for binomial data

including subject identity and word identity as random factors. P-values were calculated by Wald chi-square tests. Non-significant interactions were stepwise removed from the models

before these were re-calculated. Thus, non-significant interaction terms provided in the table (b ) are not part of the final model (a ). See more details on model selection in Table S3 in

the supplementary material.

FIGURE 1 | Response times (means with 95% confidence intervals) of subjects (n = 167) to words with neutral, positive, and competitive valence while exposed to

(A) control (mineral oil) or to (B–D) one of three androstene treatments. Significant differences based on pairwise comparisons (after sequential Bonferroni correction:

Holm, 1979) between words with different valence are indicated by different letters. Sample sizes of presented words are given; see also Tables 2, 3.

RESULTS

Response Times
Multifactorial analysis revealed no significant 3-way interactive
effects between androstene treatment, valence of words, and
sex on the response time of subjects (Table 2). However, the
significant 2-way interaction between treatment and valence

(Table 2) indicatesmodulating effects of androstene treatment on
the reaction time to words with different valence, independently

of the participants’ gender. Post-hoc comparisons, given in

Table 3, showed that such a significant modulation occurred only

under androstenone treatment: subjects showed significantly

longer response times when dealing with words with competitive

valence compared to words with positive valence, whereas
response times to both groups of words did not differ significantly
from words with neutral valence (pair-wise comparisons in
Figure 1B). Additional, pair-wise comparisons between control
treatment and androstenone treatment revealed that response
times to words with positive valence were significantly shorter
in the androstenone group than in the control group [LMM:
F(1, 1,127) = 9.430, P = 0.002]; whereas response times to words
with neutral or competitive valence did not differ significantly
between mineral oil (control) and androstenone treatment (all
P > 0.10; see Figure S1 in the supplementary material).

Furthermore, in the overall analysis, the significant 2-
way interaction between sex and valence of words indicates
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that women and men generally showed significantly different
patterns in their response times, independently of the treatment
(Table 2). Post-hoc comparisons revealed that women had
significantly longer response times when dealing with words
with competitive valence than with words with positive valence,
whilst response times associated to words with neutral valence
did not differ significantly from the two latter groups (statistics
in Figure 2A). In contrast, men did not differ significantly in
their response times with respect to words with different valence
(Figure 2B).

FIGURE 2 | Response times (means with 95% confidence intervals) of (A)

women (n = 90) and (B) men (n = 77) to words with neutral, positive, and

competitive valence. Significant differences based on pairwise comparisons

(after sequential Bonferroni correction: Holm, 1979) between words with

different valence are indicated by different letters. Sample sizes of presented

words are given; details on statistics in Table 2.

Error Rates
We did not find a significant 3-way interaction with respect
to the occurrence of errors in correctly determining whether
a string of letters constituted an existing word (Table 2).
However, there was a significant 2-way interaction between
sex and treatment, indicating that sex-specific error rates were
modulated by exposure to particular androstenes, independently
of the valence of the words (Table 2). Post-hoc comparisons (in
Table 4, Figure 3B) revealed that men exposed to androstenol
made significantly fewer errors compared to men under control
treatment, whereas there were no significant differences in error
rates between the control and any other treatment (Figure 3B).
In contrast, there were no such statistically significant differences
between the control group and the different androstene
treatments in women (Figure 3A). Overall, none of the applied
androstene treatments significantly affected women’s error
rates.

Furthermore, gender-specific post-hoc comparisons revealed
that men showed significantly lower error rates (by 1.58%
lower) than women after androstenol treatment (GLMM: χ

2
1

= 4.184, P = 0.040) but tended to show higher error rates in
comparison to women (by 1.76% higher) in the control group
(χ2

1 = 3.030, P = 0.082; see Figure S2 in the supplementary
material). There were no statistically significant differences or
trends indicating differences in error rates between women and
men after the treatment with androstenone or androstadienone
(both P > 0.10).

There was also a statistical tendency of a main effect of valence
(Table 2). Post-hoc comparisons revealed that the overall error
rate for words with competitive valence (3.48%) was higher than
for words with positive valence (1.26%) (GLMM: χ

2
1 = 5.463,

P = 0.019). Words with neutral valence were associated to an
intermediate error rate (2.6%), which did not differ significantly

FIGURE 3 | Error rates of (A) women (n = 90) and (B) men (n = 77) in distinguishing words when exposed to control (mineral oil) or one of three androstene

treatments. Significant pairwise comparisons (post-hoc to significant general differences, see Tables 2, 4; sequential Bonferroni correction: Holm, 1979) between

different treatment groups are indicated by asterisks (**P < 0.010). Sample sizes of presented words are given.
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from the two other groups (neutral vs. positive: χ2
1 = 2.811, P =

0.094; neutral vs. competitive: χ2
1 = 0.566, P = 0.452).

DISCUSSION

In this study we used a lexical decision task to investigate
the possible effect of exposure to 16-androstenes on language
processing. Slower responses in the task indicate increased
attentional allocation to the presented words. We tested the
effects of three androstenes most commonly used in previous
research: androstenone, androstenol and androstadienone.
Previous studies typically used only one of these compounds in
a given experimental paradigm (e.g., Hummer and McClintock,
2009), which precludes the possibility to determine whether
reported effects are elicited by any androstene or whether they
are compound-specific (Havlicek et al., 2010). We compared
effects of these androstene compounds on three categories
of target words. We had three emotional conditions: positive
emotion words, competitive emotion words, and control words.
Our results show that priming of distinct androstene compounds
had different effects on linguistic processes. We report two main
findings. First, we analyzed the response time of participants in a
lexical decision task, i.e., the latency to make a decision whether
a sequence of letters is a real word or not. We show a modulating
effect of one androstene on response time to words with different
valence: androstenone differentially altered the response time
of words with competitive and positive valence, independently
of the participants’ gender (Figure 1). Both men and women
exposed to androstenone were slower when presented with
competitive words than with positive words. This effect was not
observed for the other two compounds, suggesting a compound-
specific effect on semantic processing. When comparing the
androstenone-exposed group and the control group (exposed
to mineral oil), we observed that, for both sexes, the response
time to positive words was faster in the androstenone group
(Figure S1). Second, we analyzed the occurrence of errors (false
negatives, i.e., a real word was not identified as such). Here,
we observed gender-specific errors modulated by a different
androstene: men exposed to androstenol made significantly
fewer errors compared with those in the no-odor control group
(Figure 3). Such an effect was not observed in women.

These results support the hypothesis that androstenes
modulate attentional processes. Several studies suggest that
attention is disengaged more slowly from negative stimuli
than from positive ones and the consequence of this delayed
disengagement is slower responding in lexical decisions (review
in Kuperman et al., 2014). Our results that exposure to
androstenone induced a slower response time to competitive
words compared with positive (but not neutral) words is in
agreement with these findings. Slower response times may
indicate greater allocation of attentional resources toward
emotional information contained in this category of words,
which hold attention longer. This might be important in the
context of partner choice and/or intrasexual signaling. However,
our predictions stemming from the sexual selection hypothesis
were not verified.

Regardless of treatment, women were overall slower to react
to competitive than positive (but not neutral) words (Figure 2);
women may particularly attend to competitive words because
they reveal something about male competitive attitude (where
high competitiveness is desirable), or alternatively because
the use of competitive words in a conversation might reveal
high dominance or aggressiveness in men, characteristics that
may be undesirable for long-term relationships (Puts et al.,
2012; Valentine et al., 2014). It appears that androstenone
accentuates the impact of emotional information conveyed by
words because positive words, which in general elicit lower
response time (Kuperman et al., 2014), were identified even faster
under androstenone exposure compared to exposure to control
(Figure S1).

A different androstene had an effect on error rates, and this
effect was sex-specific (Figure S2). Men exposed to androstenol
made fewer errors than controls (Figure 3), thus appearing
more focused on the task under this prime. This could be the
effect of general arousal and/or feeling in a competition context
when perceiving certain 16-androstenes. Indeed, previous studies
showed that men avoid sitting on chairs that were treated with
androstenone in a waiting room (Kirk-Smith and Booth, 1980;
Pause, 2004) and exposure to androstenol made men consumers
evaluate male magazines as more masculine (Ebster and Kirk-
Smith, 2005). Interestingly, the effect of androstenol was sex-
specific in a study showing that men avoided androstenol-
sprayed stalls in restrooms while women showed no preference.
This was interpreted as supporting the idea of androstenol as
“human spacing signal,” which would be relevant particularly in
male-male competition (Gustavson et al., 1987). Although the
effects of androstenes on, for instance, ratings of attractiveness
appeared to be gender-specific in some studies (e.g., Cowley et al.,
1977; Kirk-Smith et al., 1978; Saxton et al., 2008) but not in
others (Ferdenzi et al., 2016; Hare et al., 2017), our results are
partially consistent with studies in which sex differences have
been described in semantic processing and in priming processes.
Using event-related potentials, for example, Wirth et al. (2007)
showed that women and men differ in the depth of semantic
elaboration and integration; in general, women appear to conduct
a deeper semantic analysis than men. However, gender-specific
effects might be amplified when women participants face a male
experimenter, or vice versa. The effects of androstenes have
indeed been shown to be context-dependent, the reactions of
women being more prevalent in presence of a male experimenter
(Jacob et al., 2001; Lundström and Olsson, 2005). Future research
in this area should consider systematic counterbalancing of the
experimenter’s gender.

In our dataset, androstadienone exposure did not induce
statistically significant effects, despite it being a widely used
and “popular” compound (see Wyatt and, 2015), which is
often associated with changes in behavior. Several studies
suggest that androstadienone enhances women’s feeling of being
focused and modulates positively psychological arousal and
mood (Lundström et al., 2003; Lundström and Olsson, 2005).
In particular, Hummer and McClintock (2009) obtained positive
results using the Stroop task (see introduction). The difference
between the current and these previous studies might be due
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to the fact that the information processing strategy needed for
lexical decisions is different from that underlying identification
(reading aloud) of words (Schmidt et al., 2013). Furthermore,
although we tested the responses to differently valenced words in
the same participants, tests of the effects of treatment (exposure
to one of three different androstene compounds or mineral
oil control) were carried out between-subjects. Further tests of
compound-specific effects might benefit from exposing the same
participants to the different odor compounds. Although Holland
et al. (2005) have shown an effect of odor priming on linguistic
and other overt and covert behavioral processes, the present study
investigated such effects using three distinct human-produced
odorant androstenes. The priming effect induced separately by
two of these androstenes had an influence on the response
times (or error rate) to the subsequent linguistic material,
thus confirming a direct link between chemo-perception and
activation of high-level integration processes such as memory
and language comprehension. Further steps should involve
investigating the effects of androstenes in experiments using
larger linguistic units such as sentences. If androstenes can
truly affect behavior, their effects should be revealed in the
processing of sentences describing obviously conflicting or
positive situations, for instance. We thus expect that androstenes
would also modulate response times in complex linguistic tasks.
Another point open to future enquiry relates to the fact that
these androstenes are emitted as mixtures in human body
secretions/excretions. Thus, another step would be to assess the
priming effects ofmixtures of androstenes, possibly in the context
of other odor-active compounds of body odor headspace.

In conclusion, whole body odors, including axillary odor,
have been shown to influence a range of human judgments,
attitudes and behaviors, just as they do in other animals (e.g.,
Gosling and Roberts, 2001; Wyatt, 2014). There is currently
uncertainty concerning the nature of the odorants conveying
such effects, and individual androstenes have been intensively
assessed for their particular and specific influence on behavior
(Havlicek et al., 2010; Wyatt and, 2015). We concede that
androstenes are just one set of compounds within a much larger
and complex mixture (e.g.,Curran et al., 2005; Gallagher et al.,
2008; Dormont et al., 2013), and therefore we do not wish to
make claims about whether the effects reported in the literature
are exclusively produced by androstenes. Other types of odorants
present in the body odor mixture need indeed to be tested.
However, androstene compounds certainly contribute to axillary
odor profiles and could therefore provide functional cues (or

even signals) that are used in inter-individual assessment. Our
results are consistent with other studies in showing that they elicit
measurable behavioral effects, and suggest some androstenes at
least have the potential to make a contribution to the effects
seen using whole body odor. Furthermore, because we set out
to compare effects of three different androstene compounds,
and in view of the results in which we find compound-specific
effects, it is possible that individual androstene compounds (or
their relative concentrations) may have functional effects in
modulating social interactions. Androstenes, which are produced
in higher quantities in males, might be involved in intersexual
and intrasexual communication (Pause, 2012; Lübke and Pause,
2015), and particularly in modulating responses to words in
social contexts that are associated with specific emotions.
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