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The present study used an intensive longitudinal design to examine whether mental rotation performance
varies according to a monthly cycle in both males and females and whether these variations are related to
variations in progesterone, estradiol, and testosterone levels. We collected reaction time and accuracy data
for 10 males and seven females each workday over eight weeks using 136 pairs of mental rotation stimuli/
day, and measured sexual hormones concentrations in the saliva twice a week. A mixed linear model statis-
tical analysis revealed that all females and seven males showed significant cycle effects in mental rotation
performance. The female cycle showed an amplitude that was twice as large compared with the amplitude
found in males. For males and females, estradiol and testosterone were significantly linearly and quadratically
related to interindividual variation in performance at the beginning of the study (progesterone was linearly
related to performance for females). The association between testosterone and performance differed across
sexes: for males, it had an inverse U-shape, for females it was U-shaped. Towards the end of the study, none
of the hormones were significantly related to performance anymore. Thus, the relationship between hor-
mones and mental rotation performance disappeared with repeated testing. Only estradiol levels were signif-
icantly elevated at the lowest point of the cycle in mental rotation performance in females. In conclusion, in
this intensive longitudinal study spanning two months, a monthly cycle in mental rotation performance
was found among both males and females, with a larger cycle's amplitude for females.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Mental rotation (i.e., the ability to rotate mental representations of
two- or three-dimensional objects; Johnson (1990), Shepard and
Metzler (1971)) is a task that consistently presents large sex differences
in performance, especially formore complex stimuli. Indeed,mean differ-
ences in performance in favor of males are often found to be larger than
half a standard deviation for three-dimensional mental rotation tasks
(Geiser et al., 2008a; Linn and Petersen, 1985; Masters and Sanders,
1993; Ocklenburg et al., 2011; Voyer et al., 1995), and these differences
already exist at an early age (Moore and Johnson, 2008; Titze et al., 2009).

Sex steroids (hormones) influence, at least in part, sex differences in
spatial abilities and, more specifically, in mental rotation (Hausmann,
2010; Hines, 2010; Jancke and Jordan, 2007; Kimura, 1996). This influ-
ence begins during early phases of development (e.g., McCarthy et al.,
2009), and persists throughout life (e.g., Gouchie and Kimura, 1991;
University, 33 Kirkland Street,

urvoisier).
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Liben et al., 2002; Vuoksimaa et al., 2012). Administration of sex hor-
mones may increase performance (Stangl et al., 2011). Longitudinally,
there is also a relationship between levels of menstrual cycle hormones
and performance in cognitive tests (for an overview, see Hausmann et
al., 2009). Females show lower mental rotation performance during the
follicular or midluteal phase, which corresponds hormonally to high es-
trogen and progesterone levels, and higher scores during menses (the
menstruation phase) corresponding to low estrogen and progesterone
levels (Hampson, 1990; Maki et al., 2002; Moody, 1997; Philips and
Silverman, 1997; Schöning et al., 2007; Silverman and Phillips, 1993).

Testosterone has also been associated with mental rotation perfor-
mance (Hooven et al., 2004; Thilers et al., 2006), but the form and direc-
tion of the association have been inconsistent across studies. Some have
reported a positive relationship (the higher the testosterone level, the
higher the performance; e.g., Hausmann et al., 2009, 2000), whereas
others have found the relationship to follow an inverted U-shape, with
best performance occurring when testosterone is neither too low nor
too high (O'Connor et al., 2001) or found a negative relationship
(Vuoksimaa et al., 2012). Recent work by Celec, Ostatnikova, and col-
leagues suggests that cyclic variations in mental rotation performance
may also exist formales due to a circatrigintan (i.e., 30 days) testosterone
rhythm (Celec et al., 2003; Ostatnikova et al., 2010).
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Other studies found no significant relationship between the perfor-
mance on spatial tasks and hormonal fluctuations during themenstrual
cycle (Epting and Overman, 1998; Gordon and Lee, 1993; Halari et al.,
2005; Peters et al., 1995; Puts et al., 2010; Rosenberg and Park, 2002),
or between performance in a mental rotation task and testosterone
(Burkitt et al., 2007; Puts et al., 2010). One possible explanation is that
mental rotation performancemay depend on interindividual variations
in sex hormones (i.e., a woman with higher testosterone may perform
better than a womanwith less testosterone), but not on intraindividual
differences (i.e., the same woman's performance may not change even
when her level of testosterone is higher).

The purpose of the present study was twofold. In order to study po-
tential cyclic variations in mental rotation performance and their rela-
tion to hormone levels within individuals, we employed an intensive
longitudinal design. In this design,wemeasuredmental rotation perfor-
mance every weekday (except weekend days) over eight weeks in sev-
eral male and female participants. Sex hormones were measured twice
aweek over the same period. This procedure allowed us to examine, for
each individual, whether mental rotation performance shows intra-
individual cyclic variations and how these variations relate to actual
hormone concentrations.

The second purpose of this study was to examine whether the in-
fluence of hormones on mental rotation performance changes over
the course of repeated testing. Mental rotation skills are highly train-
able (e.g., Heil et al., 1998; Kass et al., 1998) and performance can be
substantially improved by repeated administration of similar stimuli
(Geiser et al., 2008b; Jordan and Wuestenberg, 2010). Likewise, a
study examining knot tying performance under laparoscopy showed
that the impact of camera angle was less important for experienced
surgeons than for novice surgeons (Conrad et al., 2006). It is therefore
interesting to study whether the impact of hormones on performance
is attenuated by repeated exposure to mental rotation tasks. To our
knowledge, no studies so far have examined whether the influence
of sex hormones on mental rotation performance changes when
mental rotation abilities are subject to intensive testing. In the present
study, we therefore examined the effect of sex hormones on intra-
and interindividual differences both at the beginning and at the end of
the 8-week period to test whether the influence of hormones onmental
rotation performance is attenuated as participants become more and
more experienced with the task.

In summary, the present study tested the following hypotheses:
We expected that cyclic variations in performance would be found
in both sexes, with the male cycle corresponding to a monthly
rhythm influencing testosterone levels in males (Celec et al., 2003)
and the female cycle corresponding to the menstrual cycle. Perfor-
mance in males was hypothesized to be positively associated with
testosterone levels. In females, we hypothesized that phases of low
performance would be associated with higher levels of estrogen, pro-
gesterone and testosterone.

With regard to training effects due to intensive repeated testing,
we hypothesized that the influence of hormones on performance
would become less important over the course of the study such that
there would be significant relationships between hormones andmen-
tal rotation performance at the beginning, but not at the end of the
study.

Method

Participants

Nineteen individuals (10 men and 9 women) working at a Swiss
University were recruited for this experiment. None of the partici-
pants used any neuroactive or hormone substances, or medications
(including contraceptives). All women reported having a regular
menstrual cycle (between 26 and 30 days). One participant withdrew
from the study and another participant became pregnant and was
excluded from the study. Thus, the final sample comprised 17 (7 females
and 10 males) participants. The mean age of the final group was
26.8 years (SD=4.1, range=23–37 years). The mean number of days
per subject on which the mental rotation task was performed was 34.8
(SD=7.2, range=19–43).

Procedure and materials

Participants were asked to do a mental rotation task (details are
given below) each weekday (except weekends) for eight weeks in
order to hit and follow at least one menstrual cycle. All participants
took the test in the morning. They performed a 10–15 minute mental
rotation task with perspective drawings of three-dimensional block
objects. In addition, participants provided saliva samples two times
per week at 3–4 day intervals in order to determine the concentra-
tion of testosterone, progesterone, and estradiol. The saliva samples
were taken just before and immediately after the mental rotation
task to improve the quality of the sample. Participants were informed
about the purpose of the study. The ethics committee of the Depart-
ment of Psychology, University of Geneva, approved the research,
and informed consent was obtained from all participants.

Mental rotation task

At each trial two three-dimensional cube constructions similar to
the mental rotation stimuli developed by Shepard and Metzler (1971)
were presented on a computer screen. Each test stimulus represented
a pair of two objects composed from cubeswith different angles of rota-
tion between them. Each object was a) made from 10 single cubes, b)
contained two arms with three single cubes, c) and the arms pointed
to different directions (for a detailed description of the stimuli, see
Paschke et al., 2012). Any stimulus in which some parts of the object
could occlude other parts was excluded. Moreover, the objects could
be identical ormirror images of each other. Cubeswere drawnwith per-
spective and shade. Participants had to decide if the two objects were
identical in shape or mirror images of each other. In each session, 136
pairs of stimuli (72 test and 64 control stimuli) were randomly drawn
from an item pool, which comprised a total of 544 stimuli. This was
done in order to minimize memory effects that may occur over the
course of an intensive longitudinal study. Otherwise, participants may
just retrieve repeatedly administered stimuli from memory rather
than actually perform mental rotations after they have been exposed
to the same stimuli for some time (Heil et al., 1998). Control stimuli
were similar to test stimuli. They also could be either identical or mirror
images, but had no angular disparity. Rotation was realized in steps of
20°, resulting in 10 different angular disparities from 0 to 180°, includ-
ing the controls. Participants were instructed to respond as quickly and
accurately as possible, but no time limit was given. A pair of stimuli
appeared simultaneously after a warning prompt (a cross in themiddle
of the screen), then disappeared as soon as the participant pressed the
button, followed by a one second break, until the next warning prompt
appeared automatically. Participants did not receive any feedback dur-
ing or after the test.

Response time was measured for each presentation of stimulus
pairs and for each participant. Due to numerous outlying reaction
times and large number of inaccurate answers, the first two days
were considered as “warming-up” sessions, and data from these
two days were discarded for all participants. Median response time
on correct items was then obtained for each angular disparity (from
0 to 180° by 20° increment) and for each type of stimulus (same vs.
mirror image), yielding 20 measures per participant per time point.
Even though taking the median response time removed potential out-
liers, the data still showed a higher variability for higher RTs. Thus,
the logarithm of the median response time was used which greatly
reduced issues of heteroscedasticity. Furthermore, due to possible dif-
ferences in participants' choices between precision and rapidity, we
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penalized the (log) median reaction time by the number of errors.
Performance was thus assessed as the logarithm of the median re-
sponse time, penalized by the number of incorrect responses (PMT)
over the session (lower PMT means better performance):

PMT ¼ ln median:time� 1þ nb:incorrect:item
nb:item

� �� �
:

Note that separate analyses of reaction times and of accuracy
scores yielded similar results.

Hormone samples

Saliva samples were stored at −22 °C until all participants had
completed the experiment. For the analysis, the two samples taken
just before and immediately after each mental rotation test were
mixed to provide more reliable samples. Free estradiol, progesterone,
and testosterone concentration levels were determined with Chemi-
luminescence Immunoassay (LIA) using commercially available LIA
kits. For estradiol, intra-assay coefficients of variations (CVs) were
7.2% and 13.3%, the inter-assay CVs were 11.9% and 14.8%, for high
and low estradiol samples, respectively. For testosterone, intra-assay
CVs were 3.01% and 1.47%, inter-assay CVs were 4.04% and 6.96% for
high and low testosterone samples, respectively. Similarly the intra-
assay CVs for progesterone were 2.3% and 6.0% for high and low pro-
gesterone samples, the inter-assay CVs varied between 8.4% and
18.8% for high and low progesterone samples respectively.

Statistical analysis

To examine the influence of item characteristics (angular disparity
and same vs. mirror image items), time characteristics (learning
curve, correlation between measures across time, and cycle effect),
and participant characteristics (sex) on mental rotation performance,
we used linear mixed models. Additionally, all analyses were adjusted
for an indicator variable with value 1 if the participant had done the
experiment the day before, as more recent experience may increase
performance. Analyses were performed using R software v.2.14.0,
nlme package (R Development Core Team, 2011).

In a first step, we fitted a linear mixed model for each participant.
With respect to item characteristics, we supposed that PMT increased
quadratically with angular disparity with a larger increase in PMT for
small angles than for large angles.We also examined the type of stimuli
(same vs. mirror image) and the condition (test vs. control stimuli).
With respect to learning curves, we hypothesized that the PMT should
decrease with time and that this decrease should be faster at the begin-
ning and slower afterward, thus showing a quadratic trend (Newell and
Rosenbloom, 1981). With respect to the effect of the menstrual cycle,
we assumed that this effect would follow a sine curve with a period of
28 days. With this assumption, the cycle is modeled by two variables:
the sine of the time rescaled (sin(time∗2π/28)), and the cosine of the
time rescaled (cos(time∗2π/28)). To test the effect of the cycle, the
two variables are put in the model together. The amplitude of the
cycle is given by the square root of the sum of the two regression coef-
ficients squared. The p-value is obtained by comparing the model with
all variables except these two against the full model with a likelihood
ratio test. Additionally, we modeled the autocorrelation (also called
autoregression: AR) of measures across time within each item charac-
teristic (angle and same vs. mirror). The window of time between
measures has been called lag. A lag-1 autoregression represents the re-
gression coefficient between the measure at time t and the measure at
time t+1 (Box and Jenkins, 1976). Finally, the random effect comprised
item characteristics (angular disparity and same vs. mirror image), and
both a random intercept, a random time slope, and a quadratic time
slope were estimated.
In these participant-by-participant analyses, we also verified that
the difference in PMT between angular disparity – the larger disparity
yielding larger PMT – did not disappear over time, which would hap-
pen if participants did not mentally rotate stimuli but instead just re-
trieved images and correct responses frommemory (Heil et al., 1998).
The verification was done using graphical representations and by ex-
amining the interaction between the learning curve over time and the
angular disparity.

To obtain a correct pooled estimate of the amplitude of the cycle
across participants, the cycle of each participant has to start at the
same time. Thus, one has to include the time-lag of the cycle of each par-
ticipant. Thus, in a second step, we created a synchronized time (Stime)
variable for the localization of the cycles for all participants. Specifically,
we estimated the beginning of the cycle for each participant and added
his or her specific value to the time variable. The beginning of the cycle
is given by the phase, i.e. the arctangent of the ratio of the sine and
cosine coefficients obtained individually (tan−1(βsin(time)/βcos(time))).
With the Stime variable, the sine function (sin(Stime∗2π/28)) provides
directly the information on (the amplitude of) the cycle effect.

In a third step, we fitted a linear mixed model to all participants,
considering the item characteristic random effects as nested within
a participant random effect, including random intercept, time slope,
and time slope squared. The learning curve, the cycle effect, and the
effect of the item characteristics were considered as varying between
sex and were modeled by two-way interactions with the sex variable.
Furthermore, differences in changes in performance over time across
genders were allowed to vary across item characteristics by the inclu-
sion of three-way interactions. A sensitivity analysis showed that
there were no multicollinearity problems. The fit of all models was
checked using residual analyses. In addition, several alternative
models were tested to evaluate the robustness of the model (sensitiv-
ity analysis). In particular, the analysis with the reaction times not pe-
nalized by accuracy yielded similar results.

To facilitate interpretation, results will be reported using the ex-
ponential of the coefficient (exp(coef)). This corresponds to a multi-
plicative increase or decrease of penalized median logarithm of the
time. Thus, an exp(coef) for sex of 0.8 would indicate that males are
20% faster than females (i.e., a decrease in PMT from 1.0 to 0.8=0.2
or 20%).

Finally, we examined interindividual variability in PMT and sex
hormones using linear mixed models stratified by sex and focusing
either only on the first three or on the last three available time points
per participant. Hormonal concentration levels were centered and
considered for linear and quadratic associations. We examined
intraindividual variability in PMT and sex hormones by selecting the
hormone values for each individual at the peak and low of his or
her estimated cycle in mental rotation performance. Thus, for each
hormone, each individual had four values (one low and one high
peak for each of the two cycles). Using linear mixed models, we esti-
mated, for each hormone, the difference in hormonal concentration
levels between peak and low of the cycle. Analyses were performed
on the whole sample (male and female) for estradiol and progester-
one but on males and females separately for testosterone, as the
direction of the effect of testosterone on performance may differ be-
tween sexes.

Results

Individual analyses

Figs. 1 and 2 show an example of changes in PMT over time by an-
gular disparities of the stimuli for a male and a female participant (see
Appendix A for graphs of all participants). We found substantial
intraindividual variability in performance, especially for females. As
expected, PMT decreased across time, increased with angular dispar-
ity, and was generally higher for females. Participants were still



0 10 20 30 40 50 60

6.
5

7.
0

7.
5

8.
0

8.
5

9.
0

Female

Days

P
M

T

Angle
0
20
40
60
80
100
120
140
160
180

Fig. 2. Change of PMT over time by angular disparity for a female participant. Measures
for the 0 and the 180 angular disparities are drawn with a thicker line.
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getting better (i.e., PMT was still decreasing) towards the end of the
study. Visual inspection of all the participants' graphs did not support
the hypothesis of a memory effect, given that the difference in reaction
time for different degrees of angular discrepancy was preserved over
the course of the study for all participants. Nevertheless, the learning
trend seemed more important for larger angles as confirmed by the in-
teraction between angular disparity and Stime in the linear mixed
model including all participants (exp(coef)=0.99, Df=11,187,
pb .0001), probably because there was more room for improvement.

All females and 7 out of the 10males showed a significant cycle effect.
The mean amplitude (difference in penalized time between best and
worst periods) of the cycle effect (estimated from each individual
model) was significantly higher for females than for males (mean differ-
ence in amplitude=0.90, F(1,16)=7.31, p=.02).

Global results

Overall, reaction time (RT) decreased over time for both females
and males and for all degrees of angular disparity. For instance, the
overall RT mean on the correctly answered stimuli for 100° of angular
disparity of day 3 was 4159.9 ms for females and 3067.2 ms for
males. By day 20, it had decreased to 2599.7 ms for females and
2014.9 ms for males. By day 50, it was down to 1362.1 ms for females
and 1316.8 ms for males. Tables 1 and 2 describe the effects of the in-
dependent variables on PMT with the time reference set at 30 days.
Table 1 refers to easy stimuli (angle=0 and task=mirror image)
whereas Table 2 refers to hard stimuli (angle=180 and task=same
image).

There was an important and significant learning curve as can be
seen by the significant coefficients of time and time squared. After
30 days, the decrease in penalized time (and not log time) was 9%
(1-exp(coeff) of time=0.09) for the easy stimuli (Table 1, mirror im-
ages, angular disparity of 0) and 73% for the hardest stimuli (Table 2,
same images, angular disparity of 180). The quadratic effect indicated
that learning progress was faster during the first weeks and lower
during the final weeks. This learning curve was not significantly dif-
ferent between the sexes (there was no interaction between sex
and time or time squared). There was also a significant overall cycle
effect. The difference between the best and the worst period was es-
timated to be 18% for females (exp(coef) of cycle effect−1=0.18),
0 10 20 30 40 50 60

6.
5

7.
0

7.
5

8.
0

8.
5

9.
0

Male

Days

P
M

T

Angle
0
20
40
60
80
100
120
140
160
180

Fig. 1. Change of PMT over time by angular disparity for a male participant. Measures
for the 0 and the 180 angular disparities are drawn with a thicker line.
and was significantly lower for males (significant interaction between
sex and cycle). The difference between the best and the worst periods
for males were estimated to be 11% (exp(coef of cycle effect+coef of
interaction cycle:sex)−1=0.11).

With respect to item characteristics, the penalized time between
0 and 180° was multiplied by 6.40 when the reference task was mirror
images (Table 1). Furthermore, the increase due to angular disparity
followed a quadratic trend (significant p-value of [angular disparity]2),
andwas stronger for smaller angles (Fig. 3). As could be expected,when
the reference angular disparity was 180° (Table 2), PMT decreased as
the angle became smaller. Condition (control stimuli with no angular
disparity vs. test stimuli with angular disparity) was non-significant,
probably due to the fact that this variable is partially redundantwith an-
gular disparity. However, task (same vs. mirror image) was highly sig-
nificant for stimuli with high angular disparity, so that mirror images
Table 1
Exp(coef) and associated p-value for time-related, item and individual characteristics
when the reference is time=30 days, angle=0, condition=control, and task=mirror
image.

Variables Exp(coef) Df p

Time-related
Time (by week) 0.91 11,187 b0.0001
Time2 (by week) 1.02 11,187 b0.0001
Cycle effect 1.18 11,187 b0.0001

Item characteristics
Angular disparity 6.40 309 b0.0001
(Angular disparity)2 0.29 309 b0.0001
Condition (control vs. test stimuli) 1.15 309 0.06
Task (mirror vs. same image) 1.03 309 0.69

Individual characteristic
Sex 0.80 15 0.19

Interaction between sex and:
Time (by week) 1.00 11,187 0.80
Time2 (by week) 1.03 11,187 0.85
Cycle 0.95 11,187 0.0001
Angular disparity 0.79 309 0.44
(Angular disparity)2 1.20 309 0.50
Condition 0.92 309 0.34
Task 0.92 309 0.30



Table 2
Exp(coef) and associated p-value for time-related, item and individual characteristics
when the reference is time=30 days, angle=180, condition=test, and task=same
image.

Variables Exp(coef) Df p

Time-related
Time (by week) 0.27 11,187 b0.0001
Time2 (by week) 1.00 11,187 b0.0001
Cycle effect 1.18 11,187 b0.0001

Item characteristics
Angular disparity 0.76 309 0.15
(Angular disparity)2 0.35 309 b0.0001
Condition (test vs. control stimuli) 1.13 309 0.09
Task (same vs. mirror image) 0.61 309 b0.0001

Individual characteristic
Sex 0.58 15 0.004

Interaction between sex and:
Time (by week) 1.00 11,187 0.08
Time2 (by week) 1.00 11,187 0.85
Cycle 0.95 11,187 b0.0001
Angular disparity 0.58 309 0.03
(Angular disparity)2 2.33 309 0.002
Condition 0.93 309 0.44
Task 1.20 309 0.01
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were associated with lower PMT (Table 2). For both sexes, PMT in-
creased regularly with angular disparity until around 100° and then
stayed level when the stimuli were mirror image. However, when the
angle
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Fig. 3. Predicted PMT as a function of angular disparity for male and female and same or
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stimuli were identical, PMT kept increasing for all angular disparity.
This result is especially true for males, whereas females showed a slight
decline of the association between angular disparity and PMT for high
angles (Tables 1 and 2, interaction of sex with angular disparity). All
these effect can be best understood by the predicted PMT shown in
Fig. 3.

As expected, the difference in penalized time between sexes was
significant when the angle was maximum (Table 2, angle=180), with
males having a 42% lower PMT than females (1-exp(coef)=0.42).
However, it was not significantwhen therewas nomental rotation nec-
essary (Table 1, angle=0).
Interindividual variability in mental rotation performance and sex
hormones

Examining the first three available time points per subject, among
males, estradiol and testosterone but not progesterone was significant
interindividual predictors of PMT (Table 3) and both relationships
were positively linear aswell as quadratic. For testosterone, the relation
had a U-shape (i.e., PMT decreased with testosterone up to a certain
level and then increased again), while for estradiol, the relation had
an inverse U-shape. Among females, progesterone had a linear associa-
tion with PMT, and both estradiol and testosterone had a quadratic
association. For testosterone, contrary tomales, PMT increasedwith tes-
tosterone (i.e., performance decreased) up to a certain level and then
decreased again. Examining the last three available time points, none
of the hormones significantly predicted PMT anymore in either sex.
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Table 3
Impact of hormones on PMT for males and females at the beginning (first three avail-
able time points) and at the end (last three available time points) of the study.
Exp(coef) is the multiplicative increase of decrease in PMT per one unit increase of a
hormone.

Beginning of study End of study

Hormone Exp(coef) p Exp(coef) p

Male
Progesterone 1.03 0.70 1.02 0.75
Progesterone2 0.97 0.65 0.98 0.67
Estradiol 2.77 b0.01 0.97 0.56
Estradiol2 0.34 b0.01 1.10 0.051
Testosterone 1.37 b0.01 1.00 0.90
Testosterone2 1.48 b0.01 1.00 0.90

Female
Progesterone 1.32 b0.01 0.82 0.10
Progesterone2 1.18 0.08 1.07 0.17
Estradiol 1.20 0.27 0.85 0.15
Estradiol2 0.71 0.03 1.15 0.49
Testosterone 4.39 0.02 0.84 0.16
Testosterone2 0.50 0.02 1.18 0.25
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Intraindividual variability in mental rotation performance and sex
hormones

As expected, estradiol levels were significantly higher in the low
points of the estimated cycle in mental rotation performance (stan-
dardized mean difference d=0.26, p=.04). Neither progesterone
levels (d=−0.04, p=.76), nor testosterone among males (d=0.07,
p=.67) or females (d=−0.05, p=.59) were significantly different
between the extremes of the mental rotation performance cycle.

Discussion

In this intensive longitudinal study, we examined whether mental
rotation performance in males and females showed cyclic variations
over the course of eight weeks and whether these cycles were related
to hormone concentrations. We also tested whether the influence of
sex hormones on mental rotation performance is attenuated after in-
tensive repeated testing. Men outperformed women in our mental ro-
tation task with paired presentation of stimuli. Previous studies did
not consistently find gender differences with paired presentation of
mental rotation stimuli (Peters and Battista, 2008). This discrepancy
may be due to the fact that our stimuli were relatively difficult and
numerous (136 per session). The difference in performance between
sexes remained stable over time (Uttal et al., in press). Performance
decreased quadratically as angular disparity increased. All females
and seven out of 10 males showed a significant monthly cycle in men-
tal rotation performance. While females were approximately 20% bet-
ter at the highest point of the cycle compared with the lowest point,
males had only about a 10% difference. These results confirm previous
findings of a monthly cycle in mental rotation performance also
among males (Ostatnikova et al., 2010), which may be linked to a
monthly cycle in testosterone level among females (Campbell and
Ellison, 1992; Elliott et al., 2003) and males (Celec et al., 2003).

The association between hormones and performance differed
depending onwhetherwe examined inter- or intraindividual variability.
Estradiol and testosterone for males and progesterone, estradiol, and
testosterone for femaleswere significantly related to interindividual var-
iations in mental rotation performance at the beginning of the study. All
these associations (except for progesterone in females in which the
quadratic association was only marginally significant) had a significant
quadratic component. The association between testosterone and per-
formance differed across sexes: for males, it followed a U-shape (reac-
tion time was lowest at medium levels of testosterone), while for
women it had an inverse U-shape (reaction time was lowest at high
levels of testosterone). These results are congruentwith previous studies
finding nonlinear associations and differential relationship between tes-
tosterone and performance among men and women (Gouchie and
Kimura, 1991; Neave et al., 1999; Ostatnikova et al., 2010).

After a learning period, none of the hormones remained a significant
predictor of performance. While this may indicate that hormones be-
come less or not at all relevant to mental rotation performance after re-
peated exposure to similar stimuli, this lack of a relationship may also
be due to the fact that mental rotation performance was less variable
after the training period and thus the difference in performance caused
by hormones was smaller and therefore harder to detect.

Only estradiol level was significantly higher at the lowest point of
the cycle inmental rotation performance. This is congruentwith other re-
sults finding a non-significant association between change in testosterone
level and performance (Liben et al., 2002; Silverman et al., 1999), even
though the association between testosterone and performance was sig-
nificant. In our study, this absence of a relationshipmay be due to repeat-
ed testing. Indeed, similar to the finding that the relationship between
interindividual hormonal level and performance was not found at the
end of the study, the relationship between intraindividual hormonal
level and performance could be absent because of repeated testing.

In an experimental trial that did not include repeated measure-
ments, an artificial increase of testosterone improved spatial abilities
(Aleman et al., 2004). Thus, a change in testosterone led to better spatial
performance. Further research is needed to better understand this dis-
crepancy in results.

In summary, only estradiol changes were found to impact perfor-
mancewhereas all three sex hormones differences between individuals
were related to performance. These findings highlight the importance
of distinguishing between inter- and intraindividual variabilities in per-
formance and hormone levels.

Strengths and limitations

This study used an intensive longitudinal design that allowed us to
examine cyclic variations in mental rotation performance and to relate
these variations to sex hormone concentrations. Our study drew on a
large set of carefully designed mental rotation stimuli, thus decreasing
the risk of memory effects (Heil et al., 1998). Nevertheless, this study
used relatively few participants and covered only two monthly cycles.
Furthermore, due to cost constraints, hormones were collected only
twice weekly, making it difficult to assess monthly cycles in hormones
via the same procedure as the one used for mental rotation perfor-
mance. Finally, the use of a sine function to estimate the cycle may
not be the best solution and further research is needed to determine
the exact shape of cycle effects in mental rotation performance.

In conclusion, in this intensive longitudinal study spanning two
months, a monthly cycle in mental rotation performance was found
among both males and females, and the cycle amplitude was twice as
large for females than for males. Interindividual differences in perfor-
mance at the beginning of the study were associated with estradiol
and testosterone formales andwith estradiol, progesterone, and testos-
terone for females. However, at the end of the study, no association
remained between sex hormones and mental rotation performance.
Intraindividual differences in performance were only related with
changes in estradiol levels.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.yhbeh.2012.12.007.
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