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Testosterone levels influence spatial ability:
Further evidence for curvilinear relationship

IVANA HROMATKO and MERI TADINAC

The aim of this study was to explore the influence of different testosterone levels on spatial ability. Four tests
measuring various aspects of spatial ability were used. In the first part of the study tests were administered in three
groups of subjects: two groups of healthy male volunteers - one tested in autumn (high-testosterone season) and the
other one in spring (low-testosterone season), and a comparable group of females. In the second part of the study,
a sub-sample of men was retested during a different season. The order of testing was counterbalanced. Spatial abil-
ity scores were compared both inter-individually (among groups with different presumed testosterone levels) and
intra-individually (within subjects in different seasons). Between-subjects analyses showed that males in low-tes-
tosterone season have higher spatial ability scores than both females and males in high testosterone season. In the
within-subjects part of the study, repeated measures ANOVA showed no significant main effect of testosterone, but
the interaction testosterone level x order of testing was significant: there was a greater rise in males’ spatial ability
scores if the second trial occurred during low-testosterone season. Results are consistent with the hypothesis propos-
ing curvilinear relationship between testosterone levels and spatial ability.
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Although men and women do not differ in general intel-
ligence, as measured by standard 1Q tests, sex differences
in specific cognitive abilities have been identified. On aver-
age, females outperform males on tests of perceptual speed
and accuracy, verbal fluency and certain memory functions,
whereas males outperform females on certain tests of math-
ematical and visuo-spatial ability. Males excel especially in
tasks requiring the formation of accurate mental representa-
tions of the positions or movements of objects in space (¢.g.,
Collaer & Hines, 1995; Voyer, Voyer, & Bryden, 1995; Col-
lins & Kimura, 1997; Crucian & Berenbaum, 1998; Karadi,
Szabo, Szepesi, Kallai, & Kovacs, 1999; Neave, Menaged,
& Weightman, 1999). Earlier explanations of males’ better
performance in spatial tests focused mainly on the sociali-
zation factors (Macoby & Jacklin, 1974), but the generality
of the differences across populations, as well as their exist-
ence in subhuman species led to the inclusion of biological,
mainly hormonal, factors (Linn & Petersen, 1985; Gaulin &
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Fitzgerald, 1988; Silverman, Phillips, & Silverman, 1996;
Hampson, 2000) and development of models predicting the
interaction of biological and environmental factors influenc-
ing the spatial abilities (Casey, Nuttall, & Pezaris, 1999).

Abundant research shows that sex hormones start influ-
encing sexual differentiation of the brain during early prena-
tal development, and these organizational effects have life-
long irreversible consequences on behavioral and cognitive
patterns (Williams & Meck, 1991; Breedlove, 1992; Ber-
enbaum & Hines, 1992; Reinisch & Sanders, 1992; Hines
& Sandberg, 1996; Fitch & Denenberg, 1998; Isgor & Sen-
gelaub, 1998; De Vries & Simerly, 2002; Falter, Arroyo, &
Davis, 2006). Later in life, behavior and cognition are fur-
ther influenced by the activational effects of sex hormones,
since their fluctuating levels activate prenatally defined be-
havioral or cognitive patterns.

Interestingly, it seems that the fluctuating levels of sex
hormones influence performance only on sex-biased tests,
i.e., those cognitive tests that show sex differences in gen-
eral population, favoring either men or women (Hampson
& Kimura, 1988; Silverman & Phillips, 1993; Kimura &
Hampson, 1994; Hampson, 1995; Moody, 1997; O’Connor,
Archer, Hair, & Wu, 2001). However, although research
on the relationship between estrogen levels and cognition
in healthy women gave relatively consistent results (higher
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scores in female-favoring tests and lower scores in male-
favoring tests during periods of elevated estrogen, such as
the late follicular and mid-luteal phase of the menstrual cy-
cle (Hampson & Kimura, 1988; Hampson, 1990a, 1990b;
Silverman & Phillips, 1993; Kimura & Hampson, 1994;
Hampson, 1995; Moody, 1997), the research on the relation-
ship between testosterone levels and cognition in healthy
men gave inconclusive results. Specifically, for spatial cog-
nition there are reports of both positive (Christiansen, 1993;
Janowsky, Oviatt, & Orwoll, 1994; Silverman, Kastuk,
Choi, & Philips, 1999; Hooven, Chabris, Ellison, & Koss-
lyn, 2004) and negative (Shute, Pellegrino, Hubert, & Rey-
nolds, 1983; Gouchie & Kimura, 1991; Kimura & Hampson,
1994) relationships between testosterone levels and scores
achieved in the spatial ability tests. It has been hypothesized
that this apparent contradiction can be explained by the fact
that studies finding a positive relationship have involved
populations with relatively lower testosterone (e.g., older
men, androgen-insensitive subjects, !Kung San of Namibia
with constitutionally low levels of testosterone, or women),
whereas studies finding a negative relationship generally
involved healthy young men. This led some authors to pro-
pose a curvilinear relationship between androgen levels and
spatial ability (Moffat & Hampson, 1996).

Testosterone can be either directly measured (using ra-
dioimmunoassay techniques) or indirectly assessed (using
natural cyclic variations in testosterone levels). Many male
mammals, including humans, show seasonal variations in
testosterone levels -in the human male (at least in the north-
ern hemisphere) they are higher in the autumn than in the
spring, which is presumably an evolutionary remnant relat-
ed to optimal mating and offspring production times (Kimu-
ra, 2000). Females, on the other hand, have consistently
very low testosterone levels. A recent study (van Anders,
Hampson, & Watson, 2006) showed that, although the tes-
tosterone level in women also peaked in the autumn, overall
variations across seasons were still small compared to those
in men: the testosterone levels in women ranged from ap-
proximately 20 pg/mL (in winter, spring and summer) to
30 pg/mL (in autumn), while the testosterone levels in male
sample ranged from 45 pg/mL (in spring) to 100 pg/mL (in
autumn).

In this study, we have used the seasonal variations as an
indirect measure of the testosterone levels in males, in order
to explore the influence of different testosterone levels on
various aspects of spatial ability. More precisely, we have
tested whether there were differences in performance on
various spatial tests among groups with different presumed
testosterone levels: women (the group with the lowest tes-
tosterone level), men tested in the low-testosterone season
(spring), and men tested in the high-testosterone season (au-
tumn). In the repeated measures part of the study, we have
tested whether there were intraindividual variations in the
spatial ability (same person — different testosterone levels),
beyond the ones that could be expected due to the learning
effect.
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METHODS

Participants and procedure

A total of 320 subjects participated in the study (270
males and 50 females). They were all healthy volunteers
(students of the Police Academy and Faculty of Kinesiolo-
gy), between 18 and 31 years of age (M =21.3,SD=1.7). As
our independent variable was the testosterone level, females
were regarded as the group with the lowest level, males
tested in spring as the group with the intermediate level (n =
118) and males tested in autumn (n = 152) as the group with
the highest level of testosterone. A subsample of 77 men
was seen twice, once during the low-testosterone season,
and once during the high-testosterone season. The order of
testing was counterbalanced, so that the influence of previ-
ous experience with the task would in the second trial be
equally divided between groups with different testosterone
levels. Since previous studies reported no seasonal varia-
tions in cognitive functions in women (Kimura & Hamp-
son, 1994), and small seasonal variations in the testosterone
levels (van Anders, Hampson, & Watson, 2006), the female
subsample was tested in autumn only.

Instruments

We used four paper-pencil tests of spatial ability, which
in previous studies proved to be sex-biased, favoring males
(Linn & Petersen, 1985; Kimura, 2000):

Paper folding test (French, Ekstrom, & Price, 1963) -
Subjects have to imagine the folding of pieces of paper, then
imagine having a hole punched through the thickness of the
paper in its folded position, and visualize where the holes
would be when the paper is unfolded. The test consists of 20
items, and participants had 6 minutes to complete it.

Cube Comparison test (French, Ekstrom, & Price, 1963)
- Each item presents two drawings of cubes, with letters
and numbers printed on their sides. Participants must judge
whether the two drawings could show the same cube from
different orientations. The test consists of 42 items, and par-
ticipants had 6 minutes to complete it.

Space relations test (Bennett, Seashore, & Wesman,
1947/1964) - This test measures the ability to visualize a
three-dimensional object from a two-dimensional pattern,
and to visualize how this object would look if rotated in
space. Each problem shows one pattern, followed by five
three-dimensional figures. Subjects have to choose all fig-
ures that can be made from the pattern. The test consists of
40 items, and participants had 10 minutes to complete it.

Figure rotation test (French, Ekstrom, & Price, 1963)
- Each item consists of a target figure, and eight figures that
are either a mirror image or the same figure rotated to a dif-
ferent orientation on the page. The subject must pick and
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choose all the figures that could be the same as the target
figure. The test consists of 28 items, and participants had 8
. minutes to complete it.

RESULTS

Preliminary analysis: The preliminary analysis was
" conducted to establish whether the tests we used fulfill the
- criterion of sex-biased spatial tasks, i.e. yield a significant
b difference between men and women. Significant sex differ-
§ ences were obtained for the Space relations test (#(318) =
L 397, p<.001) and the Figure rotation test (#(316) =2.74, p
f < .01). Sex differences on the Cube comparison and Paper
L folding tests were not significant (tcubeComp(317) = 1.56; tpy.
| pecFoid318) = 1.73, n.s.), meaning that, at least in our sam-
E ple, those tests did not prove to be sex-biased.

3 Between-subjects comparisons of testosterone effects:
. ANOVA with the testosterone level as a source of variance
. among groups showed significant main effects of testoster-
E onc level on the Space relations test (F(317,2) = 12.28,p <
. 001) and the Figure rotation test (F(315,2)=8.01, p <.001)
scores, but not on the Cube comparison (F(316,2) = 1.43,
- n.s.) and Paper folding (F(317,2) = 1.83, n.s.) tests. Post hoc
Tukey test revealed significant differences among all three
f groups on the Space relations test. On the Figure rotation
" test post hoc Tukey showed that men with low testosterone
level significantly differed from both women and men with
high testosterone level, while the difference between women
and men with high testosterone level did not reach statisti-
cal significance. Average performance in groups with differ-
ent testosterone levels, expressed as z-values (to facilitate
comparison across tests with different means and standard
deviations), are shown in Figure 1.
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Figure 1. Average scores on four different spatial ability tests in
groups with different presumed testosterone levels
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Figure 2. Composite measure of spatial ability in groups with dif-
ferent presumed testosterone levels

In order to aggregate the scores on these four different
tests and thus provide a basis for more comprehensive anal-
ysis, we computed a composite measure of spatial ability on
the basis of z-scores. As can be seen in Figure 2, males test-
ed in the low-testosterone season outperformed both males
tested in the high-testosterone season and females (F(31 5,2)
=17.23, p < .01), while post hoc Tukey test showed that the
difference between females and males in the high-testoster-
one condition was not significant.

Within-subjects comparisons of testosterone effects: The
results of repeated measures ANOVA with level of testo-

Table 1
Results of repeated measures ANOVAs, with order of testing as
between-subjects source of variance, and season of testing as
within-subjects source of variance

df F

Season (high vs. low T) 75 1.24

Paper folding Order of testing 1 0.64
Interaction 75 27.25%**

Season (high vs. low T) 75 0.51

Cube comparison Order of testing i 0.58
Interaction 75 23.07%**

Season (high vs. low T) 73 3.25
Space relations Order of testing 1 12.95%%+*
Interaction 73 55.74%**

Season (high vs. low T) 73 0.76

Figure rotation Order of testing 1 0.38
Interaction 73 31.39%**

Note. Degrees of freedom are not the same for all the tests due to some
missing cases.
*xxp < .001.
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sterone as a source of variance within subjects, and order of
testing as a source of variance between subjects, are shown
in Table 1. The analysis showed no significant main effects
" of either the testosterone level or order of testing, with the
exception of the Space relations test, where the main effect
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Figure 3. Scores on Paper folding test, depending on season and
trial order
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Figure 4. Scores on Cube comparison test, depending on season
and trial order
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of testing order was significant. However, significant inif§
actions were found for all four tests: participants “profi
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size calculated as a difference between means, in terms of
standard deviations: (Msecond trial = Merst trial) / SDyooteq- If the
second trial occurred during the high-testosterone season,
the spatial ability scores improved by 0.41 - 0.56 standard
deviation, while the improvement when the second trial oc-
curred during low-testosterone season varied between 0.61
- 0.92 standard deviation.

DISCUSSION

In the between-subjects part of the study, we found
significant differences on a composite measure of spatial
ability among groups with different presumed levels of tes-
tosterone: the highest scores were obtained by men tested
in spring (i.e. the group with the intermediate testosterone
level), while the scores of both men tested in autumn (ie.
the group with the highest testosterone level) and women
(i.e. the group with the lowest testosterone level) were sig-
nificantly lower. These results are in accordance with the
previously suggested curvilinear relationship between the
testosterone level and performance on spatial ability tests
(Moffat & Hampson, 1996; O’Connor et al., 2001), and
consistent with an early theory by Petersen (Petersen, 1976),
based on the observation that more physically androgynous
individuals of both sexes tend to do best on spatial tests.
As already mentioned, the analysis of participants tested in
studies reporting contradictory results regarding the rela-
tionship between the testosterone level and spatial ability,
revealed that a positive relationship was found in studies
using populations with relatively lower testosterone (Chris-
tiansen, 1993; Janowsky, Oviatt, & Orwoll, 1994; Silverman
et al., 1999; Aleman, Bronk, Kessels, Koppeschaar, & van
Honk, 2004), whereas a negative relationship was obtained
in studies using healthy young men (Gouchie & Kimura,
1991; Shute et al., 1983; Kimura & Hampson, 1994). This
brought about the hypothesis that there might be an optimal
level of testosterone, yielding maximum performance on
spatial tests, while a further rise over that optimum leads to
decrease in spatial abilities. As can be seen from Figure 2,
showing the composite measure of spatial ability, our results
support this notion.

Analyses of separate tests showed that testosterone level
had a significant effect on scores in the Space relations test
and the Figure rotation test, but not on the Cube compari-
sons and Paper folding tests. This is probably due to the
fact that scores in the latter two tests showed no overall sex
differences in our sample, as confirmed by the preliminary
analysis, and activational effects of hormones can only be
expected in sex-biased tasks. Men usually outperform wom-
en only on those tasks which require non-verbal strategies
in order to be efficiently solved. Women usually excel in
tasks which require analytical, serial approach, and can be
efficiently solved with verbal strategies (Jordan, Wiisten-
berg, Heinze, Peters, & Jincke, 2002). There is a lack of
agreement in literature with respect to the definition and

classification of spatial abilities. The successful solving of
a spatial task can involve different cognitive processes, and
differentiation of spatial cognition in terms of mental proc-
esses is not an easy task. It has been shown that mean effect
sizes of sex differences are not the same for various spatial
tasks, which would also make them variously susceptible to
activational hormonal effects.

Both the Cube comparisons and Paper folding tests have
been categorized as spatial visualization tests (Voyer, Voyer,
& Bryden, 1995; Linn & Petersen, 1985). Spatial visualiza-
tion is defined as the ability to manipulate complex spatial
information when several strategies are needed to produce
the correct solution, and this type of spatial ability has a
mean sex effects size of 0.13. It has already been shown
(Voyer, Voyer, & Bryden, 1995) that for tests in this cat-
egory sex differences were highly variable and frequently
non-significant. It could be speculated that these tests might
have a verbal component: cubes have letters and numbers
written on them, so it could have facilitated the use of ver-
bal strategies instead of/together with mental rotation or
visualization. Similarly, Paper folding is a two-dimensional
task, i.e., the paper is always folded in a single plain, and the
participants could have easily verbalized the sequence of
folding/unfolding the paper. If this strategy can be efficient
in solving the kind of spatial visualization task presented in
the Cube comparison and Paper folding tests, and given that
women usually apply such a strategy (Casey, 1996), that
could explain the lack of sex differences (and activational
effects of testosterone) in scores on these tests.

On the other hand, men scored significantly higher than
women in the Space relations and Figure rotation tests (by
0.9 and 0.7 standard deviations, respectively), and the acti-
vational effects of testosterone were also observed in these
tests, with men tested in the low-testosterone season having
the highest scores, followed by men tested in the high-testo-
sterone season, and women (see Figure 1). If we go further
in comparing effect sizes of sex differences with the effect
sizes of activational effects of testosterone, it is evident that
post hoc tests showed significant differences for all pair-
wise combinations in the Space relation test, which proved
to be more sex-biased, but only for two pair-wise combi-
nations (women vs. low-testosterone men and low-testo-
sterone men vs. high-testosterone men, but not women vs.
high-testosterone men) for the Figure rotations test, which
showed smaller effect size of sex differences. Mental rota-
tion is the ability to quickly and accurately rotate two- or
three-dimensional figures, in imagination. Mean effect size
of sex differences in this group of tests is usually around
0.73, and mental rotation is one of the few cognitive abili-
ties for which men have been shown to consistently outscore
women (Voyer, Voyer, & Bryden, 1995; Jordan et al., 2002).
Furthermore, it was found (Kovac & Rensselaer, 1989) that
numerous invalid-processing strategies were least helpful in
Space relations test, which might explain why women in our
sample could not perform well on this test if they were using
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verbal problem solving strategies. The conclusion would be
that various tests of spatial ability are not equally sex-bi-
ased, and the more biased a test is, the larger activational
effect of sex hormones can be expected.

In the within-subjects part of the study, we compared
the performance of the same group of men on spatial abil-
ity tests, during the low- and high-testosterone seasons.
Knowing that some improvement is always expected when
participants take the same test more than once, we tried to
eliminate the influence of this effect on our results, using a
counterbalanced order of testing (approximately half of the
participants had their first trial in spring, and the other halfin
autumn). The fact that repeated measures ANOVAs showed
no significant main effects of the order of testing (the only
exception being the Space relations test) confirms that this
manipulation was successful: if it was not, all participants
- irrespective of season during which they were tested first
- would have had much higher results in the second trial,
and the main effect of season of testing would be significant.
There was no significant main effect of season (i.e. testoster-
one level) either. Since testosterone-induced within-subjects
shifts in scores are known to be minute (although statisti-
cally significant), and, at the same time, the effects of previ-
ous experience with the task can be substantial (probably
due to the fact that participants acquire some new strategies
and skills needed to successfully solve spatial problems) the
lack of significant main effects in this study design is not
surprising. However, repeated measures ANOVA showed
significant season x order of testing interaction for all four
tests, with men who had the second trial during low-testo-
sterone season showing greater improvement in their scores
(as can be seen from Figures 3-6). Generally, it seems that
men are more able to efficiently use previous experience
with the task during low-testosterone season, and this gain
In test scores goes up to 0.92 in terms of Cohen’s index,
while the largest gain during high-testosterone season was
0.56. This result is also in line with the idea that high levels
of testosterone impede performance on spatial tasks, while
intermediate levels of testosterone facilitate spatial cogni-
tion.

Of course, there are some obvious methodological draw-
backs of this study: presumed levels of testosterone, although
probably correctly assessed, are still a rough measure, and
we only had three categories of testosterone levels. In order
to definitely confirm or dismiss the curvilinear relationship,
1t would be necessary to collect continuous measures of bio-
available testosterone in blood of both men and women, and
correlate it with scores on spatial ability tests.

The methodological problems notwithstanding, the hy-
pothesis predicting the curvilinear relationship between tes-
tosterone and spatial measures is the most plausible one, as
it has also gained support in studies with direct manipula-
tion of testosterone levels. If testosterone exhibits activa-
tional effects on spatial abilities, then experimental infusion
or depletion of testosterone should elicit observable effects
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on spatial measures. In female-to-male transsexuals under-
going treatment preparatory for surgery for sex reassign-
ment testosterone had an enhancing and not quickly revers-
ible effect on spatial ability performance, while an opposite
effect is reported from male-to—female transsexuals receiv-
ing androgen-ablation (Slabbekoorn, van Goozen, Megens,
Gooren, & Cohen-Kettenis, 1999). In hypogonadal men,
visuo-spatial abilities are impaired and most studies report
improvement during androgen substitution (Janowsky, Ovi-
att, & Orwoll, 1994; Imperato-McGinley, Pichardo, Gau-
tier, Voyer, & Bryden, 1991; Alexander, Swerdloff, Wang,
Davidson, McDonald, Steiner, et al., 1998) and visuospatial
abilities were also improved in women after the adminis-
tration of testosterone (Aleman et al., 2004). Cerebral neu-
roimaging suggests that this improvement is due to an an-
drogen-mediated activating effect on the cerebral structures
involved in evaluating data of visuo-spatial content, such as
the ventral visual processing stream (Zitzman, Weckesser,
Shober & Nieschlag, 2001).

The relationship between testosterone and spatial cogni-
tion has been assessed on various levels of analysis. The
proximate hormonal mechanisms discussed so far are prob-
ably not comprehensive enough to give answers about the
function of such a relationship. Therefore, we shall con-
clude with a few final remarks regarding ultimate mecha-
nisms that might have shaped these complex co-variations.
The evolution of sex differences is often being discussed in
terms of different pressures and adaptive problems that our
evolutionary ancestors had to solve. It is hypothesized that
better spatial ability in males evolved as a consequence of
tens of thousands years humans spent as hunter-gatherers.
Sexual dimorphism in body size led to a strong division of
labor between men and women: men traveled larger territo-
ries in order to acquire food or mate, and there is a substan-
tial body of evidence from comparative studies that larger
territories are related to better spatial ability in the males of
nonhuman mammals (Gaulin & Fitzgerald, 1988; Crawford
& Krebs, 1998) Animal studies suggest that androgen and
estrogen levels are the proximate mechanisms responsible
for sex differences in spatial behavior (Hampson, 2000). It
1s possible to hypothesize that similar mechanisms operated
in hominids at some point in our evolution (Kimura, 2000).

Some theories emphasize the importance of different
activities men and women were dominantly engaged in
during our evolutionary history (Silverman & Eals, 1992),
while others emphasize different mating systems (Gaulin
& Fitzgerald, 1988). Although they can be considered as
mutually complementary (Crawford & Krebs, 1998), none
of them provides satisfactory explanation of the possible
function of activational effects of sex hormones on these
evolved spatial sex differences. Could it be argued that this
feature is also selected for, e.g., that it was useful for men’s
spatial ability to be enhanced in spring when the home camp
might be relocated or hunting might be more intensive? Or
is it more likely that hormone-related oscillations in human
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cognitive processes are just an accidental by-product of a
function that served some other purpose, e.g., rise in testo-
sterone levels in autumn, which enhanced the probability of
conception and resulted in birth of offspring during warmer
seasons, increasing their survival rate? There is no answer
to that question as yet, and the nature of hormonal effects on
spatial cognition will be fully explained only through com-
bining various approaches on different levels of analyses.
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