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Abstract

Mental rotation is a visuo-spatial task associated with pronounced sex differences. Performance is
also affected by gonadal hormones such as testosterone and estradiol. To better understand
hormonal modulation of the neural substrates of mental rotation, the present study examined the
influence of estradiol using functional magnetic resonance imaging. Ten pre-menopausal women
were tested on a 3D mental rotation task during the early follicular (EF) and late follicular (LF)
phases of the menstrual cycle. Change in estradiol between the two phases was confirmed by
hormone assays. Brain activation patterns were similar across the two phases, but the change in
estradiol had different associations with the two hemispheres. Better performance in the LF than
the EF phase was associated with a pattern of reduced recruitment of the right hemisphere and
increased recruitment of the left hemisphere. The increased recruitment of the left hemisphere was
directly associated with greater changes in estradiol. Given that the right hemisphere is the
dominant hemisphere in visuo-spatial processing, our results suggest that estradiol is associated
with reduced functional asymmetry, consistent with recent accounts of hormonal modulation of
neurocognitive function.
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Introduction

Methods

Participants

Mental rotation [1] has been a topic of intense investigation, in part due to a fairly consistent
finding that men and women perform differently on three-dimensional (3D) mental rotation.
Although several functional magnetic resonance imaging (fMRI) studies have examined
how functional brain organization in mental rotation relates to sex and hormonal modulation
[2-71], results thus far have been inconsistent, or even contradictory. For example, some
studies report more widespread activation in women than men [2-3, 8], whereas other
studies report otherwise [7, 9]. Some studies found that women in the high estradiol phase
have more activation than in the low estradiol phase [8] whereas another study reported the
opposite [4]. These inconsistencies could be due to variations in the type of task or stimuli
used, lack of direct measurement of circulating estradiol concentration (i.e., estimated by
self-report of menstrual phase), and lack of control for the influence of other hormones such
as testosterone. The present study will address some of these limitations.

In this study, we probe the effect of estradiol on neural processing during mental rotation
using fMRI. Most menstrual cycle studies have compared the follicular to luteal menstrual
cycle phases, which are not only associated with different levels of estradiol, but are also
associated with differences in the levels of progesterone and gonadotropin [10]. To examine
menstrual cycle related changes in estradiol selectively, we compared brain activation in the
same individuals during the early (EF) and late follicular (LF) phases of the menstrual cycle.
Since other hormones (such as progesterone, testosterone, luteinizing hormone, and follicle-
stimulating hormone) remain low from menses to a few days before ovulation, only estradiol
levels should fluctuate during these two phases. The goal was to isolate neural components
of mental rotation that are selectively associated with variation in estradiol level. Changes in
activation were associated with task performance to further confirm that changes in brain
activation are related to mental rotation rather than factors unrelated to the task, such as
global cerebrovascular/perfusion changes with estradiol [8, 22]. Thus, in the higher estradiol
phase, if enhanced brain activation is correlated with improved performance, then estradiol
has a potentially facilitating influence; otherwise, estradiol is more disadvantageous.

Participants were recruited via advertisement in the local community and compensated for
participation. Nineteen women enrolled in the study, but only ten completed both fMRI
sessions (EF & LF) and 8 of those women provided blood samples after both sessions. Age
of participants who completed the study ranged from 18 to 38 years (25+6.4 years). All
participants were right-handed (assessed with the Edinburgh Handedness Inventory [23]),
had normal vision, and reported no major medical, neurological or psychiatric conditions.
Participants were not using contraceptives and reported menstrual cycles ranged from 18 to
36 days (25.1+6.4 days). Approval to conduct the experiment was obtained from local IRB.
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Participants completed three sessions. The first session involved informed consent,
screening, and practice with the mental rotation task and a verbal working memory task
(which has been reported in [11]). During this session, each subject was given the Calendar
of Premenstrual Experiences [COPE [12]] to complete on a daily basis in order to monitor
physical, emotional and physiological changes across their menstrual cycles and to
document the first day of menses. After completing the COPE through one full menstrual
cycle, participants were asked to call the lab to schedule a second session that occurred
either during EF (Days 3-5 following menses) or LF (Days 10-12 following menses, as
confirmed by hormone levels). Half of the subjects were instructed to schedule their first
session during the EF phase (5 subjects provided blood samples) and the other half of the
subjects were instructed to schedule the first session during the LF phase (3 subjects
provided blood samples). The third session occurred during the phase of the menstrual cycle
that was not tested in Session 2.

Hormone assays

5ml of blood was drawn into gold top tubes immediately after each session, centrifuged, and
transported to the Reproductive Endocrinology Laboratory at the University of Kentucky.
Serum was frozen until assayed. Estradiol, progesterone, testosterone, LH and FSH were
assayed by a solid-phase, competitive chemiluminescent enzyme immunoassay using an
Immulite 1000 (Siemens Healthcare Diagnostics, Los Angeles, CA) according to the
manufacturer's recommendations. Serum and alkaline phosphatase labeled hormone were
added to antibody coated beads which were then incubated at 37 °C for up to 70 min. Test
units were washed after incubation, alkaline phosphatase substrate was added and the
samples incubated at 37 °C for 10 min. Counts per second for each sample was converted to
analyte concentrations using stored master curves. The assay sensitivities were as follows:
estradiol (15 pg/mL), progesterone (0.2 ng/mL), testosterone (15 ng/dL), LH (0.1 mIU/mL)
and FSH (0.1 mlU/mL). The intra- and inter-assay coefficient of variation was routinely
between 5-8% and 10-13% respectively.

Task and design

Participants completed a slow event related task with three kinds of stimuli (pairs of 3D or
2D stimuli, or a fixation cross). The 3D mental rotation task was based on the classic paper-
and-pencil mental rotation task [13]. Equal numbers of same and different 3D object pairs
from the paper-and-pencil test were used. The 2D shapes were drawn based on the 3D
shapes so that the number of squares in each shape corresponded to an orthogonal view of
the 3D shapes (Fig 1). The 2D-matching task was designed to control for low level visual
processing, stimulus discrimination, response selection and execution and rotation within the
picture plane. Participants used the index and middle fingers of their right hand to respond
(with index finger indicating a match) and were instructed to respond as quickly but as
accurately as possible. Each stimulus pair presentation was terminated by the subject’s
button press and replaced by a fixation cross for the remainder of the trial (up to a total time
of 20.4s). Maximum task presentation time was 17.5s. The reason we chose a slow event-
related design is that pilot testing indicated that subjects needed, on average, about 7s to
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solve the task. Four versions of the task were created (each of which included seven 3D
events and seven 2D events), and in each session (EF & LF) subject completed two versions
(each in a single functional run), with versions and orders counterbalanced across subjects
and sessions to minimize practice and order effects for specific stimuli. Visual angle for
individual 3D objects measured approximately 5°.

fMRI acquisition and analysis

Data were collected using a Siemens Vision 1.5 T magnet. Subjects completed two 123-
volume whole-brain functional runs (3.56x3.56x3mm voxels, TR/TE/flip angle/FOV =
4s/40 ms/90°/228x228 mm, 44 contiguous slices, 3 mm thickness, acquired in an interleaved
fashion) per session. T1-weighted anatomical scans (3D MP-RAGE, 150 sagittal slices 1
mm3 voxel) were collected for each participant at the first session. Two other functional
scans involving a working memory task (reported in [11]) were also collected during the
scanning session.

Using FSL (http://www.fmrib.ox.ac.uk/fsl), functional images were motion corrected,
spatially smoothed (FWHM = 8.0 mm), and temporally filtered using a high-pass filter (100
s). All 10 subjects contributed at least one useable run in each phase. We included all 10
subjects that completed fMRI sessions in order to maximize power to detect activation.
However, for any analyses involving estradiol, only the 8 subjects that provided data could
be analyzed.

Customized square waveforms (on/off) representing each condition (3D & 2D) were
convolved with a double-gamma hemodynamic response function, with the event duration
determined by the RT associated with that event. Mixed-effects group analysis was
conducted by using FSL’s FLAME (FMRIB’s local analysis of mixed effects) stages 1 + 2.
The 3D vs. fixation contrast was used to define regions used in the subsequent ROI analysis,
using clusters determined by Z > 2.3 and a (whole-brain corrected) cluster significance
threshold of p < .05 using Gaussian Random Field theory [24]. The first 6 local maxima of
each of the 4 surviving clusters were then identified, and 5-mm spheres were created
centered around these local maxima.

For each sphere ROI, scores that indexed mental rotation activity were computed. Peak
hemodynamic change was calculated as the maximum signal after stimulus onset minus the
average of the two pre-stimulus time points. Mental rotation signal change was defined as
the difference of 3Dpeak Minus 2Dpeak (i-€., 3Dsigna=3Dpeak — 2Dpeak), then its change from
EF to LF was calculated (i.e., [3Dsignai-" — 3Dsignal="1). Using IBM statistics (Chicago, IL)
two types of correlations were conducted. One set of correlations examined the association
between phase-related changes in brain activity and change in performance, with change in
performance defined by change in 3D compare to 2D performance (RT or error rate), from
EF to LF (e.g., [3DrT-F — 3DRTEF]). The other set of correlations examined the association
between changes of brain activity and hormone levels. Non-parametric correlations
(Spearman rank) were used for both kinds of correlations due to the small sample size and
the significance of the correlation was evaluated by p<0.05 (two-tailed). An additional
bootstrap procedure was used to further construct confidence intervals for the Spearman
correlations, using IBM Statistics (v. 21; Chicago IL) with 1,000 bootstrap samples.
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Correlation reliability was evaluated by whether the 95% confidence interval contained zero
or not.

Results

Hormonal analysis

A related samples wilcoxon signed rank test comparing EF and LF sessions for each of five
hormones (estradiol, progesterone, luteinizing hormone, follicular stimulating hormone, and
testosterone) revealed that only estradiol levels increased from the EF (M = 49.4 +20.5 pg/
mL;, range 25 ~ 94) to the LF phase (M = 110.5+ 65.7 pg/mL; range 42 ~ 218), with
t=2.521, p = .012. The other hormones showed no significant difference (p > 0.11).

Behavioral performance

Behavioral data ( RT(reaction time), error rate ) were analyzed with IBM Statistics
(Chicago, IL) using a 2 (Condition: 2D, 3D) x 2 (Phase: EF, LF) repeated measures
ANOVA. RTon each correct trial was log-transformed to satisfy the assumption of
normality for the multivariate approach to repeated measures analyses. Based on the 10
participants who completed both fMRI sessions, the 2D shape-matching task led to fewer
errors (5.3% vs. 25.2%) and faster responses (2.89 sec vs. 7.17 sec) than 3D-mental rotation
task. The main effect of condition was significant for both correct RT (F(1,18) = 73.6, p <
0.001) and error rate (F(1,18) = 144, p < 0.001). However, neither the main effect of
menstrual phase nor the Phase x Condition interaction was significant (all p > 0.05).

Imaging results

The initial voxel-wise analysis that defined the ROIs was based on the 10 participants who
completed both fMRI sessions, to maximize statistical power (Fig. 2). The general patterns
of 3D > fix activation are consistent with previous fMRI studies, including strong bilateral
parietal activation, which is considered a core region for mental rotation processes (see
Zacks[14]), as well as precentral and occipito-temporal regions which are also implicated in
mental rotation [15-17]. The 3D > fixation map yielded 24 ROIs. For each ROI, correlations
between change in 3D mental rotation activation (3Dsjgnal-" — 3Dsignal=") and change in
hormone level (LF — EF estradiol) or performance (RT: (3Dr7-" — 3DRTEF) or error rate)
were conducted and result summarized in Fig.2 and Table 1. An increase in mental rotation
RT score was correlated with increased mental rotation activation in the right superior
parietal cortex (ROI-A: rho=0.511, p=0.040, n=10, Cl =0~0.902; ROI-B: rh0=0.511,
p=0.040, n=10, CI =-0.077~1;) and right superior frontal cortex (rho=0.600, p=0.016, n=10,
Cl=0.20 to 0.95); whereas a decrease in mental rotation error score from EF to LF was
correlated with greater recruitment of left superior parietal cortex(rho=-0.535, p=0.036,
n=10, CI=-0.026~-0.950), and increased estradiol level from EF to LF (rho=0.571, p=0.048,
n=8, CI=0~1). Of note, this region did not show correlations with testosterone changes
across the two phases (rho=-0.265, p=0.373, CI=-0.959~0.652) suggesting that the
correlation between estradiol and fMRI signal magnitude change in this region is specific to
estradiol and not related to some other variable that might be associated with individual
differences in activation level. Although we used non-parametric statistics for these tests
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(given the small sample size), we acknowledge that these correlations would not survive
correction for multiple tests across 24 different ROls.

Discussion

In this study, we systematically investigated the association between change in mental
rotation-related fMRI activation and change in estradiol level. The major observation is that
the influence of estradiol, measured by correlations between fMRI signal change and
behavioral or hormonal changes from EF to LF, was different in the two hemispheres.
Compared to the EF phase, in the LF phase the frontal and parietal cortex in the right
hemisphere (which is dominant for mental rotation) showed increased activation in the
subjects with poorer task performance (longer RT), while the non-dominant (left)
hemisphere showed increased activation in the subjects with better task performance (fewer
errors; Fig. 2). This means that non-dominant hemisphere recruitment in the LF (high
estradiol) phase was associated with performance improvements. In addition, the left
superior parietal cortex showed increased activation in proportion to increased estradiol
from the EF to LF phase. In contrast, the right hemisphere did not show significant
correlations with estradiol changes. This suggests that the greater the estradiol change in the
LF phase, the more the activation in the non-dominant hemisphere. In turn, we suggest that
greater recruitment of the non-dominant hemisphere with a greater increase in estradiol is
one way to characterize reduced functional asymmetry.

The finding of reduced functional cerebral asymmetry due to increased estradiol levels
during LF phase is consistent with Hausmann’s theory of reduced functional asymmetries by
estradiol and progesterone in performance of different cognitive tasks [6, 18-20]. Hausmann
[15, 18] suggests that gonadal steroids could reduce cortical-cortical transmission via
glutamatergic and GABA-ergic action. Since the dominant hemisphere typically inhibits the
activity in the corresponding non-dominant hemisphere regions via glutamatergically
induced excitatory post-synaptic potentials, a higher gonadal steroid concentration would
lead to reduced inhibition of the non-dominant hemisphere, resulting in temporary reduced
asymmetry. Importantly, in the present study, the correlation appeared to be specific to
estradiol changes across the menstrual cycle and not related to testosterone changes.

Results from a verbal working memory task which was completed by the same set of
subjects [11] also showed a similar reduction in asymmetry across the two menstrual cycle
phases. Specifically, better performance in the LF than the EF phase was associated with a
pattern of reduced recruitment of the left-hemisphere (dominant hemisphere) and increased
recruitment of the right-hemisphere (non-dominant hemisphere), which also reflects reduced
functional asymmetry for working memory. For both studies, increased activation from the
EF to LF phase in the non-dominant hemisphere was positively correlated with improved
performance, but increased activation in the dominant hemisphere was negatively correlated
with performance. The different asymmetry patterns between these two tasks (for mental
rotation, the right hemisphere is dominant, and for working memory the left hemisphere is
dominant) suggest that these findings are not likely to be anatomically driven (such as
estradiol-related perfusion differences across the brain [8, 21]); instead, they are related to
the functionality attributed to each hemisphere.
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Conclusion

The present study demonstrated that increased estradiol in the LF phase was associated with
reduced functional asymmetry involving a number of critical cortical nodes for mental
rotation. These findings, together with the prior companion study on verbal working
memory in the same sample [11] are consistent with the proposal by Hausmann [15, 18] that
estradiol is associated with reduced functional cerebral asymmetry. Collectively, the present
findings contribute to a better understanding of the influence of estradiol on functional brain
activation, which may ultimately have an impact on treatment of medical conditions related
to reductions in estradiol, as in aging and menopause. Nevertheless, given the small sample
size and the finding that the statistical tests were significant at an uncorrected alpha level,
the present results should be considered preliminary for guiding future studies with larger
samples.
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3D pairs | 2D pairs

Figure 1.
Example of 3D and 2D stimulus pairs used in the matching task.
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Changes in mental rotation fMRI difference scores plotted as a function of performance or
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(3D-2D)EF, or change in estradiol: AE=E-F-EEF. As shown in the legend on the bottom left,
a higher value on the y-axis represents stronger 3D mental rotation activation in the LF
phase and a lower value represents weaker 3D mental rotation activation in the LF phase. A
higher value on the x-axis represents poorer performance (higher errors or RT) in the LF
phase whereas a lower value on the x-axis represents better performance in the LF phase.
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