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Abstract

Gender differences are investigated from the viewpoint of cognitive neuros-
cience in the domain of spatial ability. Five task types of geometric problems
are used for the collection of task-evoked fMRI data. Although there was no
gender-difference in task performance, we found gender differences in neural
activity. Some of the important gender differences that we found are 1) that there
are far more joint neuro-activations among the brain regions, co-activations
or reverse-activations, in males than in females, 2) that the two types of joint
activations were nearly half and half in females while it was mostly co-activations
in males, 3) that males tend to have more co-activations in the left hemis-
phere than expected while females tend to have more between-hemisphere
co-activations than expected, and 4) that the left-right pairs of BA's are more
highly associated than average for males while they are far less associated
than average for females.

Keywords

Cross-Correlation, Functional Magnetic Resonance Imaging, Co-Activation
and Reverse-Activation, Between and Within Hemisphere

1. Introduction

Spatial ability is the ability that is employed for executing cognitive tasks such as
generating, storing, retrieving, and transforming visuo-spatial information. This
ability is known to produce robust gender differences favoring males [1]-[7]. It is
also reported in the literature that males usually perform better on mental rota-
tion tasks than females [8]-[16]. As correlates of gender differences in spatial

ability, biological factors such as sex hormones associated with the phase of the
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menstrual cycle [13] [17] [18] [19] [20] or the ratio of the 2nd to 4th finger
length [14] [21] [22] [23], bodily measures [24], and structural brain morpholo-
gy [25], and environmental factors such as gender role socialization [26] [27]
and the level of education [1] [28] [29] [30] have been inspected. Although some
supporting hypotheses for gender differences in spatial ability, such as an evolu-
tionary hypothesis [31] [32] [33] [34] [35], a gender similarity hypothesis [36]
[37], and a functional lateralization hypothesis [38]-[45] were proposed, the is-
sue of gender difference in spatial ability is yet wide open.

In this study, we analyzed functional magnetic resonance imaging (fMRI) data
of task performances and explored gender differences in spatial ability by using
five task types of spatial ability in an effort to refine the neurocognitive under-
standing of spatial ability. The five task types consist of picture completion (PC),
mental rotation (MR), surface development (SD), aperture passing (AP), and
hole punching (HP). We found gender differences in neural correlates and acti-
vations in response to the five task types. We also saw a gender difference in the

functional relationship among brain regions.

2. Method
2.1. Participants

61 young healthy undergraduate students (27 males and 34 females) participated
in the study. They were recruited by announcements on the bulletin boards of a
local university and all of them majored in natural sciences or engineering. All
the participants reported no history of psychiatric or neurological abnormality

and submitted the signed informed consent forms.

2.2. Data Acquisition and Task Types

fMRI data were acquired from an ISOL FORTE scanner (ISOL Technology,
Gyeonggi, Korea) operating at 3 Tesla. A total of 177 whole-brain images were
collected using a T2*-weighted single-shot echo-planar imaging (EPI) sequence
(repetition time (TR) = 3000 msec, echo time (TE) = 35 msec, number of slices =
36, slice thickness = 3 mm, matrix size = 64 x 64, the field of view = 220 mm x
220 mm). Subjects performed 5 types of spatial ability tasks during the scanning.
In a block designed experiment, 15 problem sets (5 task types x 3 problem sets)
were presented in a random order to each subject. A set of problems were pre-
sented at regular intervals (21 seconds) after instructions on how to solve prob-
lems (6 seconds). Fixations were provided before a subsequent problem set (9
seconds). As shown in Figure 1, each problem was displayed in two figure frames,
one for a stimulus and the other for a test probe. If the test probe corresponded
appropriately to the stimulus figure, that is, 1) in picture completion if the test
probe fitted the stimulus, 2) in mental rotation if the test probe was rotated to
match the stimulus, 3) in surface development if the test probe was constructed
by folding the stimulus, 4) in aperture passing if the test probe was a projection

from the stimulus, and 5) in hole punching if the stimulus was acquired by
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Task type Stimulus Test probe Answer
Picture completion 4 No

No

-~
‘ No
|

Surface development

Aperture passing Yes

< N\,
Mental rotation r {

No

Hole punching ﬂJ [ LJ

Figure 1. Sample problems of the five task types.

unfolding the test probe, a subject was supposed to answer ‘Yes’ or ‘No’ by
pressing the left or right mouse button, respectively. The overall performance of
the tasks was measured as discriminability, that is, hit rate minus false alarm
rate. The cognitive complexity of the five task types of spatial ability was meas-

ured by task scores.

2.3. fMRI Data Analysis

Preprocessing and statistical analysis of the fMRI data were carried out using the
SPMS8 software (Wellcome Trust Centre for Neuroimaging, University College
London, London, UK). The preprocessing steps included spatial realignment to
the mean volume of a series of images, normalization into the same coordinate
frame as the MNI-template brain, and smoothing using a Gaussian filter of 8
mm FWHM. The fMRI data were then analyzed statistically for each participant
and the analysis results were used for random-effects analysis. In random-effects
analysis, we used a factorial design for repeated measures ANOVA with gender
as a between-group factor and task type as a within-group factor. We checked
for an interaction effect between gender and task type and for consistent gender
differences in neural activation across the five task types. In all statistical infe-
rences, we determined the statistical significance at the height threshold of an
uncorrected p-value less than 0.001 and the cluster extent threshold of more

than ten voxels.

3. Results

3.1. Trend in Task Scores

We saw no significant gender difference in the mean of the task scores with the

p-value, 0.052. For more detailed description of the difference, the 95% simulta-
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neous confidence intervals of the difference are given in Table 1 and the box-
plots of the task scores in Figure 2. For convenience’ sake, we will label the five
task types, PC, MR, SD, AP, and HP, respectively, by 1, 2, ---, 5.

We can apparently see a trend of the mean scores across the task types as dis-
played in panel (a) of Figure 3. The mean scores are decreasing in the order of
PC, MR, AP, SD, and HP. The difference among the score means is displayed in
panel (b) by grouping. The task scores in the same parentheses suggest no sig-
nificant difference between them at the significance level 0.05. For both sexes,
task type 1 and each of task types 3, 4, and 5 are significantly different in the
context of task scores, and so are task types 2 and 5. The score grouping is
slightly different between males and females in that task types 4 (AP) and 5 (HP)
are significantly different in females while they are not in males. As for males,,

Table 1. The 95% simultaneous confidence intervals of the differences of means,

My = He -

Task type Lower limit Upper limit
1 (PC) -1.83 3.57
2 (MR) -1.96 6.32
3(SD) -2.69 6.61
4 (AP) -2.88 3.87
5 (HP) -0.08 7.77
5-M — R nnnni I I EEETEEEEEEEEE {
5F 4 o Rt T Skttt 1
4-M — o o o F----1 b---- ] o
4-F S s T N S ]
3-M e ! I IR EEEEEEEEEEEEEES ]
3-F foeey ) b 1
2-M R et AN IR EEEE {
2-F R [ I CELTLEEEES 1
M - proese |
1-F - I enn I Jl EEEETEEE {
I | I I I
-10 -5 0 5 10
Score

Figure 2. Boxplots of task scores.

DOI: 10.4236/0jbiphy.2023.131002

17 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2023.131002

S.-H. Kim et al.

Mean Score

Sex Grouping
Male (PC, MR), (MR, AP, SD),

- (AP, SD, HP)
Female (PC, MR), (MR, AP, SD),
(SD, HP)
T (b)
female

I
3 4 5

PC, MR, AP, SD, HP

()

Figure 3. Comparison of the mean task scores between male and female for the 5 task types. In panel (b), the task types in the

same group (in parentheses) are regarded as of equal mean task scores at the significance level « =0.05. (a) Mean task scores; (b)

Multiple comparison of mean task scores.

task types 3, 4, and 5 belong to the same score group while only task types 3 and

5 (Ze, SD and HP) belong to the same score group for females.

3.2. Gender Difference in Neural Activity for All the Tasks

While there was no significant gender difference in task scores, we could see sig-
nificant gender differences in neural activities. Across the five task types, males
showed higher activations consistently in the occipital cortex (OC) (BA 17, 18,
19), left prefrontal cortex (PFC) (BA 44) and posterior parietal cortex (PPC) (BA
7, 23), whereas females showed higher activations consistently in the left PPC
(BA 40). In repeated measures ANOVA, an interaction effect between gender
and task type was shown in the OC.

3.3. Cross-Correlations of Neural Activation

Let X, denote the activity level at brain region & in response to task type &
Then the cross-correlation corr(X,,X,,)=0 means, under the Gaussian as-
sumption, that the activity level at brain region & in response to task type ¢is in-
dependent of the activity level at brain region /in response to task type wu. In
other words, a high activity level at brain region k& in solving a problem of task
type ¢ does not necessarily imply a high (or low) activity level at brain region /in
solving a problem of task type u.

Figure 4 summarises the cross-correlations of the activity levels among the 82
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Figure 4. Gender-difference in cross-correlations of the brain activitivation in response to the 5 task types across the 82 BA’s. For
each BA-pair, the number (n, ) of the task-type pairs are counted whose correlations are significant (o = 0.05 ), and the distribu-

tion of n,,1<k <1<82,is given in histogram for each sex.

Table 2. Frequency table of n, <7.

nkI
Sex
0 1 2 3 4 5 6 7
F 1585 507 308 266 168 142 75 64
M 261 301 354 408 422 362 293 246

Brodmann areas (BA’s). For each BA-pair, BA’s k and 7/ (1<k,1<82), we
counted the number n,, of the task-type pairs for which the brain activity levels
are correlated significantly. Note that 0<n, <25 for all k,I. The histograms
in the figure show the distribution of n,,. We can see a dramatic gender differ-
ence in the distribution. A part of the frequency table is given in Table 2 as a
zoom-in for the histograms. This apparent difference indicates that brain re-
gions are more associated functionally in males than in females. The number of
the BA-pairs for which n, =0 is 1585 which is about a half (48%) of the total
number of BA-pairs (=3321). If we consider up to the numbers of n, <1, it is
2092 (63%) for females and 562 (17%) for males. This is a strong indication that
there is a far less functional association among the brain regions for females than
for males. We may interpret this as that: males are more co-operative in brain
activity than females as far as the problem solving of geometric problems is con-
cerned.

Another question we were interested in was if there is a stronger association
between the left-right counterparts of BA than between every other pair of BA’s.
We can see a gender difference in Table 3. As for the male, the association be-

tween the left-right counterparts of BA is a more often occurrence than it is among
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Table 3. Quantiles of n,, for two types of BA pairs. (a) For males; (b) For females.

(a)

Proportion (%)
Brain regions
10 20 30 40 50 60 70 80 90

Left-right pairs 5 7 9 10 11 13 14 17 19
All the other pairs 2 3 4 4 5 6 7 8 10
(b)

Proportion (%)

Brain regions
10 20 30 40 50 60 70 80 90

Left-right pairs 0 0 0 1 1 1 2 2 5

All the other pairs 0 0 1 1 2 2 3 4 7

the other pairs of BA’s. The asymptotic z-score of the Mann-Whitney-Wilcoxon
(MWW) test [46] is 6.79 (with its upper tail probability near 0), which strongly
indicates a higher left-right association of BA’s than the average of the associa-
tions among the BA’s. The phenomenon is quite a contrary for females, as can
be seen in the table. The left-right association is shown to be weaker than aver-
age with the asymptotic z-score of the MWW test —4.40 (with its lower tail
probability near 0). In a nutshell, there are more pairwise left-right BA associa-
tions than average in males while there are fewer of them than average in fe-
males. We need a little bit of prudence here in that the MWW test is used under
the assumption that n,’s are independent of each other. As a matter of fact,
they may not be independent. We however used this test as an approximate sur-
rogate to measure the difference between the two pair types of BA’s, left-right
counterpart pairs and the other type of pairs.

So far we have investigated significance of the association without regard to
the sign of the correlation. If the correlation is positive, we may interpret the as-
sociation of a pair of BA’s as co-activation; otherwise, as reverse-activation. Ta-
ble 4 summarizes the analysis result of the pairwise activation patterns. The pat-
terns are surprisingly contrasting between males and females. Among the asso-
ciations between BA’s, they are mostly due to co-activation for males while they
are divided nearly half and half between the two types of activities for females.
This result seems to be well in tune with the findings by [47] in the context of
neural processing efficiency.

We were also interested in whether there are more co-activations or re-
verse-activations between hemispheres than within hemispheres or vice versa.
To further investigate in this line, we took each of the numbers in Table 4 into
three pieces, one corresponding to the mutual activations of the BA’s in the left
hemisphere, another in the right hemisphere, and a third between hemispheres.
This refinement is summarized in Table 5. For instance, the value 1518 for males
in Table 4 is broken into three pieces, 409, 746, and 363. 409 BA-pairs co-activate
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Table 4. Co-activation and reverse-activation counts of BA’s. The numbers are of the
BA-pairs for each task type which are significant at the significance level 0.05. “+” (“-”)
stands for co-activation (reverse-activation).

Task type
Sex 1 2 3 4 5
- + - + - + - + - +
M 26 1518 0 2408 2 1637 0 2253 0 2249
F 178 196 180 171 152 156 175 172 180 183

Table 5. Co-activation and reverse-activation counts of BA’s between and within hemis-
pheres. The numbers are of the BA-pairs for each task type which are significant at the
significance level 0.05. “L” and “R” stand for the left and right hemispheres, respectively,
and “Between” for “between hemisphere”.

Male Female
1;;5 Co-activation Co-activation Reverse-activation

L Between R L Between R L Between R
1 4097 746 363 35 1157 46 41 84 53
2 608 1225 575 34 93 44 52 764 52
3 4557 788 394 28 957 33 37 70 45
4 606T 1124 523 38 1077 27 39 92 44
5 589 11144 546 34 1087 41 40 85 55

Note (1) The T in the “L” column means that its value significantly larger than its coun-
terpart in the “R” column at the significance level « =0.05. (2) The 1 in the “Between”
column means that the number of the between-hemisphere BA-pairs which co-activate
(or reverse-activate) are significantly larger (¥ for smaller) than the number of the with-
in-hemisphere BA-pairs which co-activate (or reverse-activate) at o =0.05.

in the left (L) hemisphere, 363 BA-pairs in the right (R) hemisphere, and 746
between-hemisphere BA-pairs. We ignored the reverse-activation for males since
there were only 28 such cases.

It is obvious in Table 5 that, in males, there are a larger or equal number of
co-activations in the left hemisphere than expected. On the other hand, the be-
tween-hemisphere co-activations occur at least as often as expected in females.
There are no significant differences in the number of reverse-activations in fe-
males except that the between-hemisphere reverse-activation occurs less often
than expected for task type 2. In a nutshell, males tend to use the left hemisphere
more often than expected and, as for females, between-hemisphere co-activations
are more often than expected.

The two types of joint activations in females are displayed in Figure 5, which
is obtained by applying the modelling method as proposed in [48]. Co-activation
BA-pairs are connected by red lines and reverse-activation BA-pairs by blue

lines. We can see in the figure that the two types of joint activations occur over
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almost the same brain regions each other and that some brain regions are
functionally connected with other regions more in co-activation than in re-
verse-activation and vice versa. It is obvious in the figure that a brain region
co-activates with another region while it reverse-activates with a third. As a vis-
ual aid, we added a figure of the joint activations for the five task types in Figure
6.

To sum up the analysis results of correlations, as long as the problem solving
of geometric problems are concerned, 1) brain regions are far more associated
functionally in males than females (Table 2), 2) the left-right pairs of BA’s are
more highly associated than average for males while they are far less associated
than average for females (Table 3), 3) the association between brain regions are
mostly due to co-activation for males while, for females, only half of the associa-
tions are due to co-activation and the other half by reverse-activation (Table 4),
and 4) males tend to have more co-activations in the left hemisphere than ex-
pected while females tend to have more between-hemisphere co-activations than
expected (Table 5).

4. Concluding Remarks

In the correlation analysis, we tried to investigate functional connectivity among
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Figure 5. Inferior view of co-activation (in red) and reverse-activation (in blue) between
brain areas of a female participant.
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Task type  Lateral view Anterior view Inferior view

Figure 6. Co-activation (in red) and reverse-activation (in blue) graphs for females from three viewpoints, lat-
eral, anterior, and inferior.
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brain regions from two viewpoints. In one of them, we counted the number
(ny ) of task type pairs for which a certain pair of BA’s, say BA’s k and / are
correlated significantly. For each k=1, 0<n, <25. A larger n, can be in-
terpreted as a stronger correlation between BA’s k£ and /L There was no signifi-
cant functional connectivity for nearly half (48%) of the BA-pairs for females
while it is only 8% for males. This is a global look at functional connectivity
without regard to the task type.

A refined description of the functional connectivity for each task type is that
males are found to have more or as many co-activations of BA’s in the left he-
misphere as expected, while females are found to have more or as many
co-activations between hemispheres as expected. This result is well in tune with
the gender difference in the structural connectome of the brain found in [49]. As
for the patterns of functional connectivity, the connectivity is shown to be via
co-activation for males while it is divided almost half and half into co-activation
and reverse-activation for females.

The result of this work is limited in interpretation in the sense that the data
for this work is from college students majoring in natural sciences or engineer-
ing. However, it is worthwhile to note that male and female students could get
the same performance scores on spatial ability tasks while the neural activity pat-

tern was quite contrasting between males and females, as was found in the paper.

Acknowledgements

The authors wish to thank Prof. Ah-Young Kim of Ewha University, South Ko-
rea for providing a set of problems in Geometry that were used for data collec-
tion. The research was supported by a grant from the National Research Foun-
dation of the Republic of Korea (Grant No: 2020R1A2C1A0100876711).

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-

per.

References

[1] Contreras, M.]., Colom, R., Shih, P.C., Alava, M.]. and Santacreu, J. (2001) Dynamic
Spatial Performance: Sex and Educational Differences. Personality and Individual
Differences, 30, 117-126. https://doi.org/10.1016/S0191-8869(00)00015-5

[2] Contreras, M.]., Rubio, V.J., Pena, D., Colom, R. and Santacreu, J. (2007) Sex Dif-
ferences in Dynamic Spatial Ability: The Unsolved Question of Performance Fac-

tors. Memory and Cognition, 35, 297-303. https://doi.org/10.3758/BF03193450

[3] Crucian, G.P. and Berenbaum, S.A. (1998) Sex Differences in Right Hemisphere
Tasks. Brain and Cognition, 36, 377-389. https://doi.org/10.1006/brcg.1998.0999

[4] Lawton, C.A. and Hatcher, D.W. (2005) Gender Differences in Integration of Im-
ages in Visuospatial Memory. Sex Roles, 53, 717-725.
https://doi.org/10.1007/s11199-005-7736-1

[5] Ruggiero, G., Sergi, I. and Iachini, T. (2008) Gender Differences in Remembering
and Inferring Spatial Distances. Memory, 16, 821-835.

DOI: 10.4236/0jbiphy.2023.131002

24 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2023.131002
https://doi.org/10.1016/S0191-8869(00)00015-5
https://doi.org/10.3758/BF03193450
https://doi.org/10.1006/brcg.1998.0999
https://doi.org/10.1007/s11199-005-7736-1

S.-H. Kim et al.

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

https://doi.org/10.1080/09658210802307695

Vecchi, T. and Girelli, L. (1998) Gender Differences in Visuo-Spatial Processing:
The Importance of Distinguishing between Passive Storage and Active Manipula-
tion. Acta Psychologica, 99, 1-16. https://doi.org/10.1016/5S0001-6918(97)00052-8

Weiss, E., Siedentopf, C.M., Hofer, A., Deisenhammer, E.A., Hoptman, M.J., Kremser,
C., Golaszewski, S., Felber, S., Fleischhacker, W.W. and Delazer, M. (2003) Sex Dif-
ferences in Brain Activation Pattern during a Visuospatial Cognitive Task: A Func-
tional Magnetic Resonance Imaging Study in Healthy Volunteers. Neuroscience
Letters, 344, 169-172. https://doi.org/10.1016/5S0304-3940(03)00406-3

Collins, D.W. and Kimura, D. (1997) A Large Sex Difference on a Two-Dimensional
Mental Rotation Task. Behavioral Neuroscience, 111, 845-849.
https://doi.org/10.1037/0735-7044.111.4.845

Geiser, C., Lehmann, W., Corth, M. and Eid, M. (2008) Quantitative and Qualitative
Change in Children’s Mental Rotation Performance. Learning and Individual Dif-
ferences, 18, 419-429. https://doi.org/10.1016/j.lindif.2007.09.001

Halari, R., Sharma, T., Hines, M. andrew, C., Simmons, A. and Kumari, V. (2006)
Comparable fMRI Activity with Differential Behavioural Performance on Mental

Rotation and Overt Verbal Fluency Tasks in Healthy Men and Women. Experi-
mental Brain Research, 169, 1-14. https://doi.org/10.1007/s00221-005-0118-7

Hirnstein, M., Bayer, U. and Hausmann, M. (2009) Sex-Specific Response Strategies
in Mental Rotation. Learning and Individual Differences, 19, 225-228.
https://doi.org/10.1016/j.lindif.2008.11.006

Kerkman, D.D., Wise, J.C. and Harwood, E.A. (2000) Impossible “Mental Rotation”
Problems: A Mismeasure of Women’s Spatial Abilities? Learning and Individual
Difterences, 12, 253-269. https://doi.org/10.1016/S1041-6080(01)00039-5

Kozaki, T. and Yasukouchi, A. (2009) Sex Differences on Components of Mental
Rotation at Different Menstrual Phases. International Journal of Neuroscience, 119,
59-67. https://doi.org/10.1080/00207450802480101

Peters, M., Manning, J.T. and Reimers, S. (2007) The Effects of Sex, Sexual Orienta-
tion, and Digit Ratio (2D:4D) on Mental Rotation Performance. Archives of Sexual
Behavior, 36, 251-260. https://doi.org/10.1007/s10508-006-9166-8

Arrighi, L. and Hausmann, M. (2022) Spatial Anxiety and Self-Confidence Mediate
Sex/Gender Differences in Mental Rotation. Learning & Memory, 2022, 312-320.
https://doi.org/10.1101/lm.053596.122

Rahe, M. and Jansen, P. (2022) Sex Differences in Mental Rotation: The Role of Ste-
reotyped Material, Perceived Performance and Extrinsic Spatial Ability. Journal of
Cognitive Psychology, 34, 400-409. https://doi.org/10.1080/20445911.2021.2011896
Chabanne, V., Peruch, P. and Thinus-Blanc, C. (2004) Sex Differences and Wom-
en’s Hormonal Cycle Effects on Spatial Performance in a Virtual Environment Na-
vigation Task. Cahiers de Psychologie Cognitive, 22, 351-375.

McCormick, C.M. and Teillon, S.M. (2001) Menstrual Cycle Variation in Spatial
Ability: Relation to Salivary Cortisol Levels. Hormones and Behavior, 39, 29-38.
https://doi.org/10.1006/hbeh.2000.1636

Schoning, S., Engelien, A., Kugel, H., Schafer, S., Schiffbauer, H., Zwitserlood, P.,
Pletziger, E., Beizai, P., Kersting, A., Ohrmann, P., Greb, R.R., Lehmann, W., Hein-
del, W, Arolt, V. and Konrad, C. (2007) Functional Anatomy of Visuo-Spatial Working
Memory during Mental Rotation Is Influenced by Sex, Menstrual Cycle, and Sex
Steroid Hormones. Neuropsychologia, 45, 3203-3214.
https://doi.org/10.1016/j.neuropsychologia.2007.06.011

DOI: 10.4236/0jbiphy.2023.131002

25 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2023.131002
https://doi.org/10.1080/09658210802307695
https://doi.org/10.1016/S0001-6918(97)00052-8
https://doi.org/10.1016/S0304-3940(03)00406-3
https://doi.org/10.1037/0735-7044.111.4.845
https://doi.org/10.1016/j.lindif.2007.09.001
https://doi.org/10.1007/s00221-005-0118-7
https://doi.org/10.1016/j.lindif.2008.11.006
https://doi.org/10.1016/S1041-6080(01)00039-5
https://doi.org/10.1080/00207450802480101
https://doi.org/10.1007/s10508-006-9166-8
https://doi.org/10.1101/lm.053596.122
https://doi.org/10.1080/20445911.2021.2011896
https://doi.org/10.1006/hbeh.2000.1636
https://doi.org/10.1016/j.neuropsychologia.2007.06.011

S.-H. Kim et al.

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

Bernal, A. and Paolieri, D. (2022) The Influence of Estradiol and Progesterone on
Neurocognition during Three Phases of the Menstrual Cycle: Modulating Factors.
Behavioral Brain Research, 417, Article ID: 113593.
https://doi.org/10.1016/j.bbr.2021.113593

Kempel, P., Gohlke, B., Klempau, J., Zinsberger, P., Reuter, M. and Hennig, J. (2005)
Second-to-Fourth Digit Length, Testosterone and Spatial Ability. Intelligence, 33,
215-230. https://doi.org/10.1016/j.intell.2004.11.004

Putz, D.A., Gaulin, S.J.C., Sporter, R.J. and McBurney, D.H. (2004) Sex Hormones
and Finger Length—What Does 2D:4D Indicate? Evolution and Human Behavior,
25, 182-199. https://doi.org/10.1016/j.evolhumbehav.2004.03.005

Sanders, G., Bereczkei, T., Csatho, A. and Manning, J. (2005) The Ratio of the 2nd
to 4th Finger Length Predicts Spatial Ability in Men but Not Women. Cortex, 41,
789-795. https://doi.org/10.1016/S0010-9452(08)70297-1

Tan, U., Okuyan, M., Albayrak, T. and Akgun, A. (2003) Sex Differences in Verbal
and Spatial Ability Reconsidered in Relation to Body Size, Lung Volume, and Sex
Hormones. Perceptual and Motor Skills, 96, 1347-1360.
https://doi.org/10.2466/pms.2003.96.3¢.1347

Koscik, T., O’Leary, D., Moser, D.]. andreasen, N.C. and Nopoulos, P. (2009) Sex
Differences in Parietal Lobe Morphology: Relationship to Mental Rotation Perfor-
mance. Brain and Cognition, 69, 451-459.
https://doi.org/10.1016/j.bandc.2008.09.004

Schug, M.G., Barhorst-Cates, E., Stefunucci, J., Creem-Regehr, S., Olsen, A.P. and
Cashdan, E. (2022) Childhood Experience Reduces Gender Differences in Patial
Abilities: A Cross-Cultural Study. Cognitive Science, 46, €13096.
https://doi.org/10.1111/cogs.13096

Saucier, D.M., McCreary, D.R. and Saxberg, J.K.J. (2002) Does Gender Role Sociali-
zation Mediate Sex Differences in Mental Rotations? Personality and Individual
Differences, 32, 1101-1111. https://doi.org/10.1016/S0191-8869(01)00106-4

Peters, M., Lehmann, W., Takahira, S., Takeuchi, Y. and Jordan, K. (2006) Mental
Rotation Test Performance in Four Cross-Cultural Samples (N = 3367): Overall Sex

Differences and the Role of Academic Program in Performance. Cortex, 42, 1005-1014.
https://doi.org/10.1016/S0010-9452(08)70206-5

Van Exel, E., Gussekloo, J., De Craen, A.J.M., Bootsma-van Der Wiel, A., Houx, P.,
Knook, D.L. and Westendorp, R.G.J. (2001) Cognitive Function in the Oldest Old:
Women Perform Better than Men. Journal of Neurology Neurosurgery and Psy-
chiatry, 71, 29-32. https://doi.org/10.1136/jnnp.71.1.29

Weiss, E.M., Kemmler, G., Deisenhammer, E.A., Fleischhacker, W.W. and Delazer,
M. (2003) Sex Differences in Cognitive Functions. Personality and Individual Dif-
ferences, 35, 863-875. https://doi.org/10.1016/S0191-8869(02)00288-X

Ecuyer-Dab, I. and Robert, M. (2004) Have Sex Differences in Spatial Ability
Evolved from Male Competition for Mating and Female Concern for Survival?
Cognition, 91, 221-257. https://doi.org/10.1016/j.cognition.2003.09.007

Gaulin, S.J.C. and Fitzgerald, R W. (1989) Sexual Selection for Spatial-Learning Abili-
ty. Animal Behaviour, 37, 322-331. https://doi.org/10.1016/0003-3472(89)90121-8

Jones, C.M., Braithwaite, V.A. and Healy, S.D. (2003) The Evolution of Sex Differ-
ences in Spatial Ability. Behavioral Neuroscience, 117, 403-411.
https://doi.org/10.1037/0735-7044.117.3.403

Silverman, I., Choi, J., Mackewn, A., Fisher, M., Moro, J. and Olshansky, E. (2000)
Evolved Mechanisms Underlying Wayfinding: Further Studies on the Hunter-Gatherer

DOI: 10.4236/0jbiphy.2023.131002

26 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2023.131002
https://doi.org/10.1016/j.bbr.2021.113593
https://doi.org/10.1016/j.intell.2004.11.004
https://doi.org/10.1016/j.evolhumbehav.2004.03.005
https://doi.org/10.1016/S0010-9452(08)70297-1
https://doi.org/10.2466/pms.2003.96.3c.1347
https://doi.org/10.1016/j.bandc.2008.09.004
https://doi.org/10.1111/cogs.13096
https://doi.org/10.1016/S0191-8869(01)00106-4
https://doi.org/10.1016/S0010-9452(08)70206-5
https://doi.org/10.1136/jnnp.71.1.29
https://doi.org/10.1016/S0191-8869(02)00288-X
https://doi.org/10.1016/j.cognition.2003.09.007
https://doi.org/10.1016/0003-3472(89)90121-8
https://doi.org/10.1037/0735-7044.117.3.403

S.-H. Kim et al.

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

Theory of Spatial Sex Differences. Evolution and Human Behavior, 21, 201-213.
https://doi.org/10.1016/S1090-5138(00)00036-2

Geary, D.C. (2022) Spatial Ability as a Distinct Domain of Human Cognition: An
Evolutionary Perspective. Intelligence, 90, Article ID: 101616.
https://doi.org/10.1016/1.intell.2021.101616

Hyde, J.S. (2005) The Gender Similarities Hypothesis. American Psychologist, 60,
581-592. https://doi.org/10.1037/0003-066X.60.6.581

Hyde, J.S. (2007) New Directions in the Study of Gender Similarities and Differenc-
es. Current Directions in Psychological Science, 16, 259-263.
https://doi.org/10.1111/j.1467-8721.2007.00516.x

Levy, J. (1976) Cerebral Lateralization and Spatial Ability. Behavior Genetics, 6,
171-188. https://doi.org/10.1007/BF01067147

Lewis, R.S. and Kamptner, N.L. (1987) Sex Differences in Spatial Task Performance
of Patients with and without Unilateral Cerebral Lesions. Brain and Cognition, 6,
142-152. https://doi.org/10.1016/0278-2626(87)90115-1

McGlone, J. (1980) Sex Differences in Human Brain Asymmetry: A Critical Survey.
Behavioral and Brain Sciences, 3, 215-263.
https://doi.org/10.1017/S0140525X00004398

McGlone, J. and Kertesz, A. (1973) Sex Differences in Cerebral Processing of Vi-
suospatial Tasks. Cortex, 9, 313-320.
https://doi.org/10.1016/S0010-9452(73)80009-7

Rilea, S.L. (2008) A Lateralization of Function Approach to Sex Differences in Spa-
tial Ability: A Reexamination. Brain and Cognition, 67, 168-182.
https://doi.org/10.1016/j.bandc.2008.01.001

Rilea, S.L., Roskos-Ewoldsen, B. and Boles, D. (2004) Sex Differences in Spatial
Ability: A Lateralization of Function Approach. Brain and Cognition, 56, 332-343.
https://doi.org/10.1016/j.bandc.2004.09.002

Siegel-Hinson, R.I. and McKeever, W.F. (2002) Hemispheric Specialisation, Spatial
Activity Experience, and Sex Differences on Tests of Mental Rotation Ability. Late-
rality, 7, 59-74. https://doi.org/10.1080/13576500143000078

Witelson, S.F. (1976) Sex and the Single Hemisphere: Specialization of the Right
Hemisphere for Spatial Processing. Science, 193, 425-427.
https://doi.org/10.1126/science.935879

Randles, R.H. and Wolfe, D.A. (1979) Introduction to the Theory of Nonparametric
Statistics. Wiley, New York.

Christova, P.S., Lewis, S.M., Tagaris, G.A., Ugurbil, K. and Georgopoulos, A.P.
(2008) A Voxel-by-Voxel Parametric fMRI Study of Motor Mental Rotation: He-
mispheric Specialization and Gender Differences in Neural Processing Efficiency.

Experimental Brain Research, 189, 79-90.
https://doi.org/10.1007/s00221-008-1405-x

Lee, N., Choi, H. and Kim, S.H. (2016) Bayes Shrinkage Estimation for High-Di-
mensional VAR Models with Scale Mixture of Normal Distributions for Noise.
Computational Statistics & Data Analysis, 101, 250-276.
https://doi.org/10.1016/j.csda.2016.03.007

Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T.D., Elliott, M.A., Ruparel,
K., Hakonarson, H., Gur, R.E., Gur, R.C. and Verma, R. (2014) Sex Differences in
the Structural Connectome of the Human Brain. Proceedings of the National
Academy of Sciences of the United States of America, 111, 823-828.
https://doi.org/10.1073/pnas.1316909110

DOI: 10.4236/0jbiphy.2023.131002

27 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2023.131002
https://doi.org/10.1016/S1090-5138(00)00036-2
https://doi.org/10.1016/j.intell.2021.101616
https://doi.org/10.1037/0003-066X.60.6.581
https://doi.org/10.1111/j.1467-8721.2007.00516.x
https://doi.org/10.1007/BF01067147
https://doi.org/10.1016/0278-2626(87)90115-1
https://doi.org/10.1017/S0140525X00004398
https://doi.org/10.1016/S0010-9452(73)80009-7
https://doi.org/10.1016/j.bandc.2008.01.001
https://doi.org/10.1016/j.bandc.2004.09.002
https://doi.org/10.1080/13576500143000078
https://doi.org/10.1126/science.935879
https://doi.org/10.1007/s00221-008-1405-x
https://doi.org/10.1016/j.csda.2016.03.007
https://doi.org/10.1073/pnas.1316909110

	Statistical Analysis on Gender Difference in Neural Activity for Spatial Ability Tasks
	Abstract
	Keywords
	1. Introduction
	2. Method
	2.1. Participants
	2.2. Data Acquisition and Task Types
	2.3. fMRI Data Analysis

	3. Results
	3.1. Trend in Task Scores
	3.2. Gender Difference in Neural Activity for All the Tasks
	3.3. Cross-Correlations of Neural Activation

	4. Concluding Remarks
	Acknowledgements
	Conflicts of Interest
	References

