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Gender Differences in Brain Functional
Connectivity Density
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Abstract: The neural bases of gender differences in emotional, cognitive, and socials behaviors are
largely unknown. Here, magnetic resonance imaging data from 336 women and 225 men revealed a
gender dimorphism in the functional organization of the brain. Consistently across five research sites,
women had 14% higher local functional connectivity density (IFCD) and up to 5% higher gray matter
density than men in cortical and subcortical regions. The negative power scaling of the I[FCD was
steeper for men than for women, suggesting that the balance between strongly and weakly connected
nodes in the brain is different across genders. The more distributed organization of the male brain
than that of the female brain could help explain the gender differences in cognitive style and behaviors
and in the prevalence of neuropsychiatric diseases (i.e., autism spectrum disorder). Hum Brain Mapp
33:849-860, 2012.  © 2011 Wiley Periodicals, Inc."
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INTRODUCTION

Recent studies using diffusion magnetic resonance imag-
ing (MRI) tractography reported that cortical networks
showed greater overall anatomical connectivity and more
efficient organization in the female than in the male brain
[Gong et al., 2009]. Although anatomical differences in
network connectivity are likely to result in functional differ-
ences, the extent to which there is a gender dimorphism in
functional connectivity is still unclear. The functional con-
nectivity between brain regions can be studied using corre-
lation analyses of MRI data sets collected in resting
conditions [Biswal et al., 1995], and resting-state functional
connectivity studies have documented differences between

Contract grant sponsor: National Institutes of Alcohol Abuse and
Alcoholism; Contract grant number: 2RO1AA09481.
*Correspondence to: Dardo Tomasi, Medical Department, Bldg.
490, Brookhaven National Laboratory, 30 Bell Avenue, Upton, NY
11973. E-mail: tomasi@bnl.gov

Received for publication 15 June 2010; Revised 21 August 2010;
Accepted 16 December 2010

DOI: 10.1002/hbm.21252

Published online 21 March 2011 in Wiley Online Library
(wileyonlinelibrary.com).

© 2011 Wiley Periodicals, Inc.

and, as such, is in the public domain in the United States of America.

men and women [Biswal et al., 2010]. Studies on functional
connectivity have also suggested that the brain networks
have a scale-free organization where few nodes (hubs) have
numerous connections and numerous nodes have few con-
nections with other regions to support fast communication
with minimal energy cost [Achard et al., 2006; Barabasi,
2009]. However, the potential sex effects on the scale-free
circuitry of the functional networks are unknown.

A popular technique used for the analysis of resting-
state time series is based on the selection of seed regions
and correlation analysis of blood oxygenation level-de-
pendent (BOLD) signals, reviewed in Fox and Raichle
[2007]. Cluster analysis is also used for the evaluation of
the degree of functional connectivity among multiple seed
regions [Cordes et al., 2002]. These methods are computa-
tionally demanding and have limited potential to assess
functional properties of the networks, such as the local
clustering, because they rely strongly on “a priori” selec-
tion of specific seed regions rather than allowing the char-
acteristics of the network to define the node regions. Data-
driven methods such as independent component analysis
(ICA) and principal component analysis (PCA) were also
used to identify autocorrelated networks [Birn et al., 2008;
Biswal et al., 2010; Mikula and Niebur, 2006; van de Ven
et al., 2004]. These data reduction approaches cannot be
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TABLE I. Demographic data and imaging parameters for selected resting-state functional MRI data sets of the
image repository “1000 Functional Connectomes”, the corresponding IFCD-variability, and the variance of its first
principal component, PCA#I

Data set Subjects Age (years) tp TR (s) Variability (%) PCA #1 (%)
Beijing 122F/76M 18-26 225 2.0 32 27%
Cambridge 123F/75M 18-30 119 3.0 31 33%
Leiden 8F/23M 20-27 215 2.2 21 407
Oulu 66F/37M 20-23 245 1.8 33 29%
St. Louis 17F/14M 21-29 127 2.5 23 297

The factors of the first principal component were significantly correlated (P < 0.05, two-sample f-test) with gender.
tp, number of time points in the image time series; TR, repetition time of the MRI acquisition; F/M, women/men.

used to assess the scale-free scaling of the brain because
they provide global rather than local measures of brain
connectivity. The existence of hubs in the human brain
was assessed from MRI data sets using a computer-
demanding data-driven approach based on graph theory
methods [van den Heuvel et al., 2008].

Recently, we proposed “functional connectivity density
mapping” (FCDM) [Tomasi and Volkow, 2010], an alterna-
tive voxel-wise data-driven method that allows ultrafast
mapping of regions with high local functional connectivity
density (IFCD), for the identification of hubs in the human
brain. This technique is based on the highly clustered or-
ganization of the brain [van den Heuvel et al., 2008] and
allows calculation of individual functional connectivity
maps with unprecedented spatial resolution (3-mm iso-
tropic of higher). We hypothesized that, in resting condi-
tions, the IFCD would be higher for women than for men,
paralleling the anatomical connectivity findings [Gong
et al., 2009], that its probability distribution would have
the power scaling for the number of functional connections
per node that is characteristic of scale-free networks
[Achard et al., 2006; Barabasi, 2009], and that this scaling
would be different for men and women.

METHODS
Data Sets

We used resting-state functional connectivity data sets
corresponding to 561 healthy subjects (336 women; 225
men; age range = 18-30 years) from five research sites
(Beijing, Cambridge, Leiden, Oulu, and Saint Louis) of the
“1000 Functional Connectomes” Project [Biswal et al.,
2010]; these data sets have a narrow age range that mini-
mizes potential aging effects on [FCD and a complemen-
tary set of high-quality structural MRI images that were
used to minimize potential effects of gray matter (GM)
density on [FCD. These data sets were acquired using
echo-planar imaging scanners with different acquisition
parameters and 3-Tesla MRI scanners (Table I). The corre-
sponding structural MRI data sets were also included in
the analysis to account for potential differences in brain
morphology between men and women. Specifically, three-

dimensional magnetization-prepared rapid gradient-echo
(MP-RAGE) imaging [Mugler and Brookeman, 1990] data
sets with optimal GM/white matter (WM) contrast and
high spatial resolution (1-mm isotropic), which is impor-
tant to minimize unwanted partial volume effects during
segmentation, were used.

Voxel-Based Morphometry

The structural MRI data sets were subject of a number
of processing steps using automated procedures imple-
mented in the statistical parametric mapping package
SPM2 (Wellcome Department of Cognitive Neurology,
London, UK). First, image intensity correction was applied
to remove spatial variations related to nonuniform MRI
sensitivity. Then, the images were segmented into GM and
WM and cerebrospinal fluid (CSF) compartments using a
modified mixture model cluster analysis technique.
Finally, the images were normalized to the stereotactic
space of the Montreal Neurological Institute (MNI) pre-
serving concentrations using a 12-parameters affine trans-
formation with medium regularization and 16 nonlinear
iterations, the T1.mnc included in SPM2, and a voxel size of
1 x 1 x 1 mm?®. Note that variable image contrast and vari-
able field of view across research sites prevented creation of
an artifact-free custom template. The volumes of the GM,
WM, and CSF compartments as well as the total brain vol-
ume (TBV) were computed for segmented as well as for
normalized images. Complementary voxel-based morphom-
etry (VBM) analyses [Ashburner and Friston, 2000] of
regional GM were carried out after smoothing the normal-
ized GM images with a 10-mm?® full-width-half-maximum
Gaussian kernel. The SPM2 one-way analysis of variance
(ANOVA) model with nonsphericity correction and without
global scaling was used for group analyses of GM density.

Local Functional Connectivity Density Mapping

The echo-planar imaging (EPI) time series were motion
corrected with a 12-parameter affine transformation and
spatially normalized to the MNI stereotactic space preserving
concentrations using a 12-parameters affine transformation
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with a voxel size of 3 x 3 x 3 mm® and the SPM2 EPL.mnc
template as described above. The six SPM2 realignment
parameters were included into a multilinear regression
model to remove motion-related signal fluctuations [Tom-
asi and Volkow, 2010], and 0.01-0.10 Hz band-pass tem-
poral filtering was used to remove low-frequency
magnetic field drifts [Foerster et al., 2005] of the scanner
and high-frequency components of physiologic noise
[Cordes et al., 2001]. The number of functional connec-
tions, k, between a given voxel and other voxels was com-
puted through Pearson correlations using a correlation
threshold R = 0.6 and a three-dimensional searching algo-
rithm developed in Interactive Data Language (IDL)
(ITT Visual Information Solutions, Boulder, CO) that
detects the boundaries of the voxel’s cluster [Tomasi and
Volkow, 2010]. Specifically, for each GM voxel (xp), the
searching algorithm computes the Pearson correlation fac-
tor, r, between x and the closest neighbors of voxels func-
tionally connected with xo (xp; M = {j}). If 7; > R, the x; is
added to the list of functionally connected voxels (xn; N =
{i}), and the calculation is repeated for the next neighbor
in the list. When no new neighbors can be added to the
list of functionally connected voxels with x;, the searching
algorithm computes k as the number of elements in N, and
the calculation is initiated for a different x,. This calcula-
tion is performed for all x, voxels. Subsequently, these
IFCD maps were spatially smoothed (8 mm) to minimize
the differences in the functional anatomy of the brain
across subjects.

The IFCD distribution varied across research centers
(Fig. 1) likely due to differences in acquisition parameters,
instruments, demographic variables, and potential differ-
ences in resting conditions (e.g. eyes opened/closed,
awake/sleep, etc). The use of a single scaling factor for
each research site, 1/k, reflecting the mean /FCD across
subjects and voxels in the brain, kj, allowed us to normal-
ize its distribution and merge the data sets from different
research sites [Tomasi and Volkow, 2010].

Gaussian Fit of the IFCD Distribution

We have shown in a larger sample that the rescaled [FCD
was normally distributed at the location of I[FCD hubs
[Tomasi and Volkow, 2010]. To evaluate whether the
rescaled /FCD was normally distributed at each x; in this
work, we performed voxel-wise Gaussian fits of the [FCD
distribution in IDL. The fits converged in less than 20
iterations for >99.8% of the voxels. The goodness of the
Gaussian fits, as given by the x2 per degrees of freedom
x> ; < 1.29, indicates a good agreement between the [FCD
distribution and the normal curve for >90% of the voxels
(Fig. 2). Thus, differences between the normal distribution
and the [FCD distribution were statistically significant (P <
0.05) for less than 10% of the voxels. Overall, these results
strongly suggest that statistical parametric (SPM) tests are
adequate to evaluate group differences in [FCD.
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Figure 1.

Spatial distribution of the average resting-state IFCD superim-
posed on middle sagittal MRI plane for each of the five research
sites (white center labels; sample sizes are indicated by white
labels on the left and right upper corners of each panel). In rest-
ing conditions, the average IFCD peaks in posterior cingulate/
ventral precuneus for men and women and for all research sites,
regardless of differences in ethnicity, sample size, and MRI scan-
ners and acquisition parameters.
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Figure 2.
Exemplary distribution of the rescaled IFCD across subjects (N = 561) at the location of the
main functional hub (posterior cingulated/ventral precuneus) and a Gaussian fit of the data (A);
distribution of the 32 goodness-of-Gaussian fit (y2_,) of the IFCD distribution across gray matter
voxels (B); and spatial distribution of y2 | rendered on dorsal (C) and ventral (D) surfaces of a
template of the human brain.

Removal of GM Contributions in FCDM

Potential GM confounding effects on [FCD were
removed for each individual voxel using linear regression
in IDL. Specifically, for each voxel, a linear form

IFCD = B*p + [FCDy,

was fitted to the data, and a GM-corrected map, IFCD,, was
computed and saved in analyze format for each subject.
Here, p is a zero-mean regressor reflecting the GM density
at each voxel, and B is the slope of the linear fit. To evaluate
the statistical significance of this linear association, the lin-
ear correlation factor between [FCD and p was computed
for each voxel and transformed into a z-score using the
Fisher transform. A z-threshold >4.76, which corresponds
to a family-wise error threshold prwg < 0.05, was used to
correct for multiple comparisons at the voxel-level the sta-
tistical maps of GM—-IFCD correlations.

Statistical Analyses

Group analyses of the [FCD, maps were performed
using the general linear model in SPM2. Specifically, the

analysis was based on one-way ANOVA with two
groups (women and men), nonsphericity correction, and
without global scaling. To control for brain size and gen-
der, the model included zero-mean regressors for total
GM, total WM, TBV, and age. Clusters with prpwg < 0.05,
corrected for multiple comparisons with the random field
theory [Worsley et al.,, 1992], were considered significant
in group analysis of FCDM. The MNI coordinates of the
IFCD-cluster maxima were transformed to the Talairach
space using a best-fit transform (icbm_spm?2tal; http://
brainmap.org/icbm2tal/) that minimizes bias associated
with reference frame and scaling [Lancaster et al., 2007].
The brain regions were labeled according to the Talair-
ach daemon (http://www.talairach.org/) [Lancaster
et al., 2000] and a query range of 5 mm to account for
the spatial uncertainty of the MRI signal [Tomasi and
Caparelli, 2007], which results from macrovascular and
susceptibility effect as well as image postprocessing
steps. We further checked the labels of the hubs using
the Automated Anatomical Labeling (AAL) atlas
[Tzourio-Mazoyer et al., 2002] and the Brodmann atlas,
which is included in the MRIcro software (http://
www.cabiatl.com/mricro/).
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TABLE Il. Cluster locations (x, y, and z) in the MNI stereotactic space and statistical significance for gender
effects on IFCD,

ROI Brain region BA nucleus X (mm) y (mm) z (mm) F> M (T) F>M(2)
1 Thalamus Anterior 12 -3 12 8.87 8.61
2 Superior frontal 6 6 24 57 7.95 7.72
3 Superior frontal 6 -3 24 57 7.10 6.95
4 Precuneus 7 -12 —33 51 7.68 7.49
5 Thalamus Pulvinar -21 -27 3 7.47 7.28
6 Caudate Body -15 -9 21 7.28 7.11
7 Medial frontal 6 -9 6 54 717 7.01
8 Medial frontal 6 -12 36 30 7.14 6.98
9 Thalamus Anterior —-12 0 3 7.04 6.89

10 Supramarginal 40 —54 —45 36 7.01 6.86

11 Supramarginal 40 —54 —45 36 7.01 6.86

12 Inferior parietal 40 —48 -39 33 6.98 6.83

13 Parahippocampal 34 24 6 —24 6.75 6.61

14 Caudate Head 9 21 0 5.75 5.66

15 Cerebellum Tonsil 24 —51 39 5.72 5.64

16 Insula 13 42 -15 9 5.58 5.50

17 Precuneus 19 —-33 —69 48 5.57 5.50

18 Precuneus 7 —-27 —66 45 5.57 5.49

19 Cuneus 18 15 —87 24 5.06 5.00

20 Middle temporal 21 —63 —54 3 4.95 490

21 Caudate Tail 36 -39 3 4.81 4.76

22 Cerebellum Tuber —48 —63 -30 4.79 4.74

Sample: 336 healthy women (F) and 225 healthy men (M).

Principal Component Analyses

PCA was used to analyze the variability of FCDM across
subjects. IFCD maps with zero empirical mean were calcu-
lated by subtracting the average IFCD value across sub-
jects from the I[FCD data. Then, the principal components
of FCDM data sets were computed using the covariance
method in IDL.

Functional Region-of-Interest Analyses

Isotropic cubic masks containing 27 imaging voxels (0.73
ml) were defined at the centers of relevant functional con-
nectivity hubs (Table II) to extract the average strength of
the IFCD signal from individual [FCD maps using a cus-
tom program written in IDL.

RESULTS

Men had 13.57% larger TBV, as well as larger GM (11.05%)
and WM (15.61%) and CSF (19.82%) volumes than women
(P < 0.0001, t-test). After spatial normalization, the rescaled
TBV was not significantly different for men and women (P =
0.4, t-test). However, women had larger GM volume (2.46%)
and smaller WM (1.90%) and CSF (6.06%) volumes than men
(P < 0.003, t-test; Fig. 3) after spatial normalization.

Gender Differences in IFCD

Figure 1 shows the average distribution of the resting-
state [FCD for women (left) and men (right). The posterior

cingulate/ventral precuneus (BA 23/31), the brain region
with the highest [FCD, was the most prominent functional
hub (regions with high connectivity density) in resting
conditions. Cuneus and middle occipital gyrus (BA 18),
cingulate gyrus (BA 24), inferior parietal cortex (BA 40), as
well as precentral (BA 6), inferior and middle frontal gyri
(BAs 6 and 9), thalamus, putamen, claustrum, and cerebel-
lum were other brain regions that included [FCD hubs.
The variability of the hub’s locations across research sites
was minimal (5 mm) and comparable with the Gaussian
smoothing kernel (8 mm).

Region-of-interest (ROI) analyses of the rescaled [FCD
data sets revealed that, in resting conditions, women had
higher [FCD than men in numerous brain regions (Table
II; Fig. 4A,B). Women had 13.7% + 7.8% higher [FCD than
men (P < 0.01, t-test; Fig. 4C,D; Table II). Using factor
analysis, we found that the gender effects accounted for
28% of the IFCD-variance (P < 2 x 107°, t-test on factors
of PCA #1; Fig. 5A,B).

Voxel-Based Morphometry

VBM analyses revealed that women had higher GM
density than men in regions that showed gender differen-
ces in IFCD, including the thalamus as well as parietal
and temporal cortices (prwr < 0.05, one-way ANOVA;
Fig. 5C). Women had 5% =+ 1% higher GM density
and 12% =+ 2% higher I[FCD than men in the thalamus
(Fig. 4D).
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Figure 3.
Probability distribution of the brain size for men and women. Total brain volume was significantly
larger for men (blue) than for women (pink) (P < 0.0001, t-test); curves are the Gaussian fits
corresponding to men and women. Bar plots: gray matter, white matter, and cerebrospinal fluid
(CSF) volumes before and after spatial normalization to the MNI stereotactic space for men and
women. Sample size: 336 healthy women and 225 healthy men.

GM-IFCD Correlations

Correlation analyses showed an association between the
uncorrected /FCD and GM density, which was statistically
significant in prefrontal (BAs 11, 25, and 47), temporal
(BAs 20-22), parietal (BA 7), and limbic (BAs 29 and 35)
cortices, thalamus, and pons (Fig. 6A,B; Table III).

Gender Differences in IFCD After Corrections
for GM Density

The SPM analysis of GM-corrected data (IFCD,) dem-
onstrated significant gender effects that peaked bilaterally
in the ventral anterior nucleus of the thalamus and
spread over other thalamic nuclei, frontal (BA 6), parietal

1 357 9 11131517 19 21

i [RE

R = 0.89; P < 0.0001

Kk, (Female)

Figure 4.
The local functional connectivity density ([FCD) in the brain was
evaluated for (A) 336 women (25.5 = 10.0 years old, mean £
SD) and (B) 225 age-matched men (26.4 + 9.7 years old; age
effect: P = 0.16, t-test) using FCDM [Tomasi and Volkow, 2010].
The functional connectivity hubs (regions densely connected to
other brain regions; red) were bilaterally located in the poste-

rior cingulate/ventral precuneus, inferior parietal cortex, and
cuneus. The IFCD was 13.7% + 7.8% higher (C; ROI t-tests)
and proportional (D; R = 0.89, ROI linear correlation) for
women than for men across all cortical and subcortical ROI
(0.73-ml cubic ROIs centered at the MNI coordinates listed in
Table II).
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Spatial distribution of the first principal component (PCA #l)
showing brain regions with high [FCD-variance (A) and the variance
of the IFCD as a function of the principal components (B). The
VBM analysis revealed that women had higher gray matter (GM)

(BAs 7 and 40), occipital (BAs 18 and 19), temporal (BAs
21 and 41) and limbic (BAs 23, 34, and 36) regions, insula
(BA 13), and caudate (ppwe < 0.05, FWE-corrected for
multiple comparisons; Fig. 6C, Table II). The [FCD, was
not significantly correlated with any of the four covari-
ates in the statistical analysis (total GM, total WM, TBV,
and age).

density than men in occipital, parietal, temporal, and ventral pre-
frontal cortices and thalamus (C; red—yellow: 1072 < P < 1077,
one-way ANOVA). GM differences paralleled [FCD differences in the
thalamus (D). Sample: 336 women and 225 men, age: 21.5 & 2.3 years.

Scale-Free Scaling

The probability distribution of the IFCD, P(k/k), defined
as the ratio between the number of voxels with k/ky func-
tional connections, n(k/kq), and the total number of voxels
in the brain, ny, had a negative power scaling, P(k/k) oc
((k/ko)" for voxels with k/kg > 10 (Fig. 7), and the absolute
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Statistical significance of GM-IFCD correlations rendered on the
brain surface (A), and a scatter plot exemplifying the correlation in
the thalamus (B). After corrections for gray matter density, the
gender-related [FCD, differences in the brain were statistically sig-

value of the scaling factor, y, was lower for women than for
men (P < 0.0001, comparison of regression slopes; Fig. 6D).

DISCUSSION

Using resting-state MRI time series from the public
image repository, 1000 Functional Connectomes [Biswal

nificance in cortical and subcortical brain regions (C; pewe < 0.05;
Table 1l). The power scaling of P(k/ko) was 33% higher for men
than for women in this study (P < 0.0001, comparison of scaling
factors; D). Sample: 225 healthy men and 336 healthy women.

et al.,, 2010] and FCDM [Tomasi and Volkow, 2010], a
novel ultrafast data-driven approach to map densely con-
nected brain regions, we mapped the sex-related I[FCD dif-
ferences between 225 healthy men and 336 healthy
women. The main finding is that women had 14% higher
IFCD than men, even after controlling for differences in
TBV, GM, WM, and age, suggesting that [FCD differences
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TABLE Ill. Cluster locations (x, y, and z) in the MNI stereotactic space and statistical significance of correlations
between GM and IFCD

Brain region BA nucleus X (mm) Y (mm) z (mm) GM-IFCD (Z)
Anterior cingulate 25 0 3 —15 15.15
Inferior frontal 47 —36 27 -30 10.16
Middle frontal 11 —27 30 =27 9.73
Thalamus Pulvinar 3 -27 6 9.69
Inferior frontal 47 —48 30 -21 9.26
Brainstem Pons —15 -30 —24 8.71
Superior temporal 22 —66 -9 0 8.66
Superior temporal 22 —57 12 -15 8.57
Brainstem Pons 0 —42 -30 7.87
Inferior temporal 20 57 =27 —24 7.80
Precuneus 7 0 —57 69 7.62
Superior temporal 22 —63 3 0 7.59
Posterior cingulate 29 0 —57 15 7.47
Fusiform 20 -51 —24 -27 7.43
Middle temporal 21 —69 —-18 -9 7.30
Middle temporal 21 -72 —24 —12 7.25
Parahippocampal 35 15 -30 -12 7.19
Middle temporal 21 —72 =30 -9 7.05
Precuneus 7 0 =72 60 6.89
Middle temporal 21 —63 0 —-15 6.77
Middle temporal 21 —69 -9 —18 6.66
Inferior frontal 47 33 24 -27 6.65

Sample: 336 healthy women (F) and 225 healthy men (M).

reflect brain organization differences between genders
rather than GM effects. These differences were maximal in
the anterior thalamus (bilateral), and there were no signifi-
cant laterality patterns in [FCD nor in the gender differen-
ces in [FCD or GM density, which suggest minimal gender
effects on [FCD hemispheric differentiation.

Our results are consistent with the women’s higher
global anatomical connectivity reported by diffusion tensor

0.1 — Ty
0.01 \
1E3
g’ a4l = Beijing
T = Cambridge -
1ES5g 4+ Leiden
el 7 Oulu !
3 Saint Louis
1E7 I ., ——
1 10 100

k/k,

Figure 7.

IFCD probability distribution, P(k/ko) as a function of k/ko for
each research site.

imaging studies [Gong et al., 2009]. Because intrinsic meta-
bolic demands of brain tissue are driven predominantly by
the energy required to maintain the resting state [Raichle
et al., 2001], the higher [FCD would predict higher energy
consumption and cerebral blood flow (CBF) for women
than for men. Indeed, imaging studies have reported
higher CBF per unit weight of brain [Gur et al., 1982] and
higher brain glucose metabolism in women than in men
[Baxter et al., 1987]. The gender-related [FCD differences
in this study also included regions of the default mode
network that show the highest glucose metabolic rate at
rest [Langbaum et al., 2009], negative BOLD responses
during cognitive functional MRI tasks [Tomasi et al.,
2006], and whose activity is associated with the overall
state of consciousness [Horovitz et al., 2009]. These regions
seem to be among the first to show metabolic decrements
in Alzheimer’s disease (AD) [Small et al., 2000], which is
believed to reflect the greater energetic requirements of
these regions. Thus, the women’s higher connectivity
could help explain why female AD patients show greater
impairments than male patients for the equivalent
reduction in cerebral metabolic rate [Perneczky et al.,
2007].

A previous study that assessed the functional connectiv-
ity of the brain in a larger data set from the same image
repository using ICA reported that women have higher
functional connectivity than men in the ventral precuneus
and other regions of the default mode network [Biswal
et al.,, 2010], which is in agreement with this study. The
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(A) Rescaled IFCD (k/ko) for women (pink) and men (blue) for all ROl in Table Il for different
research sites (Table I). (B) Scatter plot exemplifying gender-related IFCD differences for all 22 ROls
in Table II. (C) Scatter plot of the IFCD standard error (SE) for women versus that for men for all
22 ROIs in Table Il demonstrating the larger IFCD variability for women than for men.

same study, however, also reported that men had higher
functional connectivity strength in occipital temporal and
parietal regions than in women. This study did not show
any region where men had higher FCD than women. Tak-
ing into account that FCDM and ICA have different proc-
essing steps (FCDM: motion-filtering and clustering and
ICA: centering, whitening, and minimization of mutual in-
formation) and map different properties of the brain
(FCDM: strength of the local functional connectivity and
ICA: independent autocorrelated networks), the discrepan-
cies most likely reflect the methodological differences
between the studies.

The larger TBV as well as GM, WM, and CSF volume
for men than for women is consistent with previous stud-
ies. It is known that women have smaller brain volumes
than men [Gur et al.,, 1999], which, in part, reflects their
smaller bodies [Cosgrove et al., 2007], and that women
have a higher percentage of GM, whereas men have a
higher proportion of WM [Gur et al., 1999]. Spatial nor-
malization and the voxel-wise approach to remove GM
effects on [FCD effectively controlled for volumetric differ-
ences (TBV, GM, and WM) between men and women in
this study.

The probability distribution of the [FCD decreased with
the number of functional connections per voxel following
a power scaling that is characteristic of the scale-free net-
works [Barabasi, 2009] and that has been previously
reported in studies of functional connectivity [Tomasi and

Volkow, 2010; van den Heuvel et al., 2008]. For highly con-
nected regions (k/k; > 10), the scaling factor was 33%
higher for men than for women (P < 0.0001, comparison
of slopes), suggesting that the balance between hubs and
weakly connected nodes in the brain is different across
genders.

In this study, we were unable to control for the men-
strual cycle, which is relevant because menstrual fluctua-
tion in sex hormones that are critical in the sexual
differentiation of the brain [McEwen, 2001] may also influ-
ence functional brain organization. The women’s higher
variability (probably introduced in part by the menstrual
cycle) was partially compensated by the larger number of
women in a way that the standard errors were not differ-
ent for women and men (P > 0.2, t-test) and remained
below 3.7% for all ROIs in this study (Fig. 8).

Though it is unclear how gender differences in func-
tional organization map out into gender differences in cog-
nitive and emotional behavior, we hypothesize that the
men’s lower brain connectivity might reflect optimization
of functions that require specialized processing, such as
spatial orienting, whereas the women’s higher brain con-
nectivity may optimize functions that require integration
and synchronization across large cortical networks such as
those supporting language. Indeed, brain imaging studies
show that women have higher brain activation and better
performance during difficult verbal tasks than men [Gur
et al., 2000]. Differences in brain functional connectivity
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may also contribute to gender differences in the preva-
lence of neurodevelopmental diseases. For example,
because autism spectrum disorder (ASD) has been linked
to decreased local connectivity [Tommerdahl et al., 2008],
the 5-10 times higher prevalence of ASD in men than in
women [American Psychiatric Association, 2000] could
partially reflect the lower connectivity of the male brain.
Overall, these results show significant gender differences
in the functional organization of the human brain that
may explain gender differences in behavior and emotions
and that are consistent with the importance of sex chromo-
some genes in brain development and function [Nguyen
and Disteche, 2006].
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