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Abstract

Findings from previous magnetic resonance imaging studies of sex differences in gray matter have
been inconsistent, with some showing proportionally increased gray matter in women and some
showing no differences between the sexes. Regional sex differences in gray matter thickness have
not yet been mapped over the entire cortical surface in a large sample of subjects spanning the age
range from early childhood to old age. We applied algorithms for cortical pattern matching and
techniques for measuring cortical thickness to the structural magnetic resonance images of 176
healthy individuals between the ages of 7 and 87 years. We also mapped localized differences in
brain size. Maps of sex differences in cortical thickness revealed thicker cortices in women in right
inferior parietal and posterior temporal regions even without correcting for total brain volume. In
these regions, the cortical mantle is up to 0.45 mm thicker, on average, in women than in men.
Analysis of a subset of 18 female and 18 male subjects matched for age and brain volume confirmed
the significance of thicker gray matter in temporal and parietal cortices in females, independent of
brain size differences. Further analyses were conducted in the adult subjects where gender differences
were evaluated using height as a covariate, and similar sex differences were observed even when
body size differences between the sexes were controlled. Together, these results suggest that greater
cortical thickness in posterior temporal inferior parietal regions in females relative to males are
independent of differences in brain or body size. Age-by-sex interactions were not significant in the
temporoparietal region, suggesting that sex differences in these regions are present from at least late
childhood and then are maintained throughout life. Male brains were larger than female brains in all
locations, though male enlargement was most prominent in the frontal and occipital poles, bilaterally.
Given the large sample and the large range of ages studied, these results help to address controversies
in the study of central nervous system sexual dimorphisms.
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Introduction

On average, men have larger brains than women, a sex difference that cannot be explained
entirely by differences in body size (Peters and others 1998). Although brain size is highly
variable across subjects, and many women have larger brains than do many men, substantial
interest in sex differences in neural structures has been generated, in part, by observations of
sex differences in cognitive functions (Kimura 2000). A male advantage for spatial abilities
has been observed widely in humans and other animals (Jones and others 2003). This advantage
may be specific to cognitive functions geared toward simultaneous or holistic processing
(Halpern and Tan 2001), and it is exemplified in tasks such as mental rotation (Roberts and
Bell 2000). A female advantage has been noted for verbal abilities such as verbal fluency and
verbal memory (Sommer and others 2004), perhaps because these tasks require sequential
processing, which is thought to afford performance advantages to women (Halpern and Tan
2001). Given the apparent specificity of differences in male and female cognitive advantages,
and regional specificity of brain—behavior relationships, global differences in brain size
between the sexes that have been readily observed with relatively gross methods might not be
the most relevant structural dimorphism when investigating neural substrates of sex differences
in cognition.

Quantitative magnetic resonance imaging (MRI) studies of intracranial gray matter volumes
have yielded inconsistent findings in adults. Some show that females actually have increased
total gray matter relative to males after controlling for the overall increase in male brain size
(Gur and others 1999; Goldstein and others 2001; Lemaitre and others 2005); whereas others
report no sex difference in total gray matter volume in adults after controlling for brain size
(Filipek and others 1994; Blatter and others 1995; Courchesne and others 2000; Good and
others 2001b; Ge and others 2002); yet others show decreased gray matter in women relative
to men after brain size correction (Resnick and others 2000; Sullivan and others 2004).
Regional differences in cortical volumes across the sexes have shown that women have
increased gray matter (controlling for overall brain size) compared with men in frontal
(Goldstein and others 2001; Gur and others 2002), parietal (Nopoulos and others 2000; Allen
and others 2003), and occipital (Allen and others 2003) cortices. Studies measuring cortical
thickness and gray matter density have also shown proportional local increases in gray matter
in women, primarily in the parietal lobes (Good and others 2001a; Luders and others 2006;
Narr and others 2005; Im and others 2006) and temporal lobes (Luders and others 2006; Im
and others 2006). Thus, whereas a consensus of studies of total gray matter volume have tended
to show no sex differences, the regional volumetric and gray matter distribution patterns tend
to show an enlargement in females when controlling for brain size.

In children, postmortem studies have shown larger brain sizes in males emerging during the
first 4 or 5 years of life (Dekaban 1978), findings that have been confirmed in numerous
developmental imaging studies (Caviness and others 1996; Giedd and others 1997, 1999;
Courchesne and others 2000; De Bellis and others 2001; Sowell, Trauner, and others 2002).
Without correcting for overall brain size, some studies have reported that volumes of cortical
gray matter are increased in boys relative to girls (Caviness and others 1996; Giedd and others
1999; Courchesne and others 2000), and some have shown no differences across sexes (De
Bellis and others 2001; Sowell, Trauner, and others 2002). Similar to findings in the adult
literature, when controlling for the enlargement of the male brain, findings of sex differences
in gray matter volume in children have been inconsistent, with some reporting no sex difference
(De Bellis and others 2001), and some showing enlargement in females, most prominently in
the medial and lateral temporal cortices (Sowell, Trauner, and others 2002).

Interactions between age and sex in measures of overall and regional brain volumes are also
of interest in studies of development and aging, particularly given the robust differences
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between the sexes in levels of steroid hormones and in cognitive functions that emerge across
the life span. Few studies have explicitly examined sex differences in the correlations of gray
matter volumes with age in children. One prominent study from Giedd and others suggested
that nonlinear age-related changes in absolute volumes of gray matter may peak earlier in girls
than boys across most of the brain regions evaluated (Giedd and others 1999), although the
nonlinear (quadratic) interaction of sex with age in gray matter volumes was not statistically
significant, indicating that gray matter changes with age actually progress at similar rates in
boys and girls. Similar results of nonsignificant statistical interactions of age with sex in
children and young adults were reported by Pfefferbaum and others (1994). Others have
reported that maturation of gray matter proceeds more rapidly in boys than in girls (De Bellis
and others 2001), as evidenced by significant age-by-sex interactions.

The interactions of sex with age in studies of brain volume have been more widely examined
in adults and the elderly. As with the studies in children, findings have been inconsistent. Many
have reported more prominent age effects on gray matter structures in men (Coffey and others
1998; Xu and others 2000; Raz and others 2004; Sullivan and others 2004; DeCarli and others
2005). Raz and others have shown that sex differences were more prominent in younger than
in older adults (Raz and others 2004), but their findings did not support the hypothesis that the
effect of aging is accelerated in men (Raz and others 1997). In a longitudinal study from the
same group, no age-by-sex interactions for cortical volumes were observed (Raz and others
2005). Other investigators have also failed to find age-by-sex interactions in adult and elderly
populations (Salat and others 2004; Lemaitre and others 2005). One group reported accelerated
volume loss in men in the frontal and temporal lobes but accelerated loss in women in the
parietal lobes (Murphy and others 1996).

Differences in findings between studies may stem from differences in the age range of the
subjects evaluated. Although sex differences in volumes of cortical gray matter have been
studied in children and adults, no study to our knowledge has thus far investigated sex
differences in cortical thickness across the human life span from young childhood to old age.
This is the focus of the current report, in which we apply methods for cortical pattern matching
and measure cortical thickness in a group of 176 normal individuals aged 7-87 years. Because
our methods ensure that anatomically homologous points are matched across the entire surface
of each brain hemisphere, we were able to evaluate cortical thickness in millimeters without
scaling brain data sets into a standard template space. To determine whether differences in
cortical thickness between sexes were independent of the larger volumes of the male brains,
we also assessed differences in cortical thickness in a subset of 18 female subjects who were
closely matched, subject by subject, to 18 male subjects for age and total brain volume. Given
our large sample size across such a wide age range, we also assessed age-by-sex interactions
in cortical thickness across the cerebrum. Generally, we expected thicker cortices in females,
given our previous findings from independent samples using similar methods for matching
cortical patterns (Luders and others 2006; Narr and others 2005). Additionally, we investigated
localized sex differences in brain size to assess regional specificity in the male pattern of brain
enlargement.

Brain imaging data were collected from 176 normal control subjects 7-87 years of age. Eighty-
six women were studied (mean age 33.9 years, standard deviation [SD] = 22.3; 83 were right
handed) and 90 men (mean age 31.0 years, SD = 21.3; 79 were right handed). The same subjects
were studied in our previous assessment of the age correlates of gray matter density across the
lifespan (Sowell, Peterson, and others 2003), although sex effects were not evaluated in that

prior report. All subjects were recruited from community households randomly selected from
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a tele-marketing database. Subjects were excluded from participation if they had a history of
concussion, substance abuse, or seizure disorder. Further, subjects were thoroughly screened
for neurological impairments, psychiatric illness, history of learning disability, or
developmental delay using a structured diagnostic interview either administered or reviewed
by a board-certified child and adult psychiatrist (B.S.P.). Informed consent was obtained from
all subjects and for the children from their parents as well.

MRI Scan Acquisition

All subjects were scanned (by B.S.P.) with a single 1.5-T superconducting magnet (Signa;
General Electric, Milwaukee, W1) located at Yale University. The MRI protocol collected was
a whole-brain spoiled gradient recalled acquisition in the steady state T1-weighted series
collected in the sagittal plane with repetition time = 24 ms, echo time = 5 ms, number of
excitations = 2, flip angle = 45 degrees, field of view of 30 cm, 124 slices with section thickness
of 1.2 mm, and no gaps.

Image Processing

Details of the image analysis procedures have been described previously (Sowell, Thompson,
and others 2001, 2003; Sowell, Thompson, Mattson, and others 2002; Sowell and others
2004; Thompson and others 2004). Briefly, the magnetic resonance images from each
individual were analyzed with a series of manual and automated procedures that included 1)
transforming brain volumes into a standardized 3-dimensional (3D) coordinate space
(Mazziotta and others 1995) using a 12-parameter, linear, automated image registration
algorithm (Woods and others 1998); 2) Semiautomated tissue segmentation was conducted for
each volume data set to classify voxels based on signal intensity as most representative of gray
matter, white matter, or cerebrospinal fluid (CSF) (Sowell and others 1999); 3) removing
nonbrain tissue (i.e., scalp, orbits) and cerebellum and excluding the left hemisphere from the
right; 4) automatically extracting the cortical surface of each hemisphere, which was
represented as a high-resolution mesh of 131 072 triangulated elements spanning 65 536
surface points in each hemisphere (MacDonald and others 1994); 5) tracing 35 sulcal and gyral
landmarks on the lateral and interhemispheric surfaces of each hemisphere; 6) transforming
image volumes back into their own native image acquisition space by mathematically inverting
the transformation that took them into standard space (step (1) above); 7) spatially registering
with arigid-body 6-parameter transformation all segmented images and brain surfaces for each
individual by defining 80 standardized, manually defined anatomical landmarks (40 in each
hemisphere, the first and last points on each of 20 of the 35 sulcal lines drawn in each
hemisphere) (Sowell, Thompson, Rex, and others 2002; Sowell, Peterson, and others 2003);
8) measuring cortical thickness in millimeters averaged within a 15-mm sphere attached to
each point on the cortical surface (see below); and 9) estimating relative local brain growth
measured at each cortical surface point in each hemisphere (see below) (Sowell and others
2004).

Image analysts (J.Y. and E.K.) who were blind to subject sex and age traced each of 17 sulci
(Sylvian fissure and central, precentral, postcentral, superior temporal sulcus (STS) main
bodies, STS ascending branch, STS posterior branch, primary intermediate sulcus, secondary
intermediate sulcus, inferior temporal, superior frontal, inferior frontal, intraparietal, transverse
occipital, olfactory, occipitotemporal, and collateral sulci) on the lateral brain surface in each
hemisphere of each subject’s brain. An additional set of 12 sulci were outlined on each
interhemispheric surface (callosal sulcus, inferior callosal outline, superior rostral sulcus,
inferior rostral sulcus, paracentral sulcus, anterior, and posterior segments of the cingulate
sulcus, outer segment double parallel cingulate sulcus when present, parieto-occipital sulcus,
anterior and posterior segments of the calcarine sulcus, and the subparietal sulcus). In addition
to contouring the major sulci, a set of 6 midline landmark curves bordering the longitudinal
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fissure were outlined in each hemisphere to establish hemispheric gyral limits. Spatially
registered grayscale image volumes in coronal, axial, and sagittal planes were available
simultaneously to help clarify brain anatomy. We have developed detailed criteria for
delineating the cortical lines and for starting and stopping points for each sulcus using brain
surface atlases as references (Ono and others 1990; Duvernoy and others 1991). These criteria
have been described previously along with reliability measures (Sowell, Thompson, Rex, and
others 2002). Complete details of the written anatomical protocol can be obtained from the
authors.

Gray matter thickness was calculated using the Eikonal fire equation (Sapiro 2001; Thompson
and others 2004). Although the brain image volumes acquired for this study had voxel
dimensions of approximately 1 x 1 x 1.2 mm, we supersampled the image data to create voxel
dimensions of 0.33 mm3. The 3D Eikonal equation was applied only to voxels that segmented
as gray matter, and a smoothing kernel was used to average gray matter thickness within a 15-
mm sphere at each point on the cortical surface. This allowed us to calculate cortical thickness
for each subject with an effective resolution much finer than the original voxel size, given that
the error associated with localizing anatomy on the inner and outer cortical surfaces was
averaged with the unbiased error of all other voxels within the smoothing kernel. Points on the
cortical surfaces surrounding and between the sulcal contours drawn on each individual’s brain
surface were calculated using the averaged sulcal contours as anchors to drive 3D cortical
surface mesh models from each subject into correspondence using fluid warping parameters
described in more detail in another report (Thompson and others 2004). This allows the creation
of average surface models and the creation of maps of sex differences on gray matter thickness
or local brain size. To map gray matter thickness onto the surface rendering of each subject,
the coordinate for each point on the brain surface for each individual (anatomically matched
across individuals) was mapped to the same anatomical location in their ‘thickness’ volume,
and the average gray matter thickness value within the 15-mm sphere was calculated. The
average gray matter thickness value within the sphere was then doubled to estimate the
maximum thickness at each point on the cortical surface. In a previous report, we helped to
establish the validity of these methods by showing close regional correspondence between the
cortical thickness maps created for normally developing children in vivo (Sowell and others
2004) and for the 1929 postmortem data of Von Economo (Von Economo 1929). In our earlier
report (Sowell and others 2004), we also assessed test—retest reliability of cortical thickness
measures among individuals with 2 image volumes acquired at short intervals and showed
maximal error estimates of 0.15 mm.

Local sex differences in brain size were also assessed using the “distance from the center of
the hemisphere’ (DFC-H) measure (Sowell and others 2004). DFC-H is a measure of radial
expansion calculated in millimeters for the distance from the group average center of mass
within each hemisphere (in the nonscaled image data) to each of the 65 536 matched hemisphere
surface points in each individual.

Statistical Analyses

After the basic preprocessing steps were conducted for each individual, total brain volume,
total gray matter volume, total white matter volume, and total CSF volume were calculated for
each individual from the segmented volumes. Statistical significance of sex differences in the
total volumes was assessed with t-tests.

Statistical maps of differences between sexes were created for gray matter thickness and DFC-
H for the entire sample. In these analyses, the correlation (Pearson’s r) between group
membership (i.e., male or female) and gray matter thickness or DFC-H at each point on the
brain surface was calculated for the comparison of males with females. A significance threshold
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of P = 0.05 was used to illustrate local changes in gray matter thickness or DFC-H at each
point on the cortical surface.

Statistical maps were also generated to evaluate age-by-sex interactions and the effects of sex
when body height was statistically controlled. To evaluate the age-by-sex interaction, analysis
of variance was used to compare a full model, which included sex-by-age and sex-by-age?
interactions, with a reduced model that did not include these interactions. The main effects of
sex, age, and age? were included in both of these linear models. F-ratios were computed at
each point on the cortical surface and were converted to uncorrected P values. An uncorrected
threshold of P = 0.05 was used to illustrate the regions where interactions between sex and one
or both of the age terms (age or age?) should be considered. Similar analyses were conducted
to hold body height constant while evaluating sex differences.

The statistical maps (uncorrected) are crucial for allowing us to visualize the spatial patterns
of sex difference and age-by-sex interactions in gray matter thickness and brain size.
Nevertheless, permutation methods (Bullmore and others 1999) were used to assess the
significance of the statistical maps of the main effects of sex on cortical thickness and brain
size and to correct for multiple comparisons (i.e., for the statistical tests at each of 65 536
surface points in each hemisphere) as follows. Nine coarse regions of interest (ROIs) for each
hemisphere were created for each individual from a probabilistic atlas (Evans and others
1996) for the frontal lobe (ventral and dorsal regions separated by an axial plane passing
through the intersection of the posterior extent of the inferior frontal sulcus and the precentral
sulcus in each hemisphere), parietal lobe, temporal lobe, and occipital lobe by transforming
the probabilistic ROIs from standardized space back into the resliced space of each individual
using an automated 12-parameter affine transformation (Woods and others 1998). The new
ROIs for all individuals were then averaged to create regional masks, and the ventral and dorsal
frontal, parietal, and occipital ROIs were separated into medial and lateral regions. In the
permutation analyses, subjects were randomly assigned to sex groups for 10 000 new
correlation analyses at each surface point in each ROI, and the number of significant results
(i.e., gray matter thickness or DFC-H at any surface point that significantly differed between
sexes at the threshold of P = 0.05) that occurred in the real test for group differences was
compared with the null distribution of significant results that occurred by chance. In other
words, the threshold for assessing the significance of statistical maps based on the permutation
tests (within each ROI) was determined objectively by calculating the surface area (number of
surface points) of significant effects in the real test of group differences. That surface area
within any tested ROI was used as the threshold for comparison with the random tests for that
ROI, and if fewer than 5% (i.e., P < 0.05) of the results from random tests reached or exceeded
the surface area of the real test, the statistical map (within ROIs) was considered significant.

It is not possible to perform an exact permutation test that separates the effects of sex-by-age
interactions from the main effects of sex and age (given that by definition, the main effects of
sex, age, and age? must be held constant). The same is true for the evaluation of sex differences
when body height is also included in the equation. However, approximate permutation tests,
based on permutation of the residuals of these statistical models, have been described and
validated (Freedman and Lane 1983; Anderson and Legendre 1999; Anderson and Ter Braak
2003). While holding constant the portions of variance in cortical thickness that are attributed
by the reduced model to sex, age, and age?, the associated residual variances in thickness not
attributable to these factors were permuted randomly across all subjects irrespective of sex or
age. The new set of observations generated by combining the permuted contribution to cortical
thickness with the nonpermuted contribution associated with the main effects of sex and age
was then analyzed using the same statistical model as was used to analyze the original data.
By combining a large number of such permutations (N = 10 000), a distribution for the number
of brain locations where the uncorrected P value was less than 0.05 was created. Based on this
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distribution and the number of such points observed in the original data, a P value was assigned
for each of the same 9 ROIs (per hemisphere) described above for permutation of the main
effects of sex. Despite the fact that only residuals were permuted, this analysis was analogous
to the exact permutation testing performed for the main effects of sex under the assumption of
no significant age-by-sex interactions. Similar permutation analyses were conducted to
evaluate the effects of sex when height was residualized out.

Volume Analyses

As shown in Table 1, males have larger total brain, gray matter, and white matter volumes than
do females (P < 0.001 for all). Although the groups did not differ significantly on mean age,
we conducted analyses using both age and sex to predict total volumes so as to ensure that
volume differences were not attributable to age differences between the groups. The unique
predictive value of sex on the total volumes was still significant while controlling for the
variance associated with age.

Gray Matter Thickness

Maps of differences in cortical thickness between males and females can be seen in Figure
1A. The greatest difference between the sexes occurred in right inferior parietal and posterior
temporal regions where the female cortex on average was approximately 0.45 mm thicker than
the male cortex in the unscaled brain image data, even without controlling for brain size. A
similar, though less robust, pattern of thicker cortices in females was observed in the left
posterior temporal and left ventral frontal regions. Statistical maps in Figure 1B show that the
difference in cortical thickness between males and females was statistically significant in these
regions on a point-by-point basis (uncorrected for multiple comparisons). The cortex of the
males was significantly thicker than that of the females only in small regions of the anterior
temporal and orbitofrontal regions in the right hemisphere (shown in white in Fig. 1B).

Results of ROI permutation analyses (shown in Table 2) confirm the significance of sex
differences in cortical thickness in right lateral parietal (P = 0.048), right lateral temporal (P
=0.024), and left medial occipital (P = 0.017) regions. Female cortices were thicker at trend
levels of significance in the left lateral ventral frontal and left lateral occipital regions. Male
cortices were not significantly thicker than females in any region in these permutation analyses.

Because measures of cortical thickness were assessed in the native, unscaled image space
without correcting for total brain or total gray matter volume and therefore because subtle
differences between groups in overall brain size could have confounded comparisons of cortical
thickness, maps of differences between the sexes in cortical thickness were created for the
subset of 36 subjects (18 males and 18 females) who had been individually matched for total
brain volume and age. Sex differences for total gray and total white matter volumes for the
matched subjects were no longer significant in this subsample (P = 0.98 for white matter and
P = 0.69 for gray matter). Maps of differences in thickness of gray matter between these
matched subjects are shown in Figure 2A, and they demonstrate that even after brain size was
controlled, and when total volume of gray matter did not differ between the sexes, females had
thicker cortices (up to 0.6 mm) than did males in right lateral frontal, parietal, and temporal
cortices. Statistical maps in Figure 2B show the significance of these effects, and permutation
results are shown in Table 3. The pattern of results in the subset of matched subjects is similar
to that observed in the whole group, and the effects are considerably more robust, despite the
reduced sample size.
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Because the effects of differences in body size on cortical thickness between the sexes may be
different than the effects of total brain size, we also conducted analyses where we used sex,
body height, and sex-by-body height interactions to predict cortical thickness. Unlike brain
volume and age, height and age were highly correlated between 7 and 20 years (r = 0.89), and
height effects could not be differentiated during this part of the age range. Thus, these analyses
were conducted only with adult subjects greater than 20 years of age (n = 119) where the
correlation between age and body height was nonsignificant. As shown in Figure 3A, even
when body height is controlled, adult females have thicker cortex in left and right inferior
parietal (permutation results, P = 0.019 and 0.026, respectively), left and right lateral temporal
(permutation results P = 0.0098 and 0.0172, respectively), and left inferior frontal cortices
(permutation results P = 0.023).

Because the age range of our subjects was so large, we assessed for the interactions of age or
age? with sex in predicting cortical thickness within the entire sample. As shown in Figure
3B, statistical maps for the interaction were not significant in the temporoparietal cortices where
the main effects of sex were largest (shown in Fig. 1A, 2A). This suggests that the thicker female
cortices in the temporoparietal region are present from at least late childhood (the youngest
age sampled in the present report) and consistent through old age. Statistical maps show
significant interactions of sex with age? in bilateral dorsal frontal and right inferior temporal
regions (Fig. 3B). Permutation analyses were significant in both the left (P = 0.01) and right
(P = 0.03) dorsal frontal regions, the right temporal region (P = 0.007), and the medial dorsal
frontal region in the right hemisphere (P = 0.03). The interactions were somewhat complex to
deconstruct, but visual examination of the quadratic curves in the dorsal frontal regions shown
in Figure 4 suggests that older women tend to show more linear effects of aging than do men
in these regions. In other words, the initial downward slopes are steeper in the males than the
females, perhaps supporting the notion that age effects are more prominent in men as suggested
in numerous other reports (Coffey and others 1998; Xu and others 2000; Raz and others
2004; Sullivan and others 2004; DeCarli and others 2005). At the very least, we can conclude
that sex differences in these regions are not stable throughout the life span.

Maps of local brain size differences (DFC-H) between males and females can be seen in Figure
5. The greatest difference between the sexes occurs bilaterally in the frontal and occipital poles,
where male brains extend on average up to 6 mm beyond the female brains. Statistical maps
(not shown) reveal that the difference in DFC-H between males and females is significant in
most locations. DFC-H is not significantly greater in females than in males at any location.
ROI permutation results were highly significant in all ROIs (P values from 0.0001 to 0.0006)
and thus are not shown in tabular format.

Discussion

This study confirms the presence of regionally specific sex differences in gray matter thickness
over the human lifespan. It shows that the cortical ribbon is actually thicker in some brain
regions in females, despite the fact that females tend to have smaller bodies, and smaller brains,
including smaller overall gray and white matter volumes than do men. The regions in which
cortices are most prominently thicker in females than in males are in the right hemisphere
association cortices, particularly the temporal and parietal lobes. In these regions, the cortex
is up to 0.45 mm thicker in women; permutation analyses confirmed that these effects were
not attributable to chance. The nonsignificant age-by-sex interactions in these regions suggest
that the sex differences in temporoparietal cortices are stable across the life span. Rather than
scaling the imaging data or statistically controlling for overall brain size as other research
groups have done, we paired female subjects individually with male subjects matched on age
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and brain volume in a subset of 36 of the original 176 subjects studied. Notably, sex effects in
this subgroup in the temporal and parietal cortices were even more significant than they were
in the larger group, confirming that differences in cortical thickness are not mediated by
differences in overall brain size. The findings of increased significance in the matched sample,
despite the considerably reduced statistical power, may be consistent with findings in other
samples showing increases in regional gray matter volumes that emerge only after controlling
for overall differences in brain size between the sexes (Gur and others 1999; Goldstein and
others 2001).

The pattern of results from analyses where body height was statistically controlled in adult
subjects was similar to the pattern of results from simple correlations between sex and cortical
thickness in the entire sample and in the brain size—-matched sample. That is, independent of
body size differences between males and females, females still have thicker cortex than males
in numerous lateral cortical regions. Whereas in no case did group differences extend beyond
the lateral surfaces of the temporal, parietal, and frontal lobes, variation in the pattern of results
occurred when brain volume and height were used to control brain and body size differences
between the sexes. Specifically, when the whole group and brain volume-matched group were
evaluated, right hemisphere effects were more prominent than left, but when height was
controlled in adult subjects, the pattern of results was bilateral. Thus, while height and brain
volume are correlated in this sample (r =0.32), and in other samples (r = 0.55 [Baare and others
2001]), there are apparent differences in the pattern of results whether brain size correction or
body size correction is used. Age differences in the different subsets of subjects used for the
simple correlation maps, the brain size—corrected maps, and the height-corrected maps could
result in the different pattern of results. However, age-by-sex interactions were not significant
in the lateral cortices in either hemisphere where gender effects were observed in the various
analyses (as shown in Figs 3B and 4). This means that regardless of the age evaluated, gender
differences should be comparable, at least in the lateral cortices of the temporal, frontal, and
parietal lobes. Inferring actual differences based on qualitative visual comparison of the
different maps may be inappropriate anyway given that we did not statistically test the
difference between the simple correlation maps and the maps where height or brain volume
were controlled.

The regional pattern of increased thickness of cortical gray matter in females is similar to the
findings reported in independent young adult samples using similar surface-based methods for
studying cortical thickness (Luders and others 2006; Im and others 2006). In both of these
previous reports, women were observed to have thicker parietal cortices than men. Our results
are consistent with prior volumetric findings of increased parietal lobe gray matter in women
(Nopoulos and others 2000; Allen and others 2003) and with findings of greater gray matter
density in women detected with voxel-based analyses (Good and others 2001a).Frederikse and
others (1999), in contrast, reported increased volumes in inferior parietal lobes in men, although
they did not measure gray matter separately, rendering their results difficult to compare with
ours. In addition to the parietal lobe effects, we observed large regions of increased cortical
thickness in women in the posterior temporal regions, consistent with prior studies that
measured cortical thickness directly (Luders and others 2006; Im and others 2006) but not
consistent with a prior voxel-based morphometry study (Good and others 2001a). Age
differences in the samples assessed could have led to discrepancies in findings. Our findings
of nonsignificant age-by-sex interactions in the posterior temporal and inferior parietal regions
where the main effects of sex were most robust for cortical thickness suggest that the sex
differences in this region are independent of age in our subjects. Methodological differences
between studies using conventional volumetric measures, voxel-based morphometry, and
measures of cortical thickness using surface-based methods could also have produced
inconsistencies in findings. Specifically, surface-based methods are likely to improve
anatomical correspondence between subjects and, thus, may provide increased sensitivity to
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detect group differences in regions where anatomical variability can yield poorly matched
anatomy from the signal-based averaging of images that is employed in voxel-based
morphometry studies. Further, conventional volumetric studies are limited to evaluating sex
differences in regions that can be visually identified and anatomically defined, which may not
represent the actual boundaries of regions, such as those identified here that have the largest
sex differences.

The cellular bases for the thicker cortices in women compared with men cannot be determined
using current in vivo imaging technologies. Nevertheless, the pattern of regional differences
in thickness across the sexes may be consistent with postmortem findings of increased neuronal
density and increased cortical volumes in the posterior temporal cortex of women (Witelson
and others 1995; Harasty and others 1997). Regional cortical thickening in women may also
be consistent with the profile of cognitive differences long observed between the sexes,
particularly the female advantage on language tasks that may be attributable to their thicker
cortices in posterior perisylvian language regions. Gur and others (1999) have suggested that
more cortical gray matter in women may provide a computational advantage (compared with
possible differences in white matter, which would affect speed of information transfer). This
hypothesis may also be consistent with our findings, although we should note that thicker
cortices were most prominent in the right hemisphere, which is usually nondominant for
language.

A thicker cortex, however, may not necessarily be better than a thinner one. Studies of normal
development, for example, have consistently shown cortical thinning to occur with age as part
of normal brain maturation (Jernigan and others 1991; Giedd and others 1999; Sowell and
others 2004). Thinning of frontal and parietal cortices in normally developing children,
moreover, is associated with improvements in performance on language tasks (Sowell, Delis,
and others 2001; Sowell and others 2004). Cortical thinning during childhood and adolescence
is thought to derive both from progressive changes in myelination (Yakovlev and Lecours
1967; Benes and others 1994) and from regressive changes, such as synaptic pruning
(Huttenlocher and de Courten 1987). Both of these cellular changes are thought to improve
computational speed and efficiency as redundant synapses are eliminated and oft-used cortical
circuits are insulated with myelin. The parietal cortex subserves visuospatial functions, and
thus, thinner cortices in men within temporoparietal regions, if it indeed arises from greater
pruning and myelination during development and more efficient computational processing,
may contribute to the superior visuospatial skills of men. This hypothesis is testable through
longitudinal studies in which detailed cognitive assessments would accompany detailed
morphological studies. Differences in the rates of cortical maturation between males and
females, and relationships between cortical maturation and changes in cognitive function, could
be assessed across the cerebrum.

Most of the analyses in this report were focused on sex effects on the entire sample of 176
subjects collapsed across the age range from 7 to 87 years. The nonsignificant interactions of
age with sex in regions where sex differences were large (i.e., posterior temporal and inferior
parietal regions) suggest that sex effects were stable throughout the lifespan. Interactions
between the quadratic age term and sex were significant in bilateral dorsal frontal and temporal
regions, indicating that sex differences in cortical thickness vary depending on the age of the
participant and that sex must be considered when evaluating age effects in these regions.
Furthermore, these age-by-sex interactions could account for discrepancies in reported sex
differences in these regions depending on the age composition of the groups in the study. Our
findings suggest that the effects of aging may be more prominent in males in dorsal frontal and
temporal cortices. However, the combined linear and quadratic interactions were complex and
confirm only that sex differences in these regions are not stable over the wide range of ages
studied. Our results may be consistent with those of others who have failed to detect age-by-
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sex interactions in adult populations (Raz and others 1997; Lemaitre and others 2005), although
to our knowledge no other reports have evaluated age-by-sex interactions from childhood
through old age.

As can be seen in Figure 4, the quadratic regression line curves slightly upward in the oldest
subjects. Gray matter is unlikely to actually increase after the eighth decade, rather, the oldest
subjects studied were likely not representative of all individuals of that age. In other words,
only individuals with above-average cognitive and physical functions were likely capable of
participating in the study, and more frail and less cognitively adept subjects did not volunteer.
This is probably the case for most studies of normal aging that require on-site participation.
Unfortunately, we do not have the data to test this explanation in the current sample. Future
studies should include detailed measures of cognitive functioning and health status to help
determine whether the most elderly subjects actually differ from their younger counterparts.

We also mapped for the first time differences in brain size between males and females.
Permutation analyses showed that male brains are significantly larger than female brains in
every region assessed, and our maps showed that the differences are more pronounced at the
frontal and occipital poles (up to approximately 6 mm increased DFC-H in males) and less
pronounced on the lateral surfaces of the brain at the extremes of the temporal and parietal
lobes (up to approximately 2 mm increased DFC-H in males). The possible cognitive correlates
of these local size differences may be less transparent than those described for cortical
thickness, given that cognitive differences observed between the sexes are not functions
typically associated with anterior frontal and occipital lobes.

The regions where the differences in size were smallest are the same locations where sex
differences in cortical thickness were most pronounced. Occasionally in imaging studies,
artifacts are observed where MRI signal intensity suffers falloff in brain regions that are furthest
from the center of the field of view. This signal falloff can affect segmentation of gray and
white matters and decrease volumes of measured gray matter in the cortex; therefore, it could
perhaps also artificially decrease cortical thickness in these regions in men, whose lateral
temporal lobes extend further from the center of the field of view than do the corresponding
cortices in women. The regions where male brains are largest, however, are not the regions
where sex differences in cortical thickness were statistically significant. More importantly, we
conducted sex analyses for cortical thickness in a subgroup of subjects who were carefully
matched, male-for-female, on total brain volume and age. The pattern of sex effects on cortical
thickness in these analyses agreed with the pattern found in the larger group of subjects, where
differences in brain size between sexes were a potential confound. Thus, we are confident that
the observed differences in localized cortical thickness are independent of localized differences
in brain size.
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Figure 1.

(A) Maps of differences between the sexes in thickness of gray matter (males coded 1, females
coded 0 for all maps displayed) for the entire group of 176 subjects showing differences in
gray matter (in millimeters) between the male and female subjects according to the color bar
on the right. Warmer colors (<0 on the color bar) are regions where gray matter thickness is
greater in the female than in the male subjects, and cooler colors (>0) are regions where the
males have greater gray matter thickness than the female subjects. Note the approximately 0.45
mm increase in cortical thickness in females in the right posterior temporal lobe. These maps
are constructed without any brain scaling, so represent absolute thickness increases in women.
(B) Maps of statistically significant differences in gray matter thickness between the sexes for
the entire group of 176 subjects according to the color bar on the right (Pearson’s correlation
coefficients ranging from —0.2 to 0.2 ranging from orange on the negative end to pink on the
positive end). Regions in red correspond to correlation coefficients that show significant
increase in gray matter thickness in the female subjects at a threshold of P = 0.05 and those in
white correspond to significant increase in the male subjects at a threshold of P = 0.05.
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Figure 2.

(A) Gray matter thickness sex difference maps for the subgroup of 36 age- and brain volume—
matched subjects showing differences in gray matter (in millimeters) between the male and
female subjects according to the color bar on the right. Warmer colors (<0 on the color bar)
are regions where females have thicker gray matter than the males, and cooler colors (<0) are
regions where the males have thicker gray matter than the females. Note the approximately
0.6-mm thicker cortices in females in the right posterior temporal lobe. (B) Statistical
differences between the sexes in gray matter thickness for the subgroup of 36 age- and brain
volume-matched subjects showing the significance of gray matter thickness differences
between the male and female subjects according to the color bar on the right (Pearson’s
correlation coefficients ranging from —0.2 to 0.2). Regions overlaid in red correspond to
correlation coefficients that show significant increase in gray matter thickness in the female
subjects at a threshold of P = 0.05. There were no regions where the male subjects had thicker
cortex than the females at a threshold of P = 0.05.
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Figure 3.

(A) Statistical P maps of the sex difference in cortical thickness in adults (aged >20 years) with
height differences partialled out. The map is color coded according to the bar, and regions in
red are statistically significant at a P value of 0.05 or less. Regions in pink and blue (i.e., on
the dorsal and medial surfaces of the brain) do not approach significance with P values between
0.5 and 1.0. (B) Statistical P maps of the combined interaction terms age by sex and age? by
sex. The map is color coded according to the bar, and regions in red are statistically significant
at a P value of 0.05 or less. Regions in pink (i.e., on the lateral surface of the right temporal
and parietal lobes) do not approach significance with P values near 1.0.
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Figure 4.
Shown here is the same map as in Figure 1A (right hemisphere) with scatterplots that show

how gray matter thickness depends on age, in men and women separately, at various points
over the brain surface situated approximately where the measurements were taken. On each of
the y axes, cortical thickness is displayed in millimeters and age (7-87 years) is represented
on the x axes. The axes are identical for all graphs. Male subjects are represented by blue points
and the blue regression lines, and females are represented by the red points and the red
regression lines.
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Figure 5.

DFC-H sex difference maps showing mean differences in DFC-H (in millimeters) between the
male and female subjects according to the color bar on the right. Note the brain size increases
up to 6 mm in the male subjects at the frontal and occipital poles bilaterally.
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Table 1
Volumetric results for sex differences in total brain volume, total gray matter, total white matter, and total CSF

Volume differences

Total volume (cm®) Gra%/ matter volume White matter volume CSF volume (cm®)
cm®) (cm®)
Female 1355.9 (SD 97.9) 744.2 (SD 85.3) 4443 (SD 62.9) 164.7 (SD 48.8)
Male 1544.2 (SD 118.8) 844.9 (SD 84.5) 518.4 (SD 76.6) 177.6 (SD 53.3)
Sex difference t=11.487, P <0.001 t=7.860, P <0.001 t=7.039, P <0.001 t=1.673, P =0.096
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Table 2
Permutation results for gray matter thickness in the entire group of 176 subjects

Page 22

Gray matter sex difference for 176 subjects

Region Females thicker
L R

Medial dorsal frontal 0.171 1.00
Medial ventral frontal 0.157 0.349
Medial occipital 0.017 0.066
Medial parietal 0.162 0.382
Lateral dorsal frontal 0.429 0.351
Lateral ventral frontal 0.068 0.251
Lateral occipital 0.083 0.188
Lateral parietal 0.216 0.048
Lateral temporal 0.208 0.024

Only the results for female thicker than male are shown separately for each ROI. Male thicker than female results were not significant in any of the ROls.
The numbers presented are P values representing a ratio of the number of random tests that matched or exceeded the number of significant surface points

(at P = 0.05) in the real test to the total number of randomizations run (i.e., 10 000).
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Table 3
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Permutation results for gray matter thickness in the subgroup of 36 subjects matched for age and total brain

volume

Gray matter sex difference for 36 age- and brain volume-matched subjects

Region Females thicker
L R

Medial dorsal frontal 0.251 0.385
Medial ventral frontal 0.278 0.349
Medial occipital 0.129 0.065
Medial parietal 1.00 0.382
Lateral dorsal frontal 1.00 0.066
Lateral ventral frontal 0.111 0.006
Lateral occipital 0.138 0.043
Lateral parietal 0.222 0.008
Lateral temporal 0.309 0.010

Only the results for female thicker than male are shown separately for each ROI. Male thicker than female results were not significant in any of the ROls.

The numbers presented were calculated in the same way as those presented in Table 2.
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