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Abstract

Previous investigations have revealed sex-specific differences in brain morphometry. The effect of
sex on cortical thickness may be influencing cognitive differences between sexes. With this
exploratory study, we aimed to investigate the effect of sex in MRI-based cerebral cortex
morphometry in healthy young volunteers and how the variability in cortical measures might
affect cognitive functioning in men and women. 76 young healthy volunteers (45 men and 31
women) underwent a 1.5 T MR scan and 53 of them completed a comprehensive cognitive battery.
Overall no gross significant differences between sexes were found in cortical thickness, surface
area and curvature indexes. However, there was a significant group by hemisphere interaction in
the total cortical thickness (F(1,72)=5.02; p=0.03). A greater leftward asymmetry was observed in
cortical thickness in males. Only females show significant associations between cortical thickness
and cognitive functioning (1Q and executive functioning). In conclusion, our findings do not
support the notion of sexual dimorphism in cortical mantle morphology. The results also suggest
that variability in cortical thickness may affect cognitive functioning in females but not in males.
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1. Introduction

Post-mortem and imaging investigations have revealed sex-specific differences in brain
morphometry in human beings. Previous structural neuroimaging studies have reported that
gray matter (GM), white matter (WM) and brain size are larger in men than in women
(Peters and Sikorski, 1998; Raz et al., 2004). Sexual dimorphisms of the brain are more
evident in the cortex and seem to be region-specific. Women have larger volumes in frontal
and medial paralimbic cortices and men have larger frontomedial, amygdala and
hypothalamus volumes (Goldstein et al., 2001). Gur et al. (2002) observed sex differences in
regional volumes in the frontal lobes where orbital frontal cortices were relatively larger in
women. Region-of-interest (ROI) studies have also reported regional sexual dysmorphism
and higher GM/WM ratio in women in specific subregions (Allen et al., 2003; Nopoulos et
al., 2000). A nonlinear interaction of sex with age in cortical morphometric measures has
been proposed (Giedd et al., 1999) with different neurodevelopmental trajectories (De Bellis
et al., 2001). The surface area and the cortical thickness offer relevant information about
normal or pathological brain development processes (Bystron et al., 2008; Parent and
Carpenter, 1995; Rockel et al., 1980) and may prove a more sensitive measure by which to
identify alterations in cortical structure (Eickhoff et al., 2005; Kruggel et al., 2003; Sowell et
al., 2003). Cellular shrinkage and reduction in dendritric arborization are likely to account
for the normal process of cortical thinning (Morrison and Hof, 1997).

No sex differences in global cortical thickness in adults have been reported (Im et al., 2006;
Nopoulos et al., 2000; Rabinowicz et al., 1999; Salat et al., 2004), However, significant
greater cortical thickness in women has been described in localized cortical regions (Im et
al., 2006; Sowell et al., 2007). Thus, frontal (Im et al., 2006), temporal (Luders et al., 2006b;
Sowell et al., 2007) and parietal (Good et al., 2001a; Luders et al., 2006b; Narr et al., 2004)
morphological differences have been described between sexes. Hemispheric asymmetries in
the thickness of the specific regions of the cortex might be influenced by sex (Im et al.,
2006; Luders et al., 2006b). In addition, the effect of sex in total cortical surface area has
been reported in postmortem studies (Henery and Mayhew, 1989), although recent imaging
investigations do not provide further support to these findings (Barta and Dazzan, 2003).

Cortical thinning might be associated to the normal process of cortical maturation and might
influence, at least in part, the efficiency of brain functionality and therefore contribute to a
better cognitive functioning (Jernigan et al., 1991; Sowell et al., 2004). Variability in
cortical thickness has been associated with differences in general intelligence (Gong et al.,
2005; Shaw et al., 2006) and cognitive abilities (Karama et al., 2009). The level of
intelligence is associated with the trajectory of cortical development (Shaw et al., 2006) and
differences in brain volume measures have been also associated with differences in general
intelligence (Pennington et al., 2000). Sex differences in cognitive functioning have been
well documented. Whereas women tend to excel on tasks of verbal skills and memory,
perceptual speed and accuracy, affect and emotion processing, and fine motor skills, men
tend to outperform women on tests of visual memory and mathematical and spatial ability
(Halpern, 1992). Therefore, cognitive and behavioral differences between sexes (Kimura,
1996) may be influenced by sex on cortical thickness (Schlaepfer et al., 1995; Yurgelun-
Todd et al., 2002). However, only a few studies have investigated this matter. Narr et al.
(2007) observed a significant relationship between full-scale intelligence quotients and
prefrontal cortical thickness in females. It has been also described that cytoarchitectonic
differences in primary visual cortex may underlie observed sex differences in the processing
of visuospatial and motion information (Amunts et al., 2007). Amat et al. (2008) found a
significant inverse correlation between intellectual abilities and hippocampus volume which
was independent of sex.
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In the present exploratory study, we aimed to investigate likely sex-specific differences in
total and regional cerebral cortex measures in healthy young volunteers. Additionally, we
investigated whether variability in cortical measures (total and lobar mean cortical thickness,
surface area and gray matter volume) may differentially affect cognitive functioning in men
and women. We may hypothesize that differences in specific cognitive domains between
sexes could be differentially related to morphological characteristics of the cerebral cortex.
Differences in frontal cortical morphometry in females may relate to evidence for sex
differences in memory, motor and executive functioning.

2. Materials and methods
2.1. Subjects

From February 2001 to December 2007, and as part of our ongoing investigations on brain
morphometry in patients with psychotic disorders, a group of 76 healthy unaffected
volunteers (45 men and 31 women) were recruited from the community through
advertisements to participate in a study at the University Hospital Marques de Valdecilla,
Santander. The unaffected individuals had no current or past history of mental retardation or
psychiatric, neurological or general medical illnesses, including substance abuse and
significant loss of consciousness, as determined by using an abbreviated version of the
Comprehensive Assessment of Symptoms and History (CASH) (Andreasen et al., 1992).
The absence of psychosis in first-degree relatives was also confirmed by clinical records and
family interview. After a detailed description of the study, each subject gave written
informed consent to participate, in accordance with the local ethics committee.

2.2. Cognitive assessments

53 subjects completed a comprehensive cognitive battery. For this investigation, we have
selected six cognitive tests that comprise 6 cognitive domains, with outcome measures in
parenthesis: 1. —executive functions: Trail Making Test B (TMT-B) (Lezak, 1995) (time to
complete); 2. — working memory: WAIS-I11 (Wechsler, 1999) Backward Digits (BD) (total
score); 3. — speed of processing: WAIS-I11 (Wechsler, 1999) Digit Symbol (DS) (standard
total score); 4. —attention: Continuous Performance Test Degraded-Stimulus (Cegalis and
Bowlin, 1991) (CPT-DS) (total number of correct responses); 5. —visual memory: Rey
Complex Figure test (RCFT) (Rey, 1941) (long term recall measure), and 6. — verbal
fluency: fluency test (FAS) (Lezak, 1995) (number of words in time limit). The WAIS-111
(Wechsler, 1999) subtest of Vocabulary (number of words generated) was used as 1Q
(Lezak, 1995). Handedness was assessed by the Edinburgh Inventory (Oldfield, 1971).

2.3. MRI acquisition and image processing

All MRI scans were obtained at the University Hospital of Cantabria using a 1.5 T General
Electric SIGNA System (GE Medical Systems, Milwaukee, WI). Three different MR
sequences were used for each participant. T1-weighted images, using a spoiled grass
(SPGR) sequence, were acquired in the coronal plane with the following parameters: echo
time (TE)=5 ms, repetition time (TR)=24 ms, number of excitations (NEX)=2, rotation
angle=45°, field of view (FOV)=26x19.5 cm, slice thickness=1.5 mm and a matrix of
256x192. The proton density (PD)- and transverse relaxation time (T2)-weighted images
were obtained with the following parameters: 3.0 mm thick coronal slices, TR=3000 ms,
TE=36 ms (for PD) and 96 ms (for T2), NEX=1, FOV=26x26 cm, and matrix=256x192.
The in-plane resolution was 1.016x1.016 mm.

Processing of the images was done by using BRAINS2. Detailed information about the
image processing has been previously described (Magnotta et al., 2002). Shortly, the T1-
weighted images were spatially normalized and resampled to 1.0-mm3 voxels so that the
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anterior—posterior axis of the brain was realigned parallel to the anterior commissure/
posterior commissure line and the interhemispheric fissure aligned on the other two axes.
The T2- and PD-weighted images were aligned to the spatially normalized T1-weighted
images using an automated image registration program. These images were then subjected to
a linear transformation into standardized stereotaxic Talairach atlas space to generate
automated measurements of frontal, temporal, parietal, and occipital lobes. To further
classify tissue volumes into gray matter, white matter, and CSF, we used a discriminant
analysis method of tissue segmentation based on automated training class selection that
utilized data from the T1-weighted, T2-weighted, and proton density sequences (Harris et
al., 1999). The discriminant analysis method permits to identify the range of voxel intensity
values that characterize GM, WM and CSF. An 8 bit number is assigned to each voxel
indicating its partial volume tissue content (10-70 for CSF, 70-190 for GM and 190-250 for
WM). In order to define the cortical iso-surface to be used in the posterior analyses, a value
of pure GM, or 130, was used as a cut-off. This value represents the parametric center of the
GM within the cortex and serves as a useful estimate of its physical center. This triangulated
surface was used as the basis for our calculations of cortical area, thickness, and volume.
The surface area was calculated as the sum of triangular areas covering this surface of the
brain. Several studies have been undertaken to review the reliability and reproducibility of
BRAINS (Agartz et al., 2001; Okugawa et al., 2003).

2.4. Measurements

The resulting three-dimensional iso-surface (see Fig. 1) approximates the spatial center of
the cortex and is used to provide estimates of values that are direct or indirect quantitative
measurements of the cerebral cortex.

2.4.1. Cortical thickness—This measure is the minimum distance between the 100%
gray matter triangle surface and the 50%/50% gray/white matter surface. This measure is an
index of cortical thickness; it represents the parametric center of the cortex, or
approximately one-half the cortical thickness. Separate measures of total, gyral and sulcal
cortical thickness were computed.

2.4.2. Cortical surface area—This value is the straightforward sum of the areas of the
triangles making up the surface of the brain.

2.4.3. Curvature index—Both a sulcal and gyral curvature index is calculated by
determining the vector angle normal to each triangle surface compared to neighboring vector
angles up to four triangle surfaces away. The gyral curvature index measures the degree of
convexity with greater absolute values indicating tighter curvatures; thus, higher gyral
curvature measures represent gyri with more “peaked” apices while lower gyral curvature
indices indicate flatter or broader gyral apices. The sulcal curvature index is a measure of
concavity, and absolute numbers of this measure also indicate increasingly tighter curves.
High sulcal curvature indices represent sulcal valleys with steep walls, while lower sulcal
indices represent sulcal valleys with flatter, looser bases and sloping, rather than steep,
walls.

The methods used to quantify these aspects of surface anatomy have been extensively
evaluated and validated (Magnotta et al., 1999).

2.5. Statistical analysis

All statistical analyses were performed with the Statistical Package for the Social Sciences
(SPSS v 15.0, SPSS Inc., Chicago, 2006). Differences in distribution of handedness,
tobacco, alcohol and cannabis consumption were assessed with the Chi-square test.

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2014 January 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crespo-Facorro et al.

3. Results

Page 5

Differences in age, intracranial volume and height were evaluated with analysis of variance
(ANOVA). Differences in cognitive performance were evaluated with analysis of covariance
(ANCOVA) using age and years of education as covariates.

To examine differences in morphological measurements between males and females, a
repeated-measures ANCOVA was performed. For the primary analysis, the between subject
factor was sex and the within subject was hemisphere (left or right). Mean cortical thickness,
surface area, and mean curvature index were used as the dependent variables. Intracranial
volume and age were introduced as covariates. Tukey LSD post hoc tests were performed to
compare main effects between gender and hemisphere. The group by hemisphere interaction
was used to determine differences in asymmetry between sexes. As a secondary analysis, in
those cortical measurements in which there were significant group by side interactions, we
examined differences in hemispheric asymmetry (100x(L-R)/(L+R)) between the genders
with analysis of covariance (ANCOVA). To assess the effect of handedness, we analyzed all
the morphological measurements in the sample encompassing only right-handed individuals
(43 males; 26 females). Cohen’s d (calculated as (Mean1-Mean2)/sqrt((VAR1+VAR2)/2))
is provided to estimate the magnitude of the differences between groups. According to
Cohen (1988) d values of 0.2 are considered to be small effects, values between 0.4 and 0.6
are moderate effects, and values above 0.8 are large effects.

Partial correlations were conducted within each sex to examine associations between
morphological measurements and cognition. Age, years of education, and intracranial
volume were used as covariates. The slopes of the associations between cognitive test
performance and cortical thickness of males and females were compared using Fisher’s Z
transformation Throughout, a two-tailed alpha-level of 0.05 was used for statistical testing.

3.1. Subject characteristics

Sociodemographic and cognitive characteristics are presented in Tables 1 and 2 respectively.
All subjects were Caucasian. Males and females were similar in age, history of drug use,
educational level and 1Q. Significant differences between sexes were found only for height
(F=111.2; p<0.01) and intracranial volume (ICV) (F=62.3; p<0.01). Males have larger total
brain volume, although there were no differences in total gray matter volume after
controlling for ICV. Males showed a tendency (p=0.08) towards a higher percentage of right
handed subjects.

Regarding cognitive characteristics, there were only significant differences between sexes in
visual memory function (Rey Complex Figure Test) (F=5.87, p=0.02), with males showing
better performance than females (see Table 2).

3.2. Total and regional mean cortical measures

Measurements of cerebral cortex variables in both groups are displayed in Tables 3 and 4.
The mean cortical thickness across the entire cortex and the four lobes was not significantly
different between sexes (all p values>0.28). There were no significant differences between
sexes with regard to the total and regional cortical thickness of the gyri (convex regions of
the cortex) and sulci (concave regions of the cortex) (Table 3). However, there was a
significant group by hemisphere interaction in the total cortical thickness and occipital
thickness (total and sulcal region) (Table 3).

The analysis of right-handed individuals did not show differences between sexes either. This
analysis revealed a significant group by hemisphere interaction in total cortical thickness
(F(1,65)=5.56; p=0.021) and in total gyral cortical thickness (F(1,65)=4.54; p=0.037). The
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significant group by hemisphere interaction in the occipital thickness did not maintain
significance.

There were no significant differences between sexes in total and regional (four cerebral
lobes) surface area measures and GM volumes (all p>0.11). In addition, we did not find
significant group by hemisphere interaction in total and regional surface area measures (all
p>0.19). The analysis of right-handed individuals did not show meaningful changes from
those observed in the entire sample.

Finally, the general shape of the gyri and sulci (curvature indices) did not differ significantly
between sexes. Only when we analyzed regional measures of the four cerebral lobes, did we
find significant differences in the sulcal curvature index of the temporal lobe (F(1,72)=5.21;
p=0.03) and the occipital lobe (F(1,72)=4.85; p=0.04) (Table 4). The mean curvature of the
sulci was significantly less concave in males in those two regions. However, the effect size
was small in both cases (dcghen < 0.33). The analysis of right-handed individuals did not
show meaningful changes from those observed in the whole group. Data are available upon
request from the authors.

3.3. Analyses of hemispheric asymmetries

Pairwise tests showed a distinct pattern of hemispheric asymmetries between males and
females. The total left cortical thickness was significantly thicker than the right hemisphere
(p=0.006) for males and in the female group the right occipital thickness was greater than
the left hemisphere (p=0.02).

Group by hemisphere interaction showed also a trend towards significance level in gyral
cortical thickness (F(1,72)=3.30, p=0.07).

The secondary analysis of hemispheric asymmetry in these regions showed that males have
a higher hemispheric asymmetry (leftward asymmetry) in global cortical thickness
(F(1,72)=5.57; p=0.03) than females, but females have a higher rightward asymmetry than
males in the occipital cortical thickness (F(1,72)=4.64; p=0.034).

For the right-handed individuals, the secondary analysis of hemispheric asymmetries
showed that males have a higher hemispheric asymmetry (leftward asymmetry) in global
cortical thickness (F(1,65)= 5.40; p=0.023) and in gyral cortical thickness (F(1,65)=4.10;
p=0.047) than females. The data are available upon request.

3.4. Correlations between cortical variables and cognitive measurements

We also sought to determine the relationship between cortical measures and cognitive
features in both, male and female sexes. All analyses of correlations are available upon
request from the authors.

3.4.1. Cortical thickness and cognitive measurements—Correlations between
cortical thickness and cognitive measurements are shown in Table 5. Females had
significant positive correlations between executive function (TMT-B) and parietal lobe
cortical thickness (r=0.64; p =0.003), temporal lobe cortical thickness (r=0.46; p=0.047),
and occipital lobe cortical thickness (r=0.47; p=0.040) and between 1Q (WAIS-1II
Vocabulary subtest) and both total cortical thickness (r=0.47; p=0.041) and frontal lobe
cortical thickness (r=0.58; p=0.010). Correlations were close to significance between
working memory (WAIS-I11 Backward Digits) and total cortical thickness (r=-0.44,
p=0.067), frontal cortical thickness (r=-0.44, p=0.069), and parietal cortical thickness (r=
-0.46, p=0.057). Males did not show any significant correlations.
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The slopes of the associations between cognitive test performance and cortical thickness
were significantly different for the correlations between WAIS-111 Vocabulary and frontal
cortical thickness (z =—1.38, p =0.046), between TMT-B and parietal cortical thickness (z=
-2.26, p=0.023) and temporal cortical thickness (z=—2.23, p =0.026), and between FAS and
temporal cortical thickness (z=-2.14, p =0.032).

3.4.2. Surface area and cognitive measurements—Females had significant negative
correlations between parietal lobe area and speed of processing (WAIS-111 Digit Symbol)
(r=-0.46; p = 0.050) and attention function (CPT) (r = —-0.61; p=0.017); and also between
frontal lobe area and executive function (TMT-B) (r=—0.64; p=0.003). It is noteworthy that
males did not show any significant correlations.

3.4.3. Gyrification indices and cognitive measurements—Overall, the global shape
of the gyri and sulci (curvature indices) was not significantly associated with any cognitive
dimension. Only when we analyzed regional measures of the four cerebral lobes, we found
significant correlations. Thus, females had significant negative correlations between speed
of processing (DS) and temporal gyral and sulcal indices (r=—0.45 and r=—0.50; p<0.05) and
between attention and frontal gyral index (r=-0.56; p=0.025). In males, occipital gyral index
was associated with attention functioning (r=0.48; p<0.017) and there was also a significant
negative correlation between working memory and temporal sulcal index (r=—0.46;
p<0.015).

4. Discussion

We used image analysis tools to quantify the gross morphometry of the cerebral cortex in a
well-matched sample of young, healthy adults to investigate the impact of sex. Overall, the
findings here indicate that total and regional cerebral cortex thickness appeared to be
remarkably similar in both sexes. Handedness may affect measures of cortical thickness
asymmetry (higher leftward asymmetry in right-handed) in males. A greater curvature
(increased concavity) of the temporal and occipital sulci was found in women. No
significant differences between sexes were found in either gray matter or surface area
measures. Interestingly, only females showed significant relationships between cognitive
and cortical thickness measures.

Previous studies, but not all, have observed a significant regional greater thickness in
women. Increased cortical thickness in temporal (Luders et al., 2006b; Sowell et al., 2007)
and parietal (Good et al., 2001a; Luders et al., 2006b; Narr et al., 2004) cortices has been
described in women. Accordingly, Im et al. (2006) found greater cortical thickness in the
frontal, parietal and occipital regions in women, with less significant increase in temporal
regions. In this study, no differences in mean cortical thickness were found in native space
and the mean cortical thickness across the entire cortex was not significantly different
between men and women. Some other investigations have failed to demonstrate sex
differences in total cortical thickness (Im et al., 2006; Nopoulos et al., 2000; Rabinowicz et
al., 1999; Salat et al., 2004). Our results did not reveal significant differences in total and
regional cortical thickness between sexes. Consistent with our results, previous imaging
studies utilizing the same methodologies had not found sex differences in cortical
morphometry in healthy young adults (Magnotta et al., 1999) and adolescents (White et al.,
2003). In our study the cortical thickness values, ranging from 3.29-4.66 mm in males and
from 3.29-4.59 mm in females, are consistent with previous reports of average thickness
(Fischl and Dale, 2000; Narr et al., 2004).

Age has been found to influence cortical thickness (Good et al., 2001b; Sowell et al., 2003)
and brain volume (Coffey et al., 1998). Males seem to have more pronounced age-related
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cortical thinning (Good et al., 2001b) and cortical atrophy (Coffey et al., 1998) than females.
The fact that we selected a sample of young adults with a somewhat narrow range of age
compared to the ages studied in other investigations might explain, at least partly, the
discrepancies between findings. In addition, differences in the methodology to assess
cortical characteristics may also account for inconsistencies between investigations.
Reliability in MRI-derived automated morphometric measures can be influenced by several
sources of variance (Jovicich et al., 2009). Thus, reliability can be affected by subject-
related factors, such as hydration status (Walters et al., 2001), instrument related factors,
such as field strength, scanner manufacturer, imaging magnetic gradients (Jovicich et al.,
2006), pulse sequence, and data processing-related factors, including software package and
version and the parameters used in the analysis (Senjem et al., 2005; Han et al., 2006).

Brain hemispheric asymmetries have been identified in postmortem and imaging
investigations although a great variability in the magnitude of this asymmetry is found
among individuals (Allen et al., 2002). Sex differences appear to modulate asymmetries
(Amunts et al., 2000; Ide et al., 1996; Zilles et al., 1996). Overall, most studies seem to
indicate that female structures are more bilaterally symmetric. We have observed a greater
effect of sex in hemispheric asymmetries in total and occipital cortical thickness. However,
the small effect size of the total and occipital cortical thickness differences (d=0.19 and
d=0.25 respectively) suggests that the differences between sexes are slight. Consistent with
our findings, earlier investigations have reported no differences in hemispheric asymmetries
in cortical thickness (Im et al., 2006; Luders et al., 2006a) and in cortical shape (Narr et al.,
2007) in men and women. No significant differences between sexes were found in any of the
other cortical measures assessed (curvature indexes, surface areas and gray matter volumes).
Due to the fact that handedness is associated with hemispheric asymmetries in human beings
(Jancke et al., 1994; White et al., 1994), we investigated the influence of handedness in
asymmetries of cortical measures by analyzing only the subsample of right-handed
individuals (N=43 males and N=26 females). Our results have shown that right-handed
males have higher hemispheric asymmetries (leftward asymmetry) in total cortical thickness
and total gyral cortical thickness than right-handed females. No other significant effects in
total or regional measures of hemispheric asymmetries were associated with handedness.

The cytoarchitecture of gyri and sulci differs considerably in the normal human brain.
Cellular studies have demonstrated when comparing to the cortex found in sulci that the
cortex in the gyral crown is thicker (Welker, 1990) and previous imaging studies have
observed thicker cortex in gyral crowns (White et al., 2003). Our results here have
consistently demonstrated the difference in total cortical thickness of gyri and sulci [4.58
(0.50) mm and 3.75 (0.36) mm, respectively], but no sex-related differences were found.
The degree of cortical gyrification, a quantitative measure of developmental cortical
organization, may differ between sexes and may account for behavioral and cognitive sex
differences (Luders et al., 2004). A greater gyrification in females than males in frontal and
parietal regions has been described (Luders et al., 2004). We observed that men and women
differed in temporal and occipital sulcal curvature indices, with a greater curvature
(increased concavity) of the sulci in women, but no significant differences were found in
measures of gyral curvature indexes and hemispheric gyrification pattern between sexes.

No significant difference between sexes in cortical gray matter and cortical surface area
measures was observed in our sample. Previous literature exploring whether there is a sex
effect on total or regional gray matter volume has yielded to inconsistent results. No sex
differences (Filipek et al., 1994; Good et al., 2001b), in increased (Goldstein et al., 2001;
Gur et al., 1999) or decreased (Resnick et al., 2000; Sullivan et al., 2004) total gray matter
volume have been described in women relative to men after controlling for the overall
increase in male brain size. Regional gray matter volumetric studies have shown greater
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parietal gray matter in women (Allen et al., 2003; Nopoulos et al., 2000). VVoxel-based
morphometry (VBM) studies have also shown widespread higher gray matter concentrations
in women (Good et al., 2001a; Luders et al., 2005; Verchinski et al., 2000). In our sample of
young healthy individuals there were no significant differences in gray matter volume in any
of the four lobes analyzed between sexes after controlling for total brain volume. As
expected, males showed a relative increase in total brain volume when compared to females.
Our results herein are also consistent with imaging studies in young healthy volunteers
which found no evidence for sex differences or hemispheric asymmetry in surface area
measures (Barta and Dazzan, 2003).

Cortical thinning might be associated to the normal process of cortical maturation that is
thought to improve the efficiency of brain functionality and therefore contribute to a better
cognitive functioning (Jernigan et al., 1991; Sowell et al., 2004). Studies in rats have
revealed that disruption of neurogenesis late during gestation is associated with reduced
cortical thickness and with deficits in a wide variety of cognitive functions (Flagstad et al.,
2005). Variability in cortical thickness has been associated with differences in general
intelligence (Shaw et al., 2006) and cognitive abilities (Karama et al., 2009). Therefore, sex-
related changes in cortical thickness might lead to differences in cognitive functioning
between men and women (Schlaepfer et al., 1995). Accordingly, Narr et al. (2007) observed
that only females showed a significant relationship between full-scale intelligence quotients
and prefrontal cortical thickness. Consistently, our results have shown a positive strong
correlation between cortical thickness, primarily in the frontal cortex and 1Q (r=0.58),
specifically in healthy adult females (n=23). Moreover, females showed significant
correlations between cortical thickness and executive functioning (TMT-B performance),
with the greatest associations in parietal areas (r=0.64). Interestingly, imaging studies seem
to point out that the posterior parietal cortex is a crucial brain region to executive processing
requirements. The lack of association between frontal cortical thickness and executive
functioning is contrary to the expected results considering that numerous lines of evidence
converge to implicate frontal regions (anterior cingulate, and dorsolateral and ventrolateral
prefrontal regions) in neural network that mediates executive function (Minzenberg et al.,
2009). On the contrary, there were no significant associations between cortical thickness and
cognitive measures in males. Despite this differential pattern of associations, in our sample
men and women are, on average, similar in intelligence and overall cognitive performance,
although as expected men had a better performance in visual memory than women
(Gallagher and Burke, 2007). It is of note that we failed to observe gender differences in the
pattern of associations between visual memory performance and gross cortical
morphometry.

In this line of research, Im et al. (2008) observed that a wider and shallower sulcal shape
was associated with mild cognitive impairment. We have observed that the pattern of
correlations between cognitive dimensions and sulcal and gyral curvature indices differed
between sexes. To our knowledge no previous investigation has explored the effect of sex on
the relationship between surface morphology and cognition. We found no clear explanation
for the differential pattern of associations between sexes and any conceivable explanation is
going to be highly speculative. Further research is warranted to confirm our results and to
set up and rational theories about the influence of the general shape of the gyri and sulci on
cognitive functioning.

There were a few limitations to this study. First, the sample size may limit the statistical
power to detect significant effects. Therefore, we might fail to observe “medium” effects
when they do actually exist. Further investigations with larger sample sizes are warranted to
confirm our findings. Second, one of the limitations of this report may be the fact that
multiple comparisons were made to explore clinical and cognitive correlations. However, we
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decided not to correct for multiple testing and thus, some of the significant associations we
found could have been type | errors. Third, the fact that a high proportion of individuals in
our sample used cannabis (males: 38.64%; females: 23.33%) and alcohol (males: 63.63%;
females: 62.07%) may limit the generalizability of our findings and should be taken into
account when comparing to the results of other studies. Although the effect of cannabis in
brain morphology is still under debate, our group has recently observed that cannabis use in
adolescence and early-adulthood might involve a premature alteration in cortical gyrification
(Mata et al., 2010). Alcohol consumption has been also related to changes in brain
morphometry (Gazdzinski et al., 2000). Nonetheless, when we repeated the analyses only
with non-user individuals the results did not change significantly (data available from the
authors under request). Finally, our findings do not rule out the possibility that sex-related
structural cortical differences exist on more specific cortical regions or on a finer
microstructural level, cellular architecture and connectivity.

In summary, the present study revealed no gross significant differences between young
healthy females and males in cortical thickness, surface area and curvature indexes. These
results may not support the hypothesis of sexual dimorphism in cortical gross morphology.
However, the asymmetry profile seems to be influenced by sex, with a greater leftward
asymmetry observed in cortical thickness in males. It is also of note that the results suggest
that sex might be influencing the pattern of correlations between cortical thickness and
cognitive abilities. Women show significant associations between cortical thickness and 1Q
and executive functioning. Further studies are warranted to fully address whether differences
in cortical structure and organization may account for the sex-related differences in
cognitive abilities and/or behavioral between sexes.
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Fig. 1.

Surface anatomy methodology. The brain surface produced by removing the outer half of
the cortex illustrates how sulci are opened up and “buried cortex” is eliminated, with sulci
shown in blue and gyri in red (A). The contours demonstrate the location of the “pure” GM
iso-surface (B), with sulci shown in blue and gyri in red.
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Table 1

Demographic characteristics of the sample.

Characteristic

Males (45)

Females (31)

Statistics

Age at initial MRI, mean (SD) [range] years
Height, mean (SD), cm

Intracranial volume, mean (SD), cc

Total gray matter volume, mean (SD), cc
Right-handed, N, (%)

Parental socioeconomic status, mean (SD)""!b
Years of education, mean (SD)C

Alcohol users, N, (%)d

Cannabis users, N, (%)¢

Tobacco users, N, (%)

26.90 (7.08) [16.00-48.48]
176.57 (5.23)
1439.02 (96.71)
822.74 (62.06)

43 (95.6)

3.42 (0.79)

10.57 (2.29)

28 (63.63)

17 (38.64)

23 (52.27)

29.90 (8.24) [15.18-51.62]
162.82 (6.02)
1277.45 (72.47)
735.24 (42.23)

26 (83.87)
3.63(0.72)

11.37 (2.09)

18 (62.07)
7(23.33)

19 (63.33)

F(1,74)=2.89; p=0.10
F(1,74)=111.16; p<0.01
F(1,74)=62.31; p<0.01
F(1,73)=0.01; p=0.97
4=2.99; p=0.08
Z=-1.23; p=0.22
F(1,72)=2.33; p=0.13
/=0.02; p=0.89
£=1.91; p=0.17
=0.89; p=0.35

aBased on the Hollingshead—Redlich scale.
bBased data from 43 males, 30 females.
CBased data from 44 males, 30 females.

dBased data from 44 males, 29 females.

Significance threshold=0.05.
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