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Using magnetic resonance imaging and a new method to analyze local
surface shape, we examined the effects of gender on gyrification in a
large and well-matched sample of healthy subjects. Unlike traditional
2D methods that produce whole-brain measurements of cortical
complexity or more sophisticated 3D parametric mesh-based techni-
ques that allow only different sections (lobes) of the cortex to be
investigated, we employed a novel approach with increased spatial
resolution. Although our method is sensitive to similar cortical features
like the classic whole-brain gyrification index (depths of sulci and
heights of gyri), we are now able to provide detailed and regionally
specific estimates of cortical convolution at thousands of points across
the cortical surface without introducing any bias through the rater or
the selected orientation of the slices. We revealed pronounced gender
differences, showing increased gyrification in frontal and parietal
regions in females compared to males that agree with recent regions-of-
interest findings. In addition, we detected higher female gyrification in
temporal and occipital cortices that was not previously identified in
studies using more global measures. No cortical area was significantly
more convoluted in males compared to females. Our results demon-
strate the sensitivity of this automated approach for identifying very
local changes in gyrification. This technique may serve to isolate
regionally specific changes in fissuration/gyrification in neurodevelop-
mental or neuropsychiatric disorders.
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Introduction

Brain expansion is partly constrained by the size of the
intracranial cavity during neurodevelopment (Hofman, 1989; Van
Essen, 1997; Courchesne et al., 2000), so gender-specific patterns
of cortical folding are likely influenced by smaller female skull
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sizes. Traditional postmortem and in vivo morphometric studies
have used several unique approaches to examine cortical complex-
ity and to establish the presence and direction of gender differences
in sulcal/gyral convolutions. Measuring cortical folding in post-
mortem data with a 2D gyrification index (i.e. the ratio between
deep and superficial cortex in coronal sections) revealed no
differences between men and women (Zilles et al., 1988).
Similarly, no gender differences were identified in an in vivo
study defining whole-brain surface complexity as the ratio of total
cortical surface area to overall brain volume, raised to the 2/3
power (Nopoulos et al., 2000). However, another MRI inves-
tigation used surface-to-volume ratios to calculate a fissurization
index for the hemispheres and cingulate cortices. This study
detected a hemisphere by gender interaction, reflecting increased
asymmetries of fissurization in male brains (Yucel et al., 2001).
Moreover, using a sophisticated 3D parametric mesh-based
approach (Thompson et al., 1996a,b) applied to five functionally
relevant cortical regions, our group demonstrated that females
exhibit greater cortical complexity than males in frontal and
parietal regions (Luders et al., 2004).

Overall, empirical data concerning sex-related differences in
cortical complexity or gyrification are sparse, and findings lack
consistency, where discrepancies may stem from differences in
measurement methods (e.g. postmortem vs. in vivo, 2D vs. 3D).
Available data, however, suggest that the ability to detect gender-
specific differences in gyrification increases by shifting focus from
global (e.g. whole brain) to more regional examinations (e.g.
frontal lobe). Region-of-interest (ROI) analysis appears to be the
most spatially detailed method used to date. However, using ROIs
defined a priori limits the identification of changes elsewhere in the
cortex, may introduce user bias and makes it impractical to study
large populations given that manual delineations are labor-
intensive.

In order to circumvent these potential limitations, we applied a
refined and automated whole-brain approach for estimating
regional differences in cortical surface convolution. Specifically,
we computed the degree of convolution across the entire cortex at


http://www.sciencedirect.com

E. Luders et al. / Neurolmage 29 (2006) 1224—1230 1225

thousands of surface points in order to provide color-coded maps
indexing the local gyrification. We hypothesized that gender-
specific differences in gyrification would exist in numerous cortical
regions that would complement and extend existing knowledge
from studies using less spatially detailed methods. In order to
confirm correspondences with results achieved through a lower
resolution parametric mesh-based approach (Thompson et al.,
1996a,b), we examined local gyrification in the same sample as
analyzed in a previously published study (Luders et al., 2004).

Materials and methods
Subjects

We analyzed the brain scans of 60 young and right-handed
subjects that were selected from a database of high-resolution
anatomical MR images acquired at the Center for Neuroscientific
Innovation and Technology (ZENIT), Magdeburg. Subjects were
matched for biological sex (30 women, 30 men) and age (women:
24.32 £ 4.35 years; men: 25.45 + 4.72 years). Handedness was
determined by referring to self-reports of hand preference. Subjects
were healthy volunteers and included university students from
different fields who were recruited via notice board and/or Internet
advertisements. All subjects gave informed consent according to
institutional guidelines (Ethics Committee of the University of
Magdeburg).

MRI acquisition

Images were obtained on a 1.5-T MRI system (General Electric,
Waukesha, WI, USA) using a T1-weighted spoiled gradient echo
pulse sequence with the following parameters: TR = 24 ms,
TE = 8 ms, 30° flip angle, FOV =250 x 250 mm?, matrix size =
256 x 256 x 124, voxel size = 0.98 x 0.98 x 1.5 mm.

Cortex extraction

Image volumes passed through a number of preprocessing steps
using mostly automated procedures. First, we created an intracranial
mask of the brain using a brain surface extraction algorithm tool
(BSE) that is based on a combination of non-linear smoothing, edge
finding and morphologic processing (Shattuck and Leahy, 2002).
Any small errors in the masks were corrected manually to isolate
intracranial regions from surrounding extracranial tissue and extra-
cortical cerebrospinal fluid (CSF). Brain masks and anatomical
images were corrected for head position and individual differences
in brain size by using an automatic 12-parameter linear registration
(Woods et al., 1998) to transform each brain volume into the target
space of the ICBM-305 average brain created by the International
Consortium for Brain Mapping (Mazziotta et al., 1995). To
eliminate intensity drifts due to magnetic field inhomogeneities in
the anatomical brain images, we employed radio-frequency bias
field corrections (Sled et al., 1998). Finally, we applied the
normalized brain masks (that include cerebral tissue only) to the
normalized anatomical brain images and created a spherically
parameterized mesh model of the cortical surface using signal
intensity information. Each of these individual meshes in ICBM-
305 space was continuously deformed to fit the threshold intensity
value which best differentiated extra-cortical cerebrospinal fluid
from underlying cortical gray matter (MacDonald et al., 1994).

Measures of local gyrification

The local gyrification is revealed through estimations of
“smoothed absolute mean curvature,” based on averaging
curvature values from each vertex of the spherical surface mesh
within a distance of 3 mm followed by calculating the absolute
value of the resulting number within this region and smoothing
over 25 mm. A detailed explanation is given in the following
paragraphs and Fig. 1.

The meshes model the cortical surface of the brain consisting of
gyri and sulci. We used these meshes to calculate the mean
curvature (do Carmo, 1976) at thousands of points across the
cortical surface. Mean curvature is an extrinsic surface measure
and gives information about the change in normal direction along
the surface (normals are vectors pointing outwards perpendicular to
the surface). Mean curvature at a given point is defined as

(5 — 5N,
Tcurvarurc = Z -

v=1 BV

where ¥, is the centroid of its neighbors of vertex v, B, is the
average distance from the centroid of each of the neighbors, and - is
the vector product operator (MacDonald: A Method for Identifying
Geometrically Simple Surfaces from Three Dimensional Images.
PhD Thesis McGill University, Montreal). The resulting values of
the mean curvature measurement can be expressed either in radians
or degrees ranging from —180 to 180 (we will use degrees
throughout this paper). Large negative values correspond to sulci
and large positive values to gyri. To increase the signal to noise
ratio for the curvature measure at a given vertex, we averaged the
curvature values within a distance of 3 mm on the cortical surface
and calculated the absolute value of the resulting number within
this region. The absolute values of mean curvature (hereafter
referred to as absolute mean curvature) are always above zero for
both gyri and sulci and express the local amount of gyrification.
Finally, absolute mean curvature values were smoothed using a
surface-based heat kernel smoothing filter (Chung et al., 2005) of
full width at half maximum (FWHM) of 25 mm, where the width
of the smoothing filter was chosen according to the matched filter
theorem. That is, the spatial frequency of the sulcus—gyrus pattern
suggests a filter that optimally enhances features in the range of the
distance between sulci and gyri, which is about 20—30 mm.

Furthermore, we calculated the total surface area and the total
absolute mean curvature of the mesh models in ICBM-305 space
(after spatial normalization). In order to approximate the impact of
spatial normalization on our curvature-based measurements, we
calculated absolute mean curvature and smoothed absolute mean
curvature of one brain in its native dimension (unscaled image) and
after spatial normalization (scaled image). For this purpose, we
simulated the scaling of the brain by using a scaling factor of 1.25
along the x, y, and z dimensions, which resulted in a change of
volume of almost 200% and a change in surface area of about
150%.

Statistical analyses

We linearly averaged the curvature values from each surface
mesh point in the male and female group followed by computing
the mean difference between males and females (Fig. 2). Statistical
differences of local curvature values between male and female
group were obtained using a general linear model applied to each
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Fig. 1. Estimation of local gyrification. The left column demonstrates the computation of local gyrification using a simulated folded surface, where the
magnitude of the folding increases from proximal to distal and the wavelength from left to right. The calculation of the mean curvature results in large positive
values for local maxima (corresponding to gyri) and large negative values for local minima (corresponding to sulci), where curvature values are expressed in
degrees. By calculating the absolute mean curvature, all values are converted into positive values. Finally, curvature values are smoothed using a surface-based
heat kernel filter with FWHM = 25 mm. As demonstrated, increases in the amplitude and frequency of the simulated folding are reflected in increased values of
smoothed absolute mean curvature. The right column illustrates the process of estimating local gyrification on a single subject brain selected from the sample
analyzed in this study. In the first step, the mean curvature is calculated using the 3D mesh of the cortical surface. Sulci can be identified through large negative
values (displayed in dark green, blue and purple), while gyri are characterized by large positive values (displayed in light green, yellow and red). After
calculating the absolute mean curvature, all values are transformed into positive values regardless of whether they represent gyri or sulci. Final surface
smoothing with a heat kernel (FWHM = 25 mm) reveals higher values for areas with pronounced gyrification.

corresponding mesh point of the cortical surface. The resulting ¢
values were thresholded at a P value of P < 0.05 and corrected for
multiple comparisons using False Discovery Rate (Benjamini and
Hochberg, 1995). In addition, we compared the total surface area
of the cortex in ICBM-305 space between females and males using
a one-tailed two-sample ¢ test. Finally, we computed the Spearman
correlation coefficient between total surface area and total absolute
mean curvature.

Results

Fig. 2 shows the average distributions of local gyrification in
ICBM-305 stereotaxic space for females (first row) and males
(second row). The highest local gyrification in both men and
women appears to be located in the left and right parietal lobes
between midline and intraparietal sulcus, as well as in the left
superior frontal cortex and bilaterally along the precentral sulcus in

women, and to a lesser degree also in men. Another small region
exhibiting extremely high gyrification was detected at the inferior
part of the central sulcus (in both hemispheres and sexes). The
lowest gyrification in the left and right hemispheres appears
surrounding the occipital poles and expanding into the inferior
temporal gyrus, with lower mean gyrification values in males than
in females.

As further illustrated in Fig. 2 (third and fourth row), the largest
differences between males and females are found in anterior
regions of the frontal lobe, with more pronounced gender effects in
the left hemisphere than in the right. Large clusters showing
significantly increased gyrification in females were also detected in
anterior and posterior parts of the left and right temporal lobes, as
well as in the occipital lobes (appearing slightly more pronounced
in the right hemisphere than in the left). In addition, two regions in
the parietal lobes (covering inferior parts of the right postcentral
sulcus and superior parts of the left and right postcentral gyrus)
appeared more convoluted in females compared to males. We did
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Fig. 2. Results of local gyrification measurements. The two upper rows (a, b) demonstrate the average distribution of local gyrification in males and females,
where curvature values are expressed in degrees. The third row (c) reveals the mean differences between males and females. Areas with higher gyrification in
females than males appear in yellow and red, whereas blue and purple would indicate lower gyrification in females. The fourth row (d) illustrates regions of
significantly increased gyrification in females compared to males (P < 0.05), corrected for multiple comparisons using False Discovery Rate (FDR).

not detect any cortical region showing significantly increased
gyrification in men compared to women.

The total surface area of the cortex was significantly larger in
females compared to males (P < 0.007, females: 1051.41 + 42.75
cn?, males: 1026.07 + 34.24 cm?) after transforming images into
standard ICBM-305 space by applying 12-parameter transforma-
tions. The Spearman correlation coefficient between total surface
area and absolute mean curvature for the whole sample was 0.917
(P <0.001) (Fig. 3). The simulated scaling of one brain resulted in
a change of absolute mean curvature by a factor of 0.812, while

smoothed absolute mean curvature changed by a factor of 0.895.
That is, a volume increase of almost 200% would be accompanied
by an 11% decrease in curvature.

Discussion
In this study, we present a new method for estimating a local

gyrification index. Our approach is related to formerly described
calculations of curvature indices (CI) (Magnotta et al., 1999;
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Fig. 3. Correlation between total surface area and total absolute mean
curvature. This plot shows the strong relationship between total surface area
of the cortical mesh model and the average of the absolute mean curvatures
from each vertex of the mesh.

Nopoulos et al., 2000). However, in contrast to measuring whole-
brain sulcal and gyral ClIs as implemented previously, we
computed the degree of convolution across the entire cortex at
thousands of surface points. Our approach further complements
traditional methods that produce global measures of gyrification
(Zilles et al., 1988; Yucel et al., 2001) and our previously reported
approach providing only regional measures of cortical complexity
for lobar regions of the cortex (Thompson et al., 1996a,b; Luders et
al., 2004).

Relation to other approaches

Usually, the classic whole-brain gyrification index is estimated
by calculating the ratio between the lengths of the inner and outer
contour of the cortex in coronal slices (Zilles et al., 1988; Yucel et
al., 2001). The inner contour exactly follows the peaks and troughs
of the sulci and gyri, while the outer contour connects the tops of
the gyri using the convex contour with least enclosed area (without
following the sulci). The relation of our approach to the classical
version of the whole-brain gyrification index can be described as
follows: analogous to the inner and outer contours establishing the
classic gyrification index, our cortical mesh models comprise inner
and outer surfaces. More specifically, the inner surface is
approximated by the total surface area of our cortical meshes,
while the outer surface is assumed to be relatively constant over all
subjects after spatial normalization. Consequently, the total surface
area (the inner surface of the cortex) is suggested to be proportional
to the 3D extension of the gyrification index (the ratio between the
inner and outer contour of the cortex). Such a relationship between
total surface area and gyrification index not only exists on a global
level of the whole cortex but also on a local level at each point of
the cortical surface. Given that the present analysis revealed a
strong correlation between total surface area and total absolute
mean curvature (Fig. 3), absolute mean curvature appears to be a
suitable means to estimate gyrification on a global and local level.

The classical approach requires manual tracing that is highly
time-consuming, and the gyrification measurement is affected by
the orientation of brain slices selected for tracing the contours. In

contrast, our newly proposed method works almost fully automati-
cally without introducing any bias from the rater or slice
orientation. Because of the excellent spatial resolution, our new
method furnishes extremely local measures of convolution that
clearly distinguish males from female subjects in a young and
healthy group. Moreover, as demonstrated in Fig. 1, there is a good
correspondence between mean curvature and cortical folding;
increases in the amplitude and frequency of the folding are
reflected in increased values of smoothed absolute mean curvature
(Fig. 1). Our approach may also serve to identify regional changes
in gyrification that occur during neurodevelopment (Blanton et al.,
2001) or that manifest as the result of disease (Narr et al., 2004). In
addition, gyrification measures may be associated with other
measures made point-wise throughout the cortex, such as gray
matter (GM) distribution or cortical thickness (Good et al., 2001;
Sowell et al., 2004; Narr et al., 2005), that may further elucidate
sex differences in brain morphology or neuropathological pro-
cesses in individuals with neurodegenerative or neuropsychiatric
disorders. In fact, a recent study revealed a positive correlation
between cortical thickness and whole-brain cortical complexity in
normal subjects (Thompson et al., 2005).

Potential confounds

The problem of ‘buried cortex’ is discussed extensively in
Magnotta et al. (1999), emphasizing the difficulty to accurately
extract the cortical surface when deep infolding occurs or when
sulcal invaginations are filled with cerebrospinal fluid. Clearly,
sophisticated surface extraction tools that better reach the bottom
of sulci will improve the accuracy of “mean curvature” as a valid
indicator for the convolution of the surface. Given that there are
multiple approaches that are viable and commonly used, future
studies remain to be conducted to establish whether group-specific
outcomes are altered significantly in dependence of the applied
surface modeling. For example, using the WM surface versus the
GM surface might lead to different results. Notwithstanding, since
one of the primary goals of the present manuscript was to validate
the newly developed voxel-wise approach, we decided to use
exactly the same cortical surface models as in a former ROI
analysis (Luders et al., 2004), which was based on the algorithm
developed by MacDonald et al. (1994).

Another potential confound could result from the analysis of
gyrification in scaled spherical meshes of the cortical surface in
ICBM-305 space. Here, we provide evidence that spatial trans-
formations into ICBM-305 space, using 12 parameters, alter the
volume and surface area of the brains, but not significantly the
degree of gyrification. Notably, volume increases as large as almost
200% would be accompanied by curvature decreases of only 11%.
Thus, our findings indicate that mean curvature is relatively
invariant to affine transforms, and differences between groups
would be similar in native space and dimensions.

Correspondence with previous findings

In this study, by comparing local differences in gyrification
between men and women, we found pronounced gender differ-
ences. Although these findings conflict with some previous
examinations that failed to detect significant gender differences
in gyrification or fissurization indices (Zilles et al., 1988; Nopoulos
et al., 2000; Yucel et al., 2001), our findings corroborate other
recently published results demonstrating increased complexity in
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females (Luders et al., 2004). The earlier studies that detected no
gender differences only assessed cortical convolution or complex-
ity by investigating the whole brain or the hemispheres individ-
ually. But, pronounced gender effects in the magnitude of
complexity and gyrification appear detectable in later studies
where more regional analyses are performed at a lobar or voxel
level spanning the whole cortical surface. In our prior lobar
analysis (Luders et al., 2004), we detected an increased complexity
in females in the frontal and parietal lobes. These gender
differences were also evident in the current study. However, our
statistical maps demonstrating sex-related differences in gyrifica-
tion (Fig. 2) showed improved regional specificity for gyrification
differences surrounding the frontal pole and inferior/superior
frontal sulci. Similarly, larger clusters of significantly increased
gyrification were observed in the parietal lobe that appear restricted
to inferior parts of the right postcentral sulcus and superior parts of
the left and right postcentral gyrus. Interestingly, the present study
also revealed a higher female gyrification in cortical regions that
did not reach significance in our previous study examining
complexity collapsed over lobar regions (temporal and occipital
lobes). However, in the current analysis, increased gyrification was
predominantly observed in anterior and posterior parts of the left
and right temporal lobes that constitute only a portion of the whole
temporal lobe. Thus, since gyrification appears similar between
males and females for a substantial portion of the temporal cortex,
it is likely that global changes in gyrification were not detected
previously. Results therefore suggest that the current approach is a
more powerful means to characterize highly localized differences
in gyrification. Our findings complement and refine previously
reported gender effects using whole-brain, hemisphere or lobar
level analyses where localized gender effects may have remained
undetected. Conversely, it is surprising that the present analysis
showed increased gyrification in large parts of the occipital lobe in
female compared to male brains, while previously no sex differ-
ences were observed in this lobar region overall (Luders et al.,
2004). Methodological differences may account for these discrep-
ancies. While our earlier approach, described in detail elsewhere
(Thompson et al., 1996a,b), reflects the fractal nature of gyral
folding and sulcal fissuration, the current approach appears to be
more sensitive to the magnitude of convolution (depths of sulci and
heights of gyri) (Fig. 1). Nevertheless, both approaches confirm
that numerous regions in female brains show an increased
gyrification, while males show no regional increases compared to
females.

Functional implications and morphogenesis

Sulcal/gyral formation is influenced by the underlying
cytoarchitecture of the cortex (Rademacher et al., 1993; Watson
et al., 1993; Roland and Zilles, 1994). Furthermore, gyrification is
thought to be influenced by neural connectivity (Caviness, 1975;
Goldman-Rakic, 1981; Rakic, 1988) and to change as a function of
the volumetric ratio between outer and inner cortical layers
(Richman et al., 1975); greater folding complexities accompany
higher intracortical connectivities (originating in outer cortical
layers) and smaller descending projections (originating in inner
cortical layers) (Rilling and Insel, 1999). Sexually dimorphic
information processing strategies might develop as a result of
differences in the underlying cytoarchitecture and neural con-
nectivity of specific brain regions. Thus, it is possible that different
gyrification patterns have functional significance and may account

for gender-specific abilities and/or behavioral differences between
men and women (Halpern, 1992; Kimura, 1999).

Regardless of the functional implications or significance of
increased gyrification, there remains the challenging question of
its morphogenesis. Several theories implicate factors intrinsic to
the cortex in the primary mechanism of folding. For example, it
was proposed that greater expansion of outer vs. inner cortical
layers causes gyrification (Richman et al., 1975). Another theory
suggests that cortical folding results from the development of
intracortical connections (Rakic, 1988). Finally, tension along
axons was proposed to produce gyri between strongly connected
cortical regions and sulci between weakly connected regions (Van
Essen, 1997). Gyral formation begins around 16 weeks in utero,
and most cortical folding is principally defined in the late second
and third trimesters of fetal life (Richman et al., 1975; Chi et al.,
1977; Armstrong et al., 1995). Gender-specific rates of brain
maturation (Geschwind and Galaburda, 1985) may partly account
for present findings of sexual dimorphism in local gyrification,
although the details of this relationship require further examina-
tion. Genetic determination and/or the differential effects of
gonadal hormones during brain growth are likely to affect the
gender-specific emergence of local gyrification (Arnold and
Gorski, 1984; Breedlove, 1994; Goldstein et al., 2001; Thompson
et al., 2001). However, given that brain growth is partly confined
by the size of the intracranial cavity (Hofman, 1989; Van Essen,
1997; Courchesne et al., 2000), increased gyrification in female
brains might alternatively (or additionally) be caused by a greater
constraint of brain expansion due to smaller skull sizes in
women.
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