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Age-related changes in the surface morphology of the central sulcus
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We utilized a sulcus-based computational approach to investigate the relationship between the three-
dimensional (3D) morphology of the central sulcus (CS) and age. The anterior and posterior walls of the CS
were manually outlined using high-resolution magnetic resonance images of 295 right-handed healthy
participants (age range: 18~94 years). Surface reconstruction and parameterization methods were employed
to create anatomical correspondence of surface locations across participants. Four surface metrics, including
average sulcal length (SL), surface area, fractal dimension (FD) and sulcal span, were used to represent the 3D
morphology of the CS.We found significant age-related decreases in the surface area for all walls of the CS, the
SL for posterior walls of the CS and the FD for posterior wall of right CS. Age-related increases were found in
the sulcal spans between the anterior and posterior walls. These surface metrics (except FD) exhibited
leftward asymmetries. Specifically, age-related changes in surface morphology progressedmore rapidly in the
posterior than in the anterior walls. Finally, sex differences were found only in the FD of the right anterior wall
of the CS. Taken together, our results show age-related changes in the surface morphology of the CS and
therefore provide insights into the normal aging process.
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Introduction

The central sulcus (CS), also known as the fissure of Rolando, is a
prominent anatomical landmark of the brain. Conceptually, the CS is
characterized by “a double S-shaped fissure that extends obliquely
upward and backward on the lateral surface of each cerebral
hemisphere of the brain and is located at the boundary between the
frontal and parietal lobes” Anon (2007). The three-dimensional (3D)
anatomy of the CS includes motor and sensory maps that are
somatotopically organized according to Penfield's classical ‘homun-
culus’ (Penfield and Rasmussen, 1950). Studies of the CS are vital for
exploring its morphological features and for determining the
correspondence between its anatomy and function (Sastre-Janer
et al., 1998). Previous neuroimaging studies have suggested that the
3D morphology of the CS can be influenced by many factors such as
handedness (Amunts et al., 2000), sex (Amunts et al., 2000; Cykowski
et al., 2008; Davatzikos and Bryan, 2002), genetics (Le Goualher et al.,
2000), learning (Amunts et al., 1997; Li et al., 2010) and diseases
(Fujiwara et al., 2007; Im et al., 2008).

Several recent studies have also examined the relationship
between the 3D morphology of the CS and age; however, the results
of these studies remain controversial and are under debate. For
instance, Rettmann et al. (2006) measured the mean geodesic depths
along the CS surface and found that there was no significant
association between CS depth and age. However, Kochunov et al.
(2005) reported that the depth of the CS became shallower and that
the sulcal width increased with age. Moreover, Liu et al. (2010)
showed that the width of the CS became larger with age. Notably,
these previous studies mainly focused on the middle surface of the CS
and neglected the morphology of the anterior (corresponding to the
posterior wall of precentral gyrus) and posterior (corresponding to
the anterior wall of postcentral gyrus) walls of the CS. The precentral
and postcentral areas cytoarchitectonically differ, and these regions
interact to contribute to motor and somatosensory functions,
respectively. It is recognized that cortical thickness is normally
greater in the precentral than in the postcentral gyrus, even within
the same hemisphere (Butman and Floeter, 2007; MacDonald et al.,
2000; Meyer et al., 1996). With respect to the aging, Salat et al. (2004)
found that cortical thinning of the precentral gyrus was more rapid
than that of the postcentral gyrus. Therefore, it is crucial to explore
patterns of age-related changes in the anterior and posterior walls of
the CS.

Here, we utilized a sulcus-based computational approach to
investigate the relationship between the 3D morphology of the CS
and age in a large cohort of healthy participants (n=295, age
range=18–94 years). Given that sensorimotor abilities decline in
older people (Calautti et al., 2001; Mattay et al., 2002; Sailer et al.,
2000), we expected to observe age-related changes in CSmorphology.
To test our hypothesis, we first manually outlined the anterior and
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posterior walls of the CS from individual, high-resolution magnetic
resonance (MR) images, followed by 3D surface reconstruction and
parameterization. We then computed four surface metrics (average
sulcal length (SL), surface area, fractal dimension (FD) and sulcal
span) and examined age-related changes in the two walls of the CS.

Materials and methods

Participants

Three hundred and sixteen right-handed, healthy subjects were
selected from the Open Access Series of Imaging Studies (OASIS)
cross-sectional database (http://www.oasis-brains.org) (Marcus et
al., 2007). Data from 21 subjects were excluded from further analysis
because of failures of image preprocessing and sulcal surface
reconstruction. The remaining 295 subjects consisted of 109 males
and 186 females, ranging from 18 to 94 years of age. All subjects were
evaluated using theMini-Mental State Examination (MMSE) (Folstein
et al., 1975) and Clinical Dementia Ratings (CDR) (Morris, 1993;
Morris et al., 2001). MMSE scores were higher than 29, and CDR scores
were all zero. For demographic data on all subjects, see Marcus et al.
(2007). This dataset has been used in several previous studies
(Bakkour et al., 2009; Dickerson et al., 2009; Fjell et al., 2009; He et
al., 2008; Salat et al., 2009).

Image acquisition

For each subject, three to four individual T1-weighted magnetiza-
tion prepared rapid gradient echo (MP-RAGE) images were acquired
on a 1.5 T Vision scanner (Siemens, Erlangen, Germany) within a
single session. Head movement was minimized by cushioning and a
thermoplastic facemask. Images were motion corrected and averaged
to create a single image with a high contrast-to-noise ratio. MP-RAGE
parameters were empirically optimized for gray/white contrast:
TR=9.7 ms; TE=4 ms; flip angle=10°; slice number=128; resolu-
tion=256×256 (1×1 mm); thickness=1.25 mm.

Extraction of CS

All native MR images were registered into stereotaxic space
(Talairach, 1988) using a linear transformation (Collins et al., 1994).
Images were simultaneously corrected for nonuniformity artifacts
using N3 algorithms (Sled et al., 1998). The resulting images were
used to extract the boundary of the CS with MRIcro (http://www.
mricro.com) software. A neuroanatomy atlas (Duvernoy, 1999) was
referred to for criteria used in delineating the CS, which were used in
Fig. 1. A flowchart for surface construction of the CS. A. Outlines of the anterior (i.e., poster
postcentral gyrus, blue lines) walls of the CS in one representative subject. B. Scatter gram
C. Parametric surface reconstruction of the anterior and posterior walls of the left CS. The b
our recent study (Li et al., 2010). Briefly, the boundaries of the CS
(including anterior and posterior boundaries) in each axial planewere
drawn as a line beginning at the surface of the brain, outlining the
posterior wall of the precentral gyrus (corresponding to the anterior
wall of the CS) and the anterior wall of the postcentral gyrus
(corresponding to the posterior wall of the CS). Fig. 1A shows the
outlined anterior and posterior walls of the CS in a horizontal section
from one representative subject. To estimate the reliability of
measures based on manual outlining, two raters blind to the side of
the brain being analyzed (left or right) traced both walls of the CS on
twenty randomly selected brain volumes. Correlation coefficients
between the raters for the SLs of the anterior and posteriorwalls of the
CS were 0.91 and 0.90, respectively. Mean correlation coefficients for
individual raters, based on measurements of the SLs of both walls,
were 0.92 and 0.91, respectively.

Surface reconstruction of CS

The extracted CS outlines were represented as series of dispersed
points in Talairach space (see Fig. 1B) and did not have spatial
correspondence across subjects. It would be difficult to analyze the
morphology of the CS based on these discrete points and to directly
compare the morphological differences at each location of the CS
between individuals. To address this issue, we employed a surface
reconstruction and parameterization method to: 1) produce a surface
representation based on the outlined CS boundary and 2) construct a
uniform expression of each sulcal surface and build the anatomical
correspondences among individuals (Thompson et al., 1996). The
parameterization procedure was to divide each outlined cross-
sectional contour into u partitions, each of which had the same arc
length. Thus, the points with the same assigned indices on each cross-
sectional contour constituted a curve along the lateral axis of Talairach
space, which was further uniformly segmented into v partitions based
on arc length. The details of the mesh construction algorithm have
been described previously (Thompson et al., 1996, 1998). Thismethod
was also applied in our recent study (Li et al., 2010). Lastly, we
constructed a uniform expression of u×v grids on different surfaces.
Here, u ranged from 1 to 100, and v ranged from 1 to 150. Fig. 1C
shows the 3D morphology of the anterior and posterior walls of the
left CS in a representative subject.

Surface-based measurements

Average sulcal length and surface area
SL and surface area were used to describe the entire morphometry

of CS surfaces. The SL was defined as the average length along the
ior walls of the precentral gyrus, yellow lines) and posterior (i.e., anterior walls of the
of the extracted anterior (yellow points) and posterior (blue points) walls of the CS.
lue–red hue scale indicates changes from the inferior to the superior CS.
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exterior and interior sulcal boundaries of CS. Surface area was
calculated by summing the areas of all grids in the parameterized
surface, where the area of a grid was defined as the sum of the areas of
two triangles within the grid.

Fractal dimension
We used FD to capture the complexity of the CS, which could

estimate the degree of convolution of the CS surface. The FD was
calculated using the box-counting method, which was similar to the
study of Thompson et al. (1996). The CS was parameterized as an
ordered hierarchy of meshes (Suv) with variable resolution u×v (u=2
to 100). Let A(Suv) represent the surface area of the mesh Suv, the FD
was computed according to the formula: 2−{∂ ln A(Suv)/∂ ln(1/u)}.
The gradient was estimated by fitting a straight line by least squares
regression of ln A(Suv) against ln(1/u), over the range 2≤u≤100. A
sulcus with extensive folding has a large FD, whereas a sulcus with
smooth folding has a small FD.

Average span
The average span was defined as the average distance between the

anterior and posterior walls of the CS, which could be related to
regional atrophy of the postcentral and precentral areas (Kochunov et
al., 2008). We first calculated the distance between each pair of
corresponding points on the anterior and posterior walls of the CS and
then averaged the 15,000 lengths to obtain the average span of the CS.

Asymmetry index

For each measurement, we computed the asymmetry index
according to(R−L)/[0.5×(R+L)], where R and L represent the
separatemeasurements of the right and left hemispheres, respectively.
A negative value indicates a leftward asymmetry, whereas a positive
value indicates a rightward asymmetry.

Statistical analysis

To determine whether the surface measurements of the CS had
significant associations with age, we performed a multiple linear
regression analysis, in which each surface measurement was treated
as a dependent variable, whereas age, sex and the interaction of age
and sex were treated as independent variables. Several previous
studies have shown the effects of sex on the 3D morphology of the CS
(Amunts et al., 2000; Cykowski et al., 2008; Davatzikos and Bryan,
2002). We therefore took sex into account as a factor in our analyses.
To determine whether the changes of the span between the anterior
and posterior walls with normal aging were different along the
surface, we analyzed the age-related variations for the span by
multiple linear regression analysis in a vertex-by-vertex manner. In
Table 1
Average sulcal lengths of the anterior and posterior walls of the CS.

Position Age Sex

Beta (mm/year) P Male mean (
(STD)

AL −0.047 0.089 146.66
(10.68)

AR −0.047 0.072 140.34
(525.82)

PL −0.065 0.017⁎ 142.25
(10.81)

PR −0.077 0.0023⁎⁎ 138.52
(8.89)

AL represents the anterior wall of the left CS; AR represents the anterior wall of the right CS; P
CS.
⁎ Pb0.05.
⁎⁎ Pb0.01.
this analysis, a false discovery rate procedure was used to correct
multiple comparisons (Genovese et al., 2002). Asymmetry scores
were analyzed using a one-sample t-test to determine whether scores
were significantly different from 0. Asymmetry scores for each
measurement were also subjected to a MLR model to assess age-
related changes, an analysis for which sex was also considered.

Results

Surface morphology of the CS

Age-related changes in CS surface morphology

Average sulcal length. Table 1 shows the measurements and statistical
analyses results of the SL of the anterior and posterior walls of the CS.
Anterior walls: there were trends toward age-related changes in the SL
of anterior walls of the bilateral CS (left: P=0.089; right: P=0.072).
Posterior walls: There were significant, bilateral decreases in the SL of
the posterior wall of the CS (left: P=0.017; right: P=0.0023) with
increasing age. The rates of decreases, for the left and right CS were
0.065 mm/year and 0.077 mm/year, respectively. We also found that
the SL of the anterior walls of the CS was longer than that of the
posterior walls (both Pb0.001). The rates of decreases with aging in
the SL of the posterior walls were faster than those in the anterior
walls for both hemispheres. Scatter plots are shown in Fig. 2.

Surface area. Table 2 shows the surface areas of the anterior and
posterior walls of the CS. Anterior walls: the bilateral surface areas of
the anterior walls of the CS showed significant reduction with
increasing age (left: P=0.026; right: Pb0.001). For the left and
right hemispheres, the decreases were 1.78 mm2/year and
2.26 mm2/year, respectively. Posterior walls: age-related reductions
in surface area were also significant in the posterior walls of the CS in
both hemispheres (both Pb0.001). The rates of decrease were
3.63 mm2/year and 3.15 mm2/year for the left and right CS,
respectively. We found that the surface area of the anterior walls of
the CS was larger than those of the posterior walls (both Pb0.001) for
both hemispheres. However, age-related reductions were more rapid
bilaterally in the posterior wall than in the anterior wall of the CS.
Scatter plots are shown in Fig. 3.

Fractal dimension. Table 3 presents the regression results for the FD of
the anterior and posterior walls of the CS. Anterior walls: there were
trends toward age-related changes in the FD of the anterior walls of
the bilateral CS (left: P=0.070; right: P=0.062). Posterior walls: there
were significant reductions in the FD of posterior wall of the right CS
(P=0.0052) with increasing age. There were no age-related changes
in the FD of the posterior wall of the left CS (P=0.12). The FD of the
Interaction

mm) Female mean (mm)
(STD)

P P

146.91
(10.18)

0.64 0.80

141.23
(466.24)

1.00 0.58

141.56
(9.94)

0.40 0.31

137.99
(9.87)

0.51 0.44

L represents the posterior wall of the left CS; PR represents the posterior wall of the right



Fig. 2. Scatter plots for average sulcal length of the CS. Black points represent subjects.
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anterior walls of the bilateral CS did not show significant differences
as compared to those of the posterior walls (both PN0.05). Also, the
decrease rates with aging did not show significant differences
between both walls of bilateral CS. Scatter plots are shown in Fig. 4.

Average span. Age-related changes in the average span between the
anterior and posterior walls are shown in Table 4. The average span
showed significant widening, with an increase of 0.025 mm/year for
the left hemisphere and 0.023 mm/year for the right hemisphere
(both Pb0.001). Scatter plots are shown in Fig. 5. We also performed a
vertex-based analysis to detect age-related changes in the span
between the anterior and posterior walls (Fig. 6A). The results of this
analysis indicated that there was significant, bilateral widening
(corrected Pb0.05) in the upper and lower sections of the CS. In the
Table 2
Surface areas of the anterior and posterior walls of the CS.

Position Age Sex

Beta (mm2/year) P Male mea
(STD)

AL −1.78 0.026⁎ 2579.11
(280.11)

AR −2.26 9.58×10−4⁎⁎⁎ 2506.00
(256.27)

PL −3.63 1.37×10−9⁎⁎⁎ 2455.56
(225.99)

PR −3.15 6.25×10−8⁎⁎⁎ 2373.40
(217.22)

AL represents the anterior wall of the left CS; AR represents the anterior wall of the right CS; P
CS.

⁎ Pb0.05.
⁎⁎⁎ Pb0.001.
present study, we also examined the change in the spatial coordinates
for each vertex on the anterior and posterior walls of the CS. Vertex-
based displacements of the anterior and posterior walls over time are
shown in the Supplementary Video. We found significant forward
movements bilaterally (corrected Pb0.05) in the upper and lower
sections of the anterior walls of the CS with increasing age (Fig. 6B),
whereas significant, bilateral backward movements (corrected
Pb0.05) appeared bilaterally in the middle section of the posterior
walls of the CS (Fig. 6C).

Sex-related differences in morphology of the CS
Sex differences are shown in Tables 1–4. The only sex difference

we observed was that females displayed a larger right anterior FD
than males (P=0.032). We also found the interaction between age
Interaction

n (mm2) Female mean (mm2)
(STD)

P P

2612.03
(314.76)

0.38 0.77

2504.04
(261.14)

0.21 0.10

2448.82
(239.08)

0.62 0.90

2353.50
(228.70)

0.42 0.32

L represents the posterior wall of the left CS; PR represents the posterior wall of the right

image of Fig.�2


Fig. 3. Scatter plots for surface area of the CS. Black points represent subjects.
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and sex factors in the FD of anterior wall of the right CS (P=0.0072),
in which the decreases of FD of males were faster than those of
females with normal aging. No interactions between age and sex
factors were observed for other surface measurements of the anterior
and posterior walls of the CS for either hemisphere (PN0.09).
Asymmetry of morphological measurements of the CS

A one-sample t test revealed significant leftward asymmetries in
the SL and surface area of the anterior and posterior walls of the CS.
Table 5 presents age- and sex-related changes in the asymmetry
indices. We found no significant decreases with aging in the
Table 3
FDs of the anterior and posterior walls of the CS.

Position Age Sex

Beta (1/year) P Male m
(STD)

AL −3.30×10−5 0.070 2.020
(0.0063

AR −2.81×10−5 0.062 2.033
(0.0055

PL −2.19×10−5 0.120 2.023
(0.0054

PR −3.02×10−5 0.0052⁎⁎ 2.032
(0.0041

AL represents the anterior wall of the left CS; AR represents the anterior wall of the right CS; P
CS.
⁎ Pb0.05.
⁎⁎ Pb0.01.
asymmetries of any measurements for both walls of bilateral CS (all
PN0.4). There were significant sex differences in the asymmetry
indices of the surface area of the anterior wall of the CS (P=0.038), for
which females hadmore leftward asymmetry thanmales. The average
span showed more leftward asymmetry in females than in males.
Validation of results

To validate the effects of CS orientations on the age-related
changes of CS morphological measures, we conducted respectively
5000 random experiments for both walls of bilateral CS of each
subject. In each experiment, we assigned a random rotation angle
Interaction

ean Female mean
(STD)

P P

)
2.021
(0.0071)

0.94 0.68

)
2.033
(0.0058)

0.032⁎ 0.0072⁎⁎

)
2.024
(0.0041)

0.52 0.16

)
2.031
(0.0041)

0.48 0.80

L represents the posterior wall of the left CS; PR represents the posterior wall of the right

image of Fig.�3


Fig. 4. Scatter plots for fractal dimension of the CS. Black points represent subjects.

386 S. Li et al. / NeuroImage 58 (2011) 381–390
(range: −10° to 10°, followed by the distribution of uniform
possibility density function) around the X axis (i.e., left–right
direction) for each CS. Then, we computed the surface area and SL,
and analyzed the associations among these measures and age. We
found 2720 times (i.e., 54.40%) significant age-related reductions for
SL of posterior wall of the left CS, and 4335 times (i.e., 86.70%) for
posterior wall of the right CS. The significant age-related reductions in
4084 times (i.e., 81.68%) experiments were found in the surface area
of anterior wall of the left CS, and in all 5000 times (i.e., 100%)
experiments in the surface area of anterior wall of the right CS and
posterior walls of bilateral CS. Notably, the age-related reductions in
the SL for posterior wall of the left CS needed to be cautious. The
reliability rates for age-related changes for the surface area of anterior
wall of the right CS and posterior wall of bilateral CS were 100%. More
detailed experiments are shown in Supplementary materials.

Discussion

In this study, we employed a sulcal mappingmethod to investigate
the morphological changes of the anterior and posterior walls of the
Table 4
Average, bilateral span of the CS.

Position Age Sex

Beta (mm/year) P Male me
(STD)

Left CS 0.025 1.00×10−16⁎⁎⁎ 3.01
(1.08)

Right CS 0.023 1.44×10−15⁎⁎⁎ 3.17
(1.13)

⁎⁎⁎ Pb0.001.
CS during normal aging. The average SL, surface area, FD and average
span were calculated to represent the morphology of the CS on the
basis of reconstructed surface meshes. SL showed significant de-
creases in bilateral posterior walls of the CS, whereas the surface areas
of both hemispheres showed significant reductions in each wall of the
CS during normal aging. FD showed age-related reductions only in the
posterior wall of right CS. The average span between the anterior and
posterior walls of the CS showed significant, bilateral increases with
aging. Furthermore, the rates of decreases of these measurements
(except FD) with age were higher in the posterior walls than those in
the anterior walls. Taken together, our results provide evidence for
the morphological variations of the anterior and posterior walls of the
CS during normal aging.

Age-related changes in CS morphology

We found that the majority of the measurements (SL, surface area
and FD) of both walls of the CS showed significant, bilateral decreases
with age. Several previous studies have examined age-related morpho-
logical changes of the CS, but the findings remain controversial. For
Interaction

an (mm) Female mean (mm)
(STD)

P P

3.40
(1.21)

0.60 0.81

3.34
(1.23)

0.27 0.25

image of Fig.�4


Fig. 5. Scatter plots for average span of the CS. Black points represent subjects.
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example, Rettmann et al. (2006) did not find a correlation between the
mean depth of the CS and age in 35 subjects, with subject age ranging
from 59 to 84 years. Similarly, Cykowski et al. (2008) did not find a
significant relationship between age and mean CS depth. However,
Kochunov et al. (2005)measured the average sulcal depthof theCS in90
subjects between 20 and 82 years of age and found that the average
sulcal depth of the CS significantly decreased with age. Liu et al. (2010)
investigated CSmorphology in 319, non-demented individuals between
70 and 90 years of age and found that the average span of the CS became
larger with age. These findings are in line with our results. Sulcal
morphology is thought tobe intimately tied to regional reduction in gray
matter (GM) andwhitematter (WM) gyral volumes.Many studies have
found age-related GM reductions in the pre- and postcentral gyrus
(Good et al., 2001; Taki et al., 2004) andWMabnormalities in the frontal
and parietal cortices (Abe et al., 2008; Salat et al., 2005;Wu et al., 2010).
We speculate that age-related changes inCSmorphologymaybe related
to the declines of frontal and parietal cortices during normal aging.
Sex-related differences in CS morphology

In this study, the only significant sexdifferenceweobservedwas that
females presented a larger FD in the anterior wall of the right CS than
males. But the decreases of FD ofmaleswere faster than thoseof females
with normal aging. Several previous studies have examined sex-related
differences in CS morphology, but the findings are still a point of
contention. For instance, Cykowski et al. (2008) found no significant sex
differences in location and depth of the CS using sulcal surface
Fig. 6. Changes of vertex-based sulcal spans with age. A. Vertex-based sulcal span with ag
average surface of the CS. No significant negative correlations were found. B. Local forward d
the posterior walls of the CS per year. L, left hemisphere; R, right hemisphere.
measurements. Kochunov et al. (2005) found significant sex differences
in sulcal widths of the superior temporal, collateral and cingulate sulci,
but not in the CS. However, Liu et al. (2010) found that men had a
significantly wider sulcal span in the CS than women. Inconsistencies
between studies may be explained by the discrepancies in both the
applied methodology and the age ranges of the participants.
Asymmetries of CS morphological measurements

We found significant leftward asymmetries in the SL and surface
area of the anterior and posterior walls of the CS in the right-handed
subjects. These findings are compatible with previous studies
(Amunts et al., 1997; Cykowski et al., 2008; Li et al., 2010; Mangin
et al., 2004). We also noted significant sex differences in the
asymmetries of surface area of the anterior walls of the CS and the
average span, in which females showed more leftward asymmetries
than males. Sex differences in CS asymmetry are in dispute. For
example, Amunts et al. (2000) found that depths of the CS in females
were more symmetric than those in males. However, White et al.
(1997b) found that the asymmetry of the human primary sensori-
motor system was not significantly different between the genders.
Sulcal asymmetry is considered to be related to corpus callosum size
(Luders et al., 2003). If a processing task predominantly occurs in a
single hemisphere, there may be less need for interhemispheric
information exchange. This hemispheric dominance could be related
to a decreased callosal size, and therefore, a negative correlation may
exist between functional lateralization and callosal size. However,
e; regions with significant positive correlations (tN2.0, Pb0.05) were mapped on the
isplacement of the anterior walls of the CS per year. C. Local backward displacement of

image of Fig.�5
image of Fig.�6


Table 5
Asymmetry indices of surface measurements of the anterior and posterior walls of the CS.

Measurements Position Age Sex Interaction

Beta P Male mean
(STD)

Female mean
(STD)

P P

SL Anterior −2.90×10−5 0.89 −0.044
(0.083)

−0.039
(0.077)

0.69 0.48

Posterior −7.95×10−5 0.69 −0.026
(0.079)

−0.026
(0.072)

0.14 0.096

Area Anterior −1.99×10−4 0.48 −0.028
(0.112)

−0.040
(0.104)

0.038⁎ 0.06

Posterior −1.57×10−4 0.49 −0.034
(0.086)

−0.040
(0.804)

0.173 0.25

FD Anterior −2.48×10−6 0.81 0.0061
(0.0038)

0.0059
(0.0040)

0.11 0.12

Posterior −4.05×10−6 0.62 0.0040
(0.0032)

0.0035
(0.0029)

0.93 0.17

Span −5.03×10−4 0.52 0.051
(0.329)

−0.025
(0.273)

0.024⁎ 0.15

⁎ Pb0.05.
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data concerning sexual dimorphism of the corpus callosum are
contradictory and are currently debated (Luders et al., 2003). Further
studies on sex differences in the asymmetry of the CS are needed.

Anterior versus posterior walls

We found that morphological measurements (i.e., SL and surface
area) of the anteriorwalls of the CSweremuch larger than those of the
posterior walls. The precentral and postcentral areas cytoarchitecto-
nically differ and interact to contribute to motor and somatosensory
functions. It is recognized that within an individual, precentral
thickness is normally greater than postcentral thickness in the same
hemisphere (Butman and Floeter, 2007; MacDonald et al., 2000;
Meyer et al., 1996). White et al. (1997a) reported larger cortical
volume in the precentral gyrus compared to the postcentral gyrus. Our
results were consistent with the above studies. However, we found
that the decreases of these measurements with age in the posterior
walls of the CS weremore rapid than those in the anterior walls. There
are few studies that compare age-related rates of decline of the
precentral and postcentral gyrus, and the existing findings are not
consistent. For example, Salat et al. (2004) investigated cortical
thickness changes in aging and found significant thinning in precentral
and postcentral gyri, and also found that the rates of cortical thickness
thinning in the precentral gyrus were faster than that in the
postcentral gyrus. However, Raz et al. (1997) examined age-related
changes in pre- and postcentral gyrus volumes in 148 healthy subjects
with ages ranging from 18 to 77 years and found that GM volumes of
the precentral cortex had no correlation with age, but those of
postcentral cortex showed significant negative correlations with age.
Thesefindings are partially linewith ours, andmay be explained by the
study of Adams (1987). This group found that the motor cortex was
capable of synaptic plasticity in response to aging-induced synaptic
loss, but they did not observe this phenomenon in the somatosensory
cortex. Age-related decline patterns of the motor and somatosensory
cortices should be investigated in the future.

Comparisons of morphological measurements

In this study, we employed four measures (i.e., average SL, surface
area, FD and average sulcal span) to characterize the CS morphology
from different views. The average SL was measured along the exterior
and interior sulcal boundaries. The surface area was measured by
computing the area of the whole sulcal surface. The SL did not show a
close relationship with surface area for either CS surface. Moreover,
we used FD to capture the complexity of the CS, which could estimate
the degree of convolution of the CS surfaces. FD is an extremely
compact measure of shape complexity, condensing all details into a
single numeric value and has been used to describe the geometrical
properties of cortex and sulci (Im et al., 2006; Jiang et al., 2008). The
average span was defined as the average distance between the
anterior and posterior walls of the CS, which was similar to the sulcal
width proposed by Kochunov et al. (2005). It would be larger with the
atrophy of the postcentral and precentral areas. Among these
measurements, we found that the surface area metric was more
sensitive to the detection of age-related changes than othermetrics. In
future, other rigorous geometric measures, such as average curved-
ness (Awate et al., 2009), could be applied to investigate the age-
related changes of the convolution of the CS. The combination of these
surface measurements is vital and necessary for aging studies because
different surface metrics reflect distinct aspects of brain morphology.

Further considerations

Several issues need to be addressed further. First, a cross-sectional
database was employed in this study, which limited the interpretation
of correlation analyses. Longitudinal studies could track the dynamic
process of brain degeneration in normal aging and provide direct
evidence of brain changes with age. Thus, it will be important to
validate the age-related changes of the CS in a longitudinal database.
Second, we drew the boundaries of anterior and posterior walls of the
CS by manual, and the measures of CS morphology depended on the
orientation of the scan. In future, more accurate 3D segmentation
method for anterior and posterior walls of the CS should be used to
extract the surfaces of the CS in order to avoid the problem of
orientation dependence. Third, sulcal parameterization is a critical
step in investigating sulcal morphology. In this study, we employed
the method of Thompson et al. (1996), which has proven to be
capable of characterizing variations in sulcal geometry (Levitt et al.,
2003; Li et al., 2010; Thompson et al., 1998). However, other sulcal
reconstruction and parameterization methods have been proposed
(Clouchoux et al., 2005; Coulon et al., 2006). In future studies, it would
be meaningful to compare the findings of these parameterization
methods on differences in sulcal geometry. Fourth, we found different
age-related changes in the anterior and posterior walls of the CS. This
individual sulcal mapping method could be used to analyze the
morphology of those sulci in which the anterior and posterior walls
have different functions, such as the Sylvian fissure. Finally, it would
be interesting to investigate CSmorphology in patients with abnormal
motor function, such as stroke, attention deficit hyperactivity disorder
and Parkinson's disease.
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Conclusion

In this study, we employed a sulcal geometry-based statistical
analysis approach to investigate age-related changes in CS morphol-
ogy in a large cohort of healthy participants. The major advantage of
this sulcal mapping method was that it was capable of capturing
subtle structural adaptations in the morphology of the CS in normal
aging. Our results strongly suggest that the anterior and posterior
walls of the CS undergo different age-related change patterns, thus
providing insight into the understanding of normal brain aging.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.neuroimage.2011.06.041.
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