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Abstract: The intrinsic relationship between the convoluted cortical folding and the underlying complex
whiter matter fiber connections has received increasing attention in current neuroscience studies. Recently,
the axonal pushing hypothesis of cortical folding has been proposed to explain the finding that the axonal
fibers (derived from diffusion tensor images) connecting to gyri are significantly denser than those connecting
to sulci in both adult human and non-human primate brains. However, it is still unclear about the spatiotem-
poral patterns of the fiber density on the cortical surface of the developing infant brains from birth to 2 years
of age, which is the most dynamic phase of postnatal brain development. In this paper, for the first time, we
systemically characterized the spatial distributions and longitudinal developmental trajectories of the cortical
fiber density in the first 2 postnatal years, via joint analysis of longitudinal structural and diffusion tensor
imaging from 33 healthy infants. We found that the cortical fiber density increases dramatically in the first
year and then keeps relatively stable in the second year. Moreover, we revealed that the cortical fiber density
on gyral regions was significantly higher at 0, 1, and 2 years of age than that on sulcal regions in the frontal,
temporal, and parietal lobes. Meanwhile, the cortical fiber density was strongly positively correlated with
cortical thickness at several three-hinge junction regions of gyri. These results significantly advanced our
understanding of the intrinsic relationship between the cortical folding, cortical thickness and axonal wiring
during early postnatal stages. Hum Brain Mapp 36:5183–5195, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The human cerebral cortex is characterized by the highly
convoluted cortical folding, composed of concave sulci
and convex gyri [Carman et al., 1995; Ono et al., 1990; Van
Essen and Drury, 1997; Zilles et al., 1989], and their under-
lying complicated axonal connections [Nie et al., 2012a;
Van Essen, 1997]. Recently, the intrinsic relationship
between these two characteristic attributes has received
increasing attention in neuroscience studies, though the
answer remains largely unclear. During the third trimester
of fetal life, the human cerebral cortex grows dramatically
from a relatively smooth, lissencephalic structure into a
convoluted structure, largely resembling the morphology
of the adult brain [Armstrong et al., 1995; Hill et al., 2010].
It has been hypothesized that the axonal wiring is a critical
driving force forming the convoluted cortical folding [Van
Essen, 1997]. In recent neuroimaging studies of both adult
human and non-human primate brains, the terminations
of axonal fibers derived from diffusion tensor imaging
(DTI) data were found to dominantly concentrate on con-
vex gyri, relative to the concave sulci [Chen et al., 2013; Li
et al., 2010; Nie et al., 2012a]. This finding has also been
replicated in a range of mammalian brains via DTI and
high angular resolution diffusion imaging (HARDI) [Nie
et al., 2012a; Zhang et al., 2014], including the recently
released Human Connectome Project data [Zhang et al.,
2014]. Moreover, structural fiber connection patterns were
found to closely follow gyral folding patterns in the neo-
cortices of macaque, chimpanzee, and human brains,
despite the progressively increased complexity and vari-
ability of cortical folding and structural connection pat-
terns during evolution [Chen et al., 2013]. In parallel, at
the cellular and molecular levels, a recent joint study of
the Allen Mouse Brain Connectivity Atlas and the Allen
Mouse Brain Atlas demonstrated that the cerebellum gyri
and sulci of rodent brains are significantly different in
both axonal connectivity and gene expression patterns
[Zeng et al., 2014]. However, all these findings cannot be
well explained by the popular tension-based theory of
morphogenesis, which posits that the cortical regions
strongly interconnected by wiring axons are pulled
towards one another to form a gyral fold [Van Essen,
1997], thus implying that axonal fibers should concentrate
on sulci rather than on gyri. To bridge this significant gap,
the axonal pushing hypothesis of cortical folding has been
proposed, which implies that gyri should have a higher
density of fiber connection than sulci [Chen et al., 2013;
Nie et al., 2012a].

However, all prior studies of the cortical fiber density
that supported the axonal pushing hypothesis have
focused on adult brains, with both cortical folding and
axonal wiring being well developed [Chen et al., 2013; Nie
et al., 2012a]. Therefore, it is still unclear how the cortical
fiber density spatially distributes and longitudinally devel-
ops on the cortical surface of developing infants from birth
to 2 years of age, which is the most dynamic and critical

phase of postnatal structural and functional development
of the human cerebral cortex [Choe et al., 2013; Gao et al.,
2009b; Gao et al., 2011; Gilmore et al., 2012; Hazlett et al.,
2011; Holland et al., 2014; Knickmeyer et al., 2008; Li et al.,
2013; Lyall et al., 2015; Meng et al., 2014; Nie et al., 2012b;
Qiu et al., 2015; Sadeghi et al., 2013; Shi et al., 2010]. At
term birth, major cortical sulcal-gyral folding and long-
range axonal connections are already present [Chi and
Dooling, 1976; Dubois et al., 2008a; Hill et al., 2010; Kos-
tovic and Jovanov-Milosevic, 2006; Takahashi et al., 2012].
In the first postnatal year, cortical surface area expands
approximately 80% [Li et al., 2013] and cortical thickness
increase about 42% [Li et al., 2015a], with regionally heter-
ogeneous growth patterns, accompanied with dynamic
white matter myelination and maturation [Geng et al.,
2012; Qiu et al., 2015; Sadeghi et al., 2013]. Many neurode-
velopmental and neuropsychiatric disorders are hypothe-
sized to be the consequences of abnormal brain
development during this critical period of dynamic cortex
growth [Gilmore et al., 2012; Grewen et al., 2014; Hazlett
et al., 2011; Lyall et al., 2015; Wolff et al., 2012, 2015].
Therefore, studying the cortical fiber density during this
period would greatly advance our understanding of the
intrinsic relationship between cortical folding and fiber
connection during their dynamic development, and also
provide important insights into the neurodevelopmental
disorders with abnormal cortical folding or axonal connec-
tion. Motivated by these reasons, for the first time (as far
as we know), this study aims to systematically investigate
the spatial distributions and longitudinal development of
the cortical fiber density by using 33 healthy infants, each
with both longitudinal structural and diffusion tensor
imaging scans at birth, 1 year, and 2 years of age. More-
over, the relationship between the cortical fiber density
and cortical thickness, which is an important cortical ana-
tomical attribute related to normal development, cognitive
functioning, and neurodevelopmental and neuropsychiat-
ric disorders [Fischl and Dale, 2000; Li et al., 2015a; Lyall
et al., 2015; Nie et al., 2013; Rimol et al., 2010; Shaw et al.,
2006, 2008; Sowell et al., 2004], was also quantitatively
characterized across the whole cortex at each of the three
ages.

MATERIALS AND METHODS

Subjects

This study was approved by the Institutional Review
Board of the University of North Carolina (UNC), Chapel
Hill. Pregnant mothers were recruited during the second
trimester of pregnancy from the UNC hospitals. Informed
written consents were obtained from all parents. Exclusion
criteria included abnormalities on fetal ultrasound, gesta-
tional age at birth <32 weeks, major medical or neurologic
illness after birth, and major medical or psychotic illness
in the mother [Gilmore et al., 2012; Yap et al., 2011].
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In total, 33 normal developing infants (16 males and 17
females) were included in this study, with each infant
being longitudinally scanned three times at 0, 1, and 2
years of age. The gestational ages at MRI scans were:
41.4 6 1.6 weeks, 94.5 6 2.4 weeks, and 144.7 6 4.5 weeks
for 0, 1, and 2 years of age, respectively. This infant data-
set has been used in previous studies on longitudinal
development of cortical structural networks [Nie et al.,
2014; Yap et al., 2011].

MR Image Acquisition

Longitudinal T1, T2, and diffusion-weighted MR images
were acquired using a Siemens 3T head-only scanner
(Allegra, Siemens Medical System, Erlangen, Germany)
with a circular polarized head coil. All infants were
scanned unsedated while asleep, fitted with ear protection
and with their heads secured in a vacuum-fixation device.
T1-weighted images (160 sagittal slices) were acquired by
using the imaging parameters: TR 5 1,900 ms, TE 5 4.38
ms, inversion time 5 1,100 ms, flip angle 5 78, and
resolution 5 1 3 1 3 1 mm3. T2-weighted images (70
transverse slices) were acquired using the parameters:
TR 5 7,380 ms, TE 5 119 ms, flip angle 5 1508, and reso-
lution 5 1.25 3 1.25 3 1.95 mm3. Diffusion-weighted
images (45 axial slices) were acquired with the parameters:
TR/TE 5 5,200/73 ms, acquisition matrix 5 128 3 96, voxel
resolution 5 2 3 2 3 2 mm3, one image without diffusion
gradient (b 5 0), and six noncollinear diffusion gradient
directions at b 5 1,000 s/mm2. To improve the signal-to-
noise ratio, for each subject, a single DWI volume was
obtained by combing five repeated sequences after motion
correction.

Image Preprocessing

All images were visually inspected to ensure reasonable
quality before analysis. All structural MR images were
preprocessed using an infant-specific computational pipe-
line as detailed in [Li et al., 2013,2014b,2014d]. Briefly, it
includes the following major steps: (1) skull stripping by a
learning-based method [Shi et al., 2012] and removal of
cerebellum and brain stem by registration with an atlas
[Shen and Davatzikos, 2002]; (2) correction of intensity
inhomogeneity using N3 [Sled et al., 1998]; (3) rigid align-
ment onto the age-specific infant brain atlas [Shi et al.,
2011]; (4) tissue segmentation of infant brain MR images
using an infant-dedicated longitudinally-guided coupled
level-set method [Wang et al., 2011; Wang et al., 2013a,b];
(5) masking and filling non-cortical structures, and separa-
tion of each brain into left and right hemispheres.

For DTI images, after distortion correction, diffusion ten-
sors were first constructed by a weighted least squares
estimation method [Basser et al., 1994; Zhu et al., 2007]
and the fractional anisotropy (FA) map was then com-
puted [Yap et al., 2011]. Next, a whole-brain streamline

tractography was conducted on each DTI image in its
native space with the following parameters: the minimal
seed point FA of 0.2, minimal allowed FA of 0.1, maximal
turning angle of 708, minimal fiber length of 20 mm, and
maximal fiber length of 200 mm [Yap et al., 2011]. The
motivation of using a low FA threshold was to ensure that
unmyelinated white matter fibers could be reasonably
extracted in infant brains. To align structural images with
DTI, for each subject, T2 image was rigidly aligned onto
the b0 image. All alignment results were visually
inspected to ensure the quality. This transformation matrix
was also used to transform cortical surfaces reconstructed
from structural images onto the DTI space in the following
sections.

Cortical Surface Reconstruction

and Registration

Cortical surface reconstruction and registration were
performed by an infant-specific computational pipeline for
cortical surface-based analysis, which has been extensively
verified on more than 500 infant brain MR images [Li
et al., 2013,2014a,2014c,2015b; Lyall et al., 2015]. Specifi-
cally, for each hemisphere of each image, cortical surfaces
represented by triangular meshes were reconstructed by
using a topology-preserving deformable surface method
[Li et al., 2012, 2014a], based on tissue segmentation
results. The inner cortical surface (white-gray matter inter-
face) was first reconstructed by topology correction of the
white matter and then tessellation of the corrected white
matter as a triangular mesh. To address the severe partial
volume effects in the tight sulci of small-sized infant brain
MRI, which might result in incorrect reconstruction of the
outer cortical surface, explicit thin separations between
opposite tight sulci were further recovered [Li et al., 2012,
2014a]. Next, the inner cortical surface was deformed
using forces derived from Laplace’s equation to recon-
struct the outer cortical surface by preserving its initial
topology and also avoiding surface mesh self-intersection
[Li et al., 2012, 2014a]. The cortical thickness of each vertex
was then computed as the average value of the minimum
distance from inner to outer surfaces and the minimum
distance from outer to inner surfaces. The inner cortical
surface was also parcellated as four lobes, i.e., frontal,
parietal, temporal, and occipital lobes, and then segmented
as sulcal regions and gyral regions [Li et al., 2009], respec-
tively. For cortical surface registration, the inner cortical
surface was further smoothed, inflated, and mapped to a
sphere by minimizing the metric distortion between the
cortical surface and its spherical representation [Fischl
et al., 1999].

To determine longitudinal vertex-to-vertex cortical corre-
spondences, for each hemisphere of each subject, its spher-
ical cortical surface at the ith (i 2 0; 1) year of age was
aligned onto its corresponding cortical surface at the
i 1 1th years of age by using Spherical Demons based on
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the cortical folding geometries [Yeo et al., 2010]. For each
hemisphere of each subject, the deformation field from 0
to 2 years of age was then computed by concatenating the
deformation map from 0 to 1 year of age and that from 1
to 2 years of age [Li et al., 2013]. To establish unbiased
cross-sectional vertex-to-vertex cortical correspondences,
for each hemisphere, group-wise registration of spherical
cortical surfaces of all subjects at 2 years of age were per-
formed by using Spherical Demons [Yeo et al., 2010]. For
each hemisphere, the inner cortical surface of each subject
at 2 years of age was resampled to a standard-mesh tessel-
lation based on the deformation field obtained from the
group-wise surface registration, thus establishing the
vertex-to-vertex correspondences across all subjects at 2
years of age. Based on the longitudinal surface registration
results of each subject, the standard-mesh tessellation of
each subject at 2 years of age was further warped to 1
year of age and 0 year of age, respectively, thereby estab-
lishing the longitudinal vertex-to-vertex cortical corre-
spondences. Hence, for each hemisphere, inner cortical
surfaces of all subjects across all ages were represented by
the same standard mesh tessellation, thus establishing

both longitudinal and cross-sectional vertex-to-vertex corti-
cal correspondences. All cortical surface reconstruction
and registration results have been visually inspected to
ensure reasonable quality.

Computing Fiber Density on Cortical Surfaces

Based on the streamline tractography results, fibers were
connected onto the resampled inner cortical surfaces to
measure the fiber density [Nie et al., 2012a; Zhang et al.,
2010]. Note that the extracted fibers could be either outside
the inner cortical surface when the gray matter is overseg-
mented, or inside the inner cortical surface when the gray
matter is undersegmented. To address this issue, if an end
point of a fiber is outside of the inner cortical surface, the
connection point of this fiber was located by searching
along the fiber backwards the inner cortical surface. Other-
wise, the connection point was searched by extending the
fiber towards the inner cortical surface. The searching pro-
cedure stopped either when the connection point was
found, or a searching threshold of 20 mm was exceeded

Figure 1.

Cortical fiber density on a representative developing infant at 0, 1, and 2 years of age. (a) Over-

laying the fibers (white streamlines) with the cortical surfaces. (b) Fiber density (mm2) on the

cortical surfaces. The color bars are shown on the right. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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[Nie et al., 2014]. After the above procedure, any fibers
that cannot reach the inner cortical surface were discarded.
For each vertex on the inner cortical surface, the fiber den-
sity was then defined as the number of fibers connected to
a unit area (mm2). Figure 1 shows the computed cortical
fiber density on a representative infant at 0, 1, and 2 years
of age.

RESULTS

Spatial Distributions of Cortical Fiber Density

at 0, 1, and 2 Years of Age

Figure 2 shows the vertex-wise spatial distribution of
the average fiber density on cortical surfaces from 33

Figure 2.

Spatial distributions of the average fiber density (/mm2) on cortical surfaces from 33 infants, at 0, 1,

and 2 years of age. Warm colors indicate high fiber density, and cold colors indicate low fiber den-

sity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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infants at 0, 1, and 2 years of age. As shown in Figure 2,
the cortical surface exhibits regionally heterogeneous pat-
terns of fiber density at the three ages. In general, gyri
have higher fiber density than sulci, which is particularly
pronounced in the frontal lobe. Figure 3 provides the scat-
ter plots of the average cortical fiber density on sulci and
gyri separately across the whole cortex of the 33 subjects.
As we can see from Figures 2 and 3, the cortical fiber den-
sity increases dramatically in the first year and then
increases relatively small in the second year. Specifically,
in the first year, the cortical fiber density increases 112%
on sulci and 99% on gyri. In contrast, in the second year,
the cortical fiber density only increases 10% on sulci and
16% on gyri. To further investigate the region-specific pat-
terns of the cortical fiber density between sulci and gyri,
Figure 4 shows the mean and standard deviation of the
cortical fiber density on each of the four lobes, i.e., frontal,
parietal, temporal, and occipital lobes, and also on the
whole cortex from the 33 infants at 0, 1, and 2 years of
age. Among the four lobes, the frontal lobe consistently
exhibits the highest fiber density on gyri, whereas the occi-
pital lobe consistently shows the lowest fiber density on
gyri from 0 to 2 years of age. Table I shows the ratios of
the cortical fiber density on gyri versus that on sulci at 0,
1, and 2 years of age. The frontal and temporal cortices
consistently exhibit high ratios of the cortical fiber density
between gyri and sulci, whereas the occipital cortex consis-
tently exhibits low ratios. Table II further provides the sta-
tistical significance of the cortical fiber density difference
between gyri and sulci in the first 2 years of age, by using
paired t-test. Specifically, in the frontal, temporal, and
parietal lobes, the fiber density on gyri is statistically sig-
nificantly higher than that on sulci (P< 0.05) consistently
at 0, 1, and 2 years of age. In contrast, in the occipital lobe,
there is no significant difference on the fiber density

between sulci and gyri at 0 year of age. Moreover, the
fiber density on gyri is even significantly lower than that
on sulci on both hemispheres at 1 year of age, and also on
the right hemisphere at 2 years of age (P< 0.05).

Relationship Between Fiber Density and Cortical

Thickness in Infants

Cortical thickness is an important anatomical attribute
of the cortex, and is related to normal development and
aging, cognitive functioning, and neuropsychiatric disor-
ders [Lyall et al., 2015]. For illustration, Figure 5 provides
the scatter plots of the average cortical thickness on sulci
and gyri separately across the whole cortex of the 33 sub-
jects. As we can see, cortical thickness increases dramati-
cally in the first year and then changes very subtly in the
second year. However, the relationship between the corti-
cal fiber density and cortical thickness has not been stud-
ied before. Herein, for the first time, the Pearson’s
correlation coefficient between these two distinct cortical
attributes was computed for each vertex across the whole
cortex for each age group, as shown in Figure 6. Note that,
before the correlation analysis, a linear regression was per-
formed at each vertex of each age to remove the effects of
multiple confounding variables: age, gender and overall
mean values [He et al., 2007; Nie et al., 2014]. The resid-
uals were then treated as the raw values for correlation
analysis. As we can see from Figure 6, the correlation coef-
ficients of the fiber density and cortical thickness were
age-related and regionally heterogeneous across the cortex.
Interestingly, many junction regions of gyri, e.g., the junc-
tion between percentral and middle temporal gyri, and the
junction between percentral and superior temporal gyri,
exhibited strong positive correlations between the cortical

Figure 3.

Scatter plots of the average cortical fiber density in the sulcal and gyral regions, respectively,

across the whole cortex of 33 infants at 0, 1, and 2 years of age. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.

Means and standard deviations of the cortical fiber density (/mm2) in the sulcal and gyral regions

of four lobes and the whole cortex from 33 infants at 0, 1, and 2 years of age. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE I. Ratios of the cortical fiber density on gyri versus those on sulci at 0, 1, and 2 years of age

0 year 1 year 2 years

Regions Left Right Left Right Left Right

Frontal lobe 2.00 6 0.69 1.92 6 0.53 2.46 6 0.66 2.36 6 0.58 2.54 6 0.55 2.61 6 0.56
Parietal lobe 1.61 6 0.48 1.78 6 0.55 1.17 6 0.41 1.43 6 0.44 1.28 6 0.58 1.48 6 0.56
Temporal lobe 2.87 6 1.25 2.70 6 1.17 1.68 6 0.56 1.61 6 0.56 1.68 6 0.48 1.61 6 0.51
Occipital lobe 1.19 6 0.54 1.22 6 0.69 0.74 6 0.20 0.90 6 0.25 0.95 6 0.26 0.87 6 0.23
Whole cortex 1.91 6 0.44 1.93 6 0.40 1.75 6 0.38 1.77 6 0.36 1.83 6 0.39 1.88 6 0.38

Left: left hemisphere; Right: right hemisphere.
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fiber density and cortical thickness in the first 2 years of
age, as pointed out by red arrows in Figure 6.

DISCUSSION

It has been shown that the cortical fiber density increased
dramatically in the first year and then increased relatively
small in the second year. At term birth, although long-
range axonal connection are already present [Kostovic and
Jovanov-Milosevic, 2006; Takahashi et al., 2012], the white
matter has a low degree of myelination [Dubois et al., 2006,
2008b; Geng et al., 2012], thus leading to a small number of
fibers approaching the cortex using the streamline fiber
tracking. Then, the white matter undergoes dynamic myeli-
nation and maturation in the first year, relative to the sec-
ond year, resulting in much more tracked fibers connecting
to the cortex at 1 year and 2 years of age, compared with 0
year of age. The more dynamic increase of the cortical fiber
density in the first year relative to the second year is also
consistent with the finding that the cortical folding degree

grows more rapidly in the first year than the second year
[Li et al., 2014d], indicating the existence of intrinsic rela-
tionship between the cortical folding and axonal connectiv-
ity. In addition, our result is consistent with the finding
that the change of diffusion indices derived from DTI is
much more dynamic in the first year than in the second
year [Gao et al., 2009a; Geng et al., 2012].

Our results have shown that the cortical fiber density on
gyri was significantly higher at 0, 1, and 2 years of age
than that on sulci in the frontal, temporal, and parietal
lobes, which is consistent with the findings in adult brains
and also supports the recent axonal pushing hypothesis of
cortical folding [Nie et al., 2012a]. However, in contrast to
other lobes, the cortical fiber density on gyri in the occipi-
tal lobe (visual cortex) was not significantly different from
that on sulci at 0 year of age. Moreover, the fiber density
on gyri was significantly lower than that on sulci at 1 year
and 2 years of age. This may suggest regionally varying
relationship between the cortical folding and axonal wir-
ing, which, however, needs to be further verified in the
adult human and nonhuman primate brains. This result

Figure 5.

Scatter plots of the average cortical thickness in the sulcal and gyral regions, respectively, across

the whole cortex of 33 infants at 0, 1, and 2 years of age. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

TABLE II. Statistical significance of the cortical fiber density difference between sulci and gyri at 0, 1, and 2 years of

age

P Values
0 year 1 year 2 years

Regions Left Right Left Right Left Right

Frontal lobe 1.00E-11 2.87E-11 4.41E-16 5.00E-17 4.57E-21 1.86E-21

Parietal lobe 1.04E-07 3.79E-09 0.0236 2.36E-06 0.0179 4.93E-05

Temporal lobe 5.46E-10 5.26E-12 1.01E-07 1.20E-07 1.76E-10 2.68E-08

Occipital lobe 0.133 0.206 9.14E-08 0.0295 0.1972 0.0029

Whole cortex 2.93E-14 1.53E-14 1.97E-13 5.10E-15 1.46E-15 2.17E-16

Bold values indicate P values smaller than 0.05.
Left: left hemisphere; right: right hemisphere.
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might also suggest that there could be multiple cortical
folding mechanisms interacting with each other in differ-
ent brain areas and during different stages of neurodevel-
opment [Van Essen, 2013; Zilles et al., 2013]. Notably, the

“gyral bias” concept [Van Essen et al., 2014] cannot
explain the inverted gyral/sulcal fiber density patterns in
the occipital lobe here. And recent studies have suggested
that the macro-scale DTI-derived fiber connection patterns

Figure 6.

Pearson’s correlation coefficients between the cortical fiber density and cortical thickness from

33 infants at 0, 1, and 2 years of age. Warm colors indicate strong positive correlation, while

cool colors indicate strong negative correlation. Red arrows point out several regions with

strong positive correlations. Pictures in (a–c) show correlation maps in different views. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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largely agree with the meso-scale axonal connection pat-
terns mapped via anterograde tracers coupled with serial
two-photon tomography [Chen et al., 2015].

Similar to the developmental pattern of the cortical fiber
density, cortical thickness also increased dynamically in
the first year and relatively subtle in the second year [Li
et al., 2015a], reflecting the underlying age-specific
cytoarchitectural changes of the cortex. Also, cortical thick-
ness on gyri is generally larger than that on sulci in adults
[Fischl and Dale, 2000], resembling the spatial distribution
of cortical fiber density and also reflecting distinct cortical
attributes on sulci and gyri. To assess the underlying rela-
tionship between cortical thickness and fiber density, for
the first time (as far as we know), we revealed that these
two distinct cortical attributes had particularly strong posi-
tive correlations in several three-hinge junction regions of
gyri, where the fiber density has also been found signifi-
cantly higher than that in two-hinge gyri in adults [Li
et al., 2010]. This result may suggest that the axonal wiring
not only determines the cortical folding but also affects the
cortical thickness in these junction regions of gyri, if this
can be also replicated in other populations. Again, the
“gyral bias” concept [Van Essen et al., 2014] cannot well
explain the significantly increased fiber densities on three-
hinge junction areas [Li et al., 2010], since typically the
surface curvatures in these three-hinge areas are substan-
tially smaller than those two-hinge areas, where more
biases should be observed according to the “gyral bias”
concept. Instead, we believe that the mapping of DTI-
derived fiber densities in those three-hinge gyri reflects the
true biological phenomenon. In addition, the negative cor-
relation between tract density and cortical thickness in sul-
cal regions might suggest a different folding mechanism in
sulci other than that in gyri. One possibility is that the stiff
fiber tracts in the gyral regions constantly “push” the corti-
cal plate such that the cortical layers have to grow in the
tangential directions, thus gradually forming the sulci
under the constraint of brain skull. Given the much less
dense tract fibers connected in the sulci, more accumula-
tion of neurons in the sulcal regions would result in a neg-
ative correlation between tract density and cortical
thickness in these areas. We will extensively examine this
hypothesis via both neuroimaging data analysis and com-
putational simulation in our future work.

We should mention that, in this article, we studied only
the cross-subject correlation, i.e., the correlation between
cortical thickness and fiber density across subjects at each
vertex of each age group, as we are interested in the
spatially-detailed correlation map between these two
attributes. In fact, there also exist other two types of corre-
lations: (1) within-subject temporal correlation (i.e., the cor-
relation between cortical thickness and fiber density over
all ages for each subject) and (2) within-subject spatial cor-
relation (i.e., the correlation between cortical thickness
map and fiber density map for each subject at each age).
For example, as shown in Figures 3 and 5, both cortical

thickness and fiber density increase dynamically in the
first year, suggesting positive within-subject temporal cor-
relations. However, in the second year, the average cortical
thickness in the sulcal regions decreases, while the corre-
sponding fiber density still increases, thus indicating nega-
tive within-subject temporal correlations, although these
two attributes both increase in the gyral regions. This fur-
ther suggests differential growth mechanisms between
sulci and gyri. In our future work, we will comprehen-
sively study these three types of correlation in the large-
scale longitudinal MRI datasets.

It should be caveated that one limitation of our current
study is that streamline tractography from DTI has diffi-
culty in accurately dealing with complex crossing fibers
[Mori et al., 1999]. Nevertheless, previous studies in adults
using advanced stochastic tractography and HARDI found
similar distinct patterns of cortical fiber density between
gyri and sulci, compared with the case of using streamline
tractography, implying that these findings are independent
of the tractography methods [Nie et al., 2012a]. Therefore, it
is less likely that our findings on cortical fiber density
between gyri and sulci in developing infants would change
substantially when using stochastic tractography [Behrens
et al., 2003], which will be further verified in our future
work. However, we should mention that tractography from
diffusion MR imaging is an indirect method for studying
axonal fibers at the macroscale, which is affected by a set of
factors, such as computational simulation methods and
their parameter settings, and also the limited imaging reso-
lutions. Hence, it is possible that some complicated axonal
fibers, such as crossing fibers and U-shape fibers, cannot be
revealed by the existing tractography studies. Also, the
highly folded nature of the cortical surface might further
cause false positives/negatives when fiber tracking
approaches the cortex [Reveley et al., 2015]. Essentially, cur-
rent diffusion imaging techniques are far from being able to
accurately map the complete complex fiber pathways and
connectional architectures of the cerebral cortex [Markov
et al., 2011; Schmahmann and Pandya, 2006; Thomas et al.,
2014], although some studies in animals have demonstrated
substantial similarities between diffusion imaging derived
fiber pathways and invasive tracer injection results [Azad-
bakht et al., 2015; Dauguet et al., 2007; Dyrby et al., 2007;
Jbabdi et al., 2013], which are frequently considered as the
golden standard for the fiber pathways. With the availabil-
ity of large-scale neuronal tracing data, such as the Allen
Mouse Brain Connectivity Atlas (http://connectivity.brain-
map.org), it becomes feasible to evaluate and validate DTI
and DTI tractography methods based on the benchmark
data of high-density axonal projections mapped by micro-
scopic serial two-photon tomography [Chen et al., 2015]. In
addition, DTI tractography methods and parameters could
be potentially optimized in order to maximize both sensi-
tivity and specificity of mapping real axons via the golden
standard of neuronal tracing data, as shown in our recent
study [Chen et al., 2015].
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In summary, for the first time (as far as we are aware),
we systemically characterized the spatial distributions and
longitudinal developmental trajectories of cortical fiber
density in the first 2 postnatal years, via joint analysis of
longitudinal structural and diffusion tensor MRI data from
33 healthy infants. We revealed several hitherto unseen
patterns of cortical fiber density during the dynamic early
postnatal stages, including (1) cortical fiber density
increased dramatically in the first postnatal year and then
changed relatively small in the second postnatal year; (2)
cortical fiber density on gyri was significantly higher at 0,
1, and 2 years of age than that on sulci in the frontal, tem-
poral, and parietal lobes; and (3) cortical fiber density was
strongly positively correlated with cortical thickness at
several junction regions of gyri. As all prior studies of
cortical folding and axonal wiring in human brains have
been largely focused on well-developed adults, our results
on the developing infants significantly advance our under-
standing on the intrinsic relationship between cortical fold-
ing and axonal wiring in early postnatal stages, and also
provide new evidence that largely supports the axonal
pushing hypothesis of cortical folding [Chen et al., 2013;
Nie et al., 2012a].
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