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Abstract Normal brain development is associated with
expansion and folding of the cerebral cortex following a
highly orchestrated sequence of gyral-sulcal formation.
Although several studies have described the evolution of
cerebral cortical development ex vivo or ex utero, to date,
very few studies have characterized and quantified the
gyrification process for the in vivo fetal brain. Recent
advances in fetal magnetic resonance imaging and post-
processing computational methods are providing new
insights into fetal brain maturation in vivo. In this study,
we investigate the in vivo fetal cortical folding pattern in
healthy fetuses between 25 and 35 weeks gestational age
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using 3-D reconstructed fetal cortical surfaces. We describe
the in vivo fetal gyrification process using a robust feature
extraction algorithm applied directly on the cortical sur-
face, providing an explicit delineation of the sulcal pattern
during fetal brain development. We also delineate cortical
surface measures, including surface area and gyrification
index. Our data support an exuberant third trimester gyri-
fication process and suggest a non-linear evolution of sul-
cal development. The availability of normative indices of
cerebral cortical developing in the living fetus may provide
critical insights on the timing and progression of impaired
cerebral development in the high-risk fetus.

Keywords Brain development - Cortical surface -
Fetal - Gyrification - MRI

Introduction

Recent advances in fetal magnetic resonance imaging
(MRI) (Jiang et al. 2007) and post-processing computa-
tional methods (Rousseau et al. 2006; Jiang et al. 2007;
Guizard et al. 2008; Gholipour et al. 2010a; Clouchoux
et al. 2010b) are providing important new insights into fetal
brain maturation in vivo. However, quantification of in
vivo fetal brain development remains a major challenge,
mainly due to fetal motion during the acquisition phase and
the inherent low tissue contrast of the immature brain
(Prayer 2006; Garel 2008).

A number of recent studies have characterized total and
regional brain volume in the living fetus (Limperopoulos
et al. 2010; Gholipour et al. 2010b; Grossman et al. 2006;
Kazan-Tannus et al. 2007). However, very few studies
have delineated in vivo fetal cerebral cortical development.
The first ex vivo study was reported by Chi et al. (1977),

@ Springer



128

Brain Struct Funct (2012) 217:127-139

who described the timing of fetal sulcation using manual
outlining. Similar observations have been made by Garel
et al. (2001), where MRI was used to investigate the
timetable of cortical development in a cohort of 173 nor-
mal fetuses from 22 to 38 weeks gestational age (GA).
More recently, studies have focused on delineating the
developing cortical surface using a three-dimensional
reconstruction, in order to extract precise and reproducible
measurements (e.g., cortical curvature). Batchelor et al.
(2002) described the folding process in ten ex vivo fetuses
between 19 and 40 weeks of gestation. Dubois and col-
leagues (2008a) provided one of the first descriptions of in
vivo cerebral gyrification from 26 to 35 weeks GA; how-
ever, this work was conducted on ex utero premature
infants. Awate et al. (2009) described cortical development
in newborns between 1 and 2 weeks of age, using a com-
bination of shape indexes computed on the cortical surface.
In the only previous study of cortical folding in the living
fetus, Hu et al. (2009) described cortical development over
a broad range of gestation (21-37 weeks), but did not
extract fetal cortical surfaces, precluding therefore explicit
delineation of the cortical folding pattern. Similarly,
Kasprian et al. (2011) characterized the cortical shape in
the in vivo fetus in order to assess the origins of hemi-
spheric asymmetries. Noteworthy is the fact that this was
carried out without reconstruction of the fetal cortical
surface. The most recent quantification of in vivo fetal
brain development was described by Corbett-Detig and
colleagues (2011) in 21 fetuses between 20.57 and
25.86 weeks GA. Although this investigation provides
important insights on the global and regional development
of the subplate, including changes in cortical plate thick-
ness, it focuses on a narrow second trimester gestational
age range, at a time when important developmental events
(such as the delineation of primary and secondary folds)
have yet to occur.

The primary objective of the current study was to
investigate cerebral cortical folding in the healthy in utero
brain between 25 and 35 weeks GA using advanced
cortical surface feature extraction. This timeframe is a
critical period in human brain development, due to the
explosive gyrification occurring at the end of the second
trimester and during the third trimester. Specifically, we
sought to describe the evolution of the cerebral cortical
gyrification using reconstructed cortical surfaces extracted
from manually corrected segmentations of the developing
fetal white matter. From these surfaces, a set of cortical
measures were derived, including the gyrification index
(GI) (Luders et al. 2006) and cortical surface area. In
addition, we developed a specific features extraction
algorithm, which identifies the sulcal fundi thereby
allowing the measurement of evolving sulcal organization
(Clouchoux et al. 2010c).
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Materials and methods
Subjects and MRI procedure

We studied 12 healthy fetuses from 25.2 to 35.1 weeks
GA. All pregnant women were healthy volunteers. We
excluded pregnant women with multiple gestations, con-
genital infection, or any maternal contraindication to MRI.
We also excluded any fetus with brain dysgenesis or other
systemic anomalies by antenatal ultrasound, as well as
those with chromosomal abnormalities by amniocentesis.
All fetuses were studied by MRI scans performed on a
1.5-T scanner (Achiva, Philips Medical System, Nether-
lands) and a 5-channel phased-array cardiac coil. Multi-
planar single-shot turbo spin echo imaging was performed
(echo time.s; = 120 ms, repetition time = 12,500 ms,
0.625 signal averages, 330-mm field of view, 2-mm slice
thickness, no interslice gap, 256 x 204 acquisition matrix,
acquisition time 30-60 s). After birth, all subjects also had
normal postnatal MRI studies. Multiplanar acquisitions
(axial, coronal and sagittal) provided multiple in-plane
high-resolution volumes along the three principal axes
(mean number of acquisitions for each subject was
8.0 £ 2.0; range 6-10). No maternal sedation was used.
Gestational ages were estimated using maternal dates or,
when available, using first-trimester ultrasound measure-
ments (Limperopoulos et al. 2010). The study was
approved by the Boston Children’s Hospital Committee on
Clinical Investigation and written informed consent was
obtained from all the participants.

Image processing stage

Quantification of in vivo fetal brain development is tech-
nically challenging (Limperopoulos and Clouchoux 2009;
Rousseau et al. 2006; Jiang et al. 2007; Habas et al. 2010).
Ultrafast T2-weighted MR images provide good contrast
between the different developing cerebral tissues, however,
combined fetal and maternal motion during data acquisi-
tion results in image degradation (Jiang et al. 2007;
Rousseau et al. 2006; Clouchoux et al. 2010b; Gholipour
et al. 2010a). Consequently, advanced computational
methods are required to create high-resolution fetal MR
images. Although a large number of image processing tools
exist for the adult, these are generally not suitable for fetal
MR imaging, due to the image degradation, poor signal-to-
noise ration (SNR), resolution, tissue contrast and dense
signal difference at the brain and scalp interface (Jiang
et al. 2007; Rousseau et al. 2006). Recent advances in fetal
imaging now provide a set of algorithms specifically ded-
icated to fetal MR image processing (Rousseau et al. 2006;
Jiang et al. 2007; Clouchoux et al. 2010b; Gholipour et al.
2010a). We describe in the current paper the processing
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methods used to enhance the overall image quality of all
fetal MRI scans performed during this study.

T2 volume correction

Mixed fetal and maternal motion limits image resolution
and tissue contrast. Different post-processing techniques
have been proposed to compensate for such motion artifact
(Rousseau et al. 2006; Jiang et al. 2007; Gholipour et al.
2010a; Clouchoux et al. 2010b) using multiplanar fetal
acquisitions in order to correct inter-slice motion. These
multiplanar images are then used to reconstruct the missing
or corrupted information, providing access to a high-reso-
lution fetal volume. In our study, each fetal brain was
scanned at least once in each of the three principal planes
(sagittal, coronal, axial). The tissue volumes were then
corrected for non-uniformity and intensity normalized
(Sled et al. 1998). Next, all fetal MRI scans were subjected
to a previously validated super-resolution reconstruction
algorithm (Gholipour et al. 2010a), based on a motion
estimation algorithm. More precisely, this super-resolution
reconstruction method uses both maximum likelihood and
robust motion estimation error minimization. For each fetal
brain, motion was estimated by comparing each acquired
slice and a reconstructed slice-model (error function min-
imization). Specifically, a single 6-degrees of freedom
(DOF) rigid transformation was computed for each slice
toward the target volume. This slice-to-volume registration
stage used a multi-level registration framework, registering
a reduced stack of slices at each stage. Super-resolution
volumes were then reconstructed using an iterative scheme
based on a slice-to-volume registration method and scat-
tered data interpolation. The enhanced reconstructed fetal
MR images then provide the necessary tissue contrast
required for accurate segmentation of the cerebral folds
(Fig. 1a).

White matter segmentation

Segmentation of the developing white matter with accurate
delineation of the inner surface of the cortical plate is
essential for successful measurement of folding in the
developing third trimester fetal brain. To study cortical
gyrification, the inner surface of the cortical plate is pre-
ferred, given that the outer surface is unstable (Riviere
et al. 2002). The outer surface of the cortical plate is also
less convoluted than the inner surface, which can lead to
sulcal narrowness. Therefore, in this study, the white
matter encompassed several lamination layers, including
unmyelinated white matter, subplate, intermediate layer
and myelinated white matter, depending on the gestational
age (Kostovic and Judas 2002). In vivo fetal brain tissue
segmentation is a very complex problem (Habas et al.

Fig. 1 Example of a fetal brain (33 weeks GA). a High-resolution
reconstructed brain (I x 1 x 1 mm). b Brain mask used to recon-
struct the inner cortical surface. ¢ Reconstructed inner cortical surface
for left and right hemispheres

2010), even with high-resolution image reconstruction,
primarily because of the inherently low contrast between
fetal brain tissue types. An atlas-based segmentation
method based on manual delineation of fetal brain tissues
has been described (Habas et al. 2010), that facilitates in
vivo fetal brain tissue segmentation. However, to date, fetal
brain segmentation has been described over a very narrow
gestational age window, i.e., from 20.5 to 24.7 weeks
(Habas et al. 2010), over which the fetal cortical surface
remains relatively smooth and simplified. With the growing
complexity of the cortical surface particularly from
27 weeks onward, tissue segmentation algorithms are
increasingly challenged (Rousseau et al. 20006).

To facilitate the manual delineation of the inner surface
of the cortical plate, we implemented an algorithm aimed at
extracting an initial approximation of the white matter,
using an atlas-based tissue segmentation method (Guizard
et al. 2008). Manual segmentation of the developing white
matter was first defined on a corresponding age-dependent
fetal atlas using a two-step procedure (Guizard et al. 2008).
For each subject, the corresponding atlas was linearly
registered to the acquired volume (9 DOF, rotation,
translation, and scaling in the three directions). Having
achieved a reasonable match with this linear step, the atlas
could then be reliably non-linearly registered to the subject
to achieve an improved match. For each subject, the
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transformation matrices of these two registration steps
were then used to register the segmented white matter to
the fetal brain.

As a comparison, we applied the segmentation method
described by Zhang et al. (2001), using a hidden Markov
random field and expectation maximization algorithm (in
our case, the manually segmented age-dependent fetal atlas
was used as the a priori atlas). Applying this segmentation
method (Zhang et al. 2001) did not visually improve the
segmentation result, in comparison to our atlas-based
approach. In three cases, the accuracy of the white matter
delineation was visibly better. We also calculated the Dice
index (Dice 1945) to measure the overlap between the
manually corrected segmentations and the automatically
generated segmentation results, and compared the dice
coefficients. The results showed that for 9 out of the 12
subjects, the Dice score was very similar between the two
segmentations algorithms (0.79-0.84 for the method pro-
posed by Zhang; 0.80-0.84 for our segmentation method).
However, for three of the subjects, the overlap measure
was higher using our segmentation method, than the one
used by Zhang (>0.80 for our method vs. <0.74 for
Zhang’s method). Therefore, we chose to use the seg-
mentation process described in our paper.

To obtain an accurate representation of the cortical
plate, the resulting segmentations were manually corrected
by two independent operators. The manual corrections
were repeated twice by two trained operators (C.C and
M.B.K), and the volume of each segmentation was used to
determine inter- and intra-observer correlation coefficients
(Cohen 1960) for the white matter extraction. The inter-
rater correlation was >0.95, and intra-rater correlations for
manual segmentations ranged from 0.97 to 0.98 for the
white matter volumes. The overlap between manual cor-
rections was also evaluated using the Dice coefficient.
Inter-rater overlap Dice scores ranged from 0.94 to 0.98,
and intra-rater scores ranged from 0.95 to 0.98.

Figure 1b illustrates the segmented developing white
matter after the pre-processing stages. A morphological
closing was then applied to this volume. By including the
subcortical gray matter and the ventricles to the developing
white matter mask, this morphological operation enabled us
to define the inter-hemispheric cut and, therefore, to obtain
a topologically correct mesh (spherical) (Fischl et al. 1999).

Inner surface of cortical plate extraction

The inner surface of the cortical plate was extracted using
CLASP (McDonald et al. 2000), based on a spherical-mesh
deformation algorithm. In a previous study (Lee et al.
2006), it has been shown that CLASP was more accu-
rate than other cortical surface extraction methods in rep-
resenting both the cortical anatomy and optimizing the
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mesh topology. A mesh composed of 10,240 vertices
(20,480 triangles) was generated from the segmentation,
for each hemisphere. Figure lc represents a typical inner
cortical surface obtained from a 33 week GA fetus. All the
meshes were then registered together and resampled
(McDonald et al. 2000), in order to reduce the inter-subject
anatomical variability due to an incorrect vertices sam-
pling. This registration operation performs a hierarchical
deformable registration of the meshes using a multi-scale
approach. It combines a regularization step, preserving the
local mesh topology, and an iterative local search for the
optimal vertex correspondence based on feature field
matching (Boucher et al. 2009). For each hemisphere, we
then computed two components of fetal cortical growth,
i.e., cortical depth (Boucher et al. 2009) and the gyrifica-
tion index (Zilles et al. 1988; Luders et al. 2006).

Sulcal features extraction

Differential quantities reliably describe the local geometry
of a surface. Among them, the second-order values, such as
principal curvatures, k; and k,, and principal directions, T
and 75, play a crucial role in ridge detection. Traditional
approaches for ridge detection then rely on third-order
differential quantities (i.e., curvature derivatives). How-
ever, these techniques are limited by a common problem,
i.e., both are dependent on ‘noise’, surface meshing, and
local aspects of the geometry, which may lead to incon-
sistencies in feature extraction algorithms. Moreover,
results obtained using such methods result in non-connec-
tivity in their shape (Yoshizawa et al. 2005). The connec-
tivity ensures that all the points, or vertices, of a graph are
linked together. In Kudelski et al. (2010), the connectivity
is assured using a vertex labeling step and mathematical
morphological operators to extract feature lines. As these
operators respect the topology of the objects, the connec-
tivity of the resulting feature lines is guaranteed. Kudelski
and colleagues (2010) propose the use of parameterization
to represent a feature region into a 2D regular grid.
Therefore, the line extraction process is achieved using
classical operators stemming from the image processing
domain and mapping back the 2D skeleton on the 3D
region by inverse parameterization. The main drawback of
this method is the convergence and the distortion of the
parameterization. For these reason, we performed the
skeleton extraction directly from the 3D feature region.

In order to ensure such connectivity, we applied ridge
detection to extract the sulcal pattern. First, we applied a
noise-reduction algorithm on the curvature maps. Then,
each vertex was labeled in order to define regions of
interest (Kudelski et al. 2010). Finally, the sulcal lines were
extracted from these regions using topological operators to
ensure the connectivity of the extracted lines.
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The initial step of ridge detection method estimates the
principal curvature of the surface. To deal with noise, we
first applied a Laplacian smoothing of the point coordi-
nates. The point coordinates are then restored to perform
the sulci detection on the original geometry with smoothed
curvature values. The estimation of k; and k, is done by the
method proposed in Goldfeather and Interrante (2004) due
to its quality and robust results (Gatzke and Grimm 2006).
The methods aim to fit locally a bi-cubic polynomial in the
least-squares sense:

A C
fl,y) = Exz + Bxy + Eyz + Dx* + Ex’y + Fxy* + Gy*

to build the matrix of the second fundamental form W:

A B
v=li e
k, and k, correspond to the largest eigenvalues of W
(with Ikl > lk,l). From k; and k,, two shape descriptors are
then defined: the mean curvature H and the Gaussian
curvature K where:

k
H— 1+ ko
2

andK = k1 . k2

From the signs of H and K, points are classified into
eight types of basic shapes (see Fig. 2).

Sulci are located in the concave parts of the surface,
where H > 0, as depicted in the bottom row of Fig. 2. It is
then possible to use the curvature estimation to label each
point p; as:

1 if H>0,
0 otherwise

label(p;) = {

For the sake of clarity, we denoted F' as the set of points
labeled as 1, p a point of the surface and ¢; its direct

K<0 | K=0 K>0
Saddle ridge Ridge Peak
H=0 _~ " /ﬁ*
Minimal surface Plane
H=0 S, - Not possible
Saddle valley Valley Pit
H=0 N A

N

Fig. 2 Basic shapes defined by the signs of mean and Gaussian
curvatures

neighbors. The local geometry is then transformed into a
binary map corresponding to regions of interest (with
H > 0 for all included vertices), and the labeled points
characterize the sulcal pattern (Fig. 3). As a result, the
algorithm turns the regions of interest into skeletal curves,
representing sulcal fundi.

Once all the points have been labeled, the goal is then to
obtain the skeleton of each region directly on the mesh.
Characterizing a 2D shape is challenging for a number of
reasons. Classical approaches resolve this characterization
problem using a skeleton (Jain 1989) to describe the
geometry, the topology, and the connectivity of a set, and
then applying this skeleton to extract sulci from the 3D
regions. The extraction of the sulcal pattern from a skele-
ton-based technique turns out to be an elegant and robust
solution, as it guarantees connectivity and characterizes the
geometry and the topology of the features described.
Moreover, the final points describing the concave parts are
enclosed into a subset leading to a concise representation of
the sulcal pattern. For these reasons, we chose this skele-
ton-based approach to describe the sulcal pattern in our
fetal studies.

To reduce the regions of interest to skeletons, we
selected the morphological operators proposed by Rossl
et al. (2000). The skeleton was then computed by an iter-
ative thinning process (i.e., successive erosion without
modification of the topology). We then modified the ori-
ginal algorithm as follows:

First, we classified each point into four categories
(instead of three in the original algorithm: disk, center,
complex and outlier; Fig. 3a). p is considered the center if
p and all its neighbors g; belong to F. In this case, all g; are
marked as disks. This corresponds to the definition of a
simple point (i.e., a point that does not change the topology
if it is removed). Conversely, p is a complex point when

Region of interest
Skeleton

o disk
® conler
m complex
& outlier
A
[ [ % A
c‘K\‘L'// | W |
v Y L
\ \ \
(a) Initial (b) First pass (c) Second (d) Extracted
classification with updating | classification skeleton

Fig. 3 Illustration of the skeletonization process. Top Scheme of the
skeletonization of region of interest. Bottom Detail of the skeleton-
ization steps on the mesh
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there exists at least four transitions among its neighbors g;.
Removing a complex point would result in a change in the
topology, as it would break a single line into two lines.
A transition is defined as:

label(g;) # label(gi+1)

where label represents the category of the point topology.
Then, all the remaining points are flagged as outlier points.

We modified the thinning method of the original algo-
rithm to match our definition of the extracted feature and to
ensure connectivity during the computation of the skeleton.
This process was accomplished in three steps. First, all
points marked as disks were removed since they do not
modify the topology. Then, during the sequence, for each
point deleted, the classification of its neighbors ¢; was
updated. In this way, the topology was not modified and the
connectivity of the obtained feature was ensured. This step
was not implemented in the original algorithm but was
added as a new feature, in order to avoid ruptures in the
topology (i.e., skeletons fragmented in several parts). The
process was iterated until it converged. The final step
consisted of removing all outlier points with at least two
neighbors belonging to F because they do not alter the
topology. Figure 3 illustrates each different step of the
thinning process from the classification (Fig. 3a) to
the convergence (Fig. 3d). Figure 4 shows the resulting
sulcal lines on two fetal brains.

Age-dependent cortical fetal templates

The fetal brain shape and size are too variable over time to
compute a single template. Given that the brain is rapidly

Fig. 4 Examples of feature extraction in two fetuses at 27.3 weeks
GA (a) and at 33.1 weeks GA (b). The complexity of the sulcal
pattern increases with gestational age. Lines indicate the sulcal
skeleton
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evolving in size and shape in utero, particularly during the
third trimester, creating an average cortical surface would
be technically challenging and theoretically questionable,
because of the difficulty in matching unfolded (early) and
folded (later) cortical surfaces. However, templates are
very useful, as they provide a representation of the average
anatomy in a given population (Evans et al. 2006; Fischl
et al. 1999). Therefore, in order to provide a more generic
representation of different stages in the gyrification
process, we created four cortical surface templates. We
first divided our fetal subjects into four GA groups:
25-28 weeks GA, 28-30 weeks GA, 30-32 weeks GA and
32-35 weeks GA. For each group, we then generated an
unbiased cortical plate template, using the method descri-
bed in Lyttelton et al. (2007). Briefly, the template con-
struction relies on an iterative registration of the cortical
surfaces. For each iteration, an average surface is computed
for all the subjects. Then, each subject is registered to this
average, and a new average surface is computed, and used
as a target for the next iteration. This registration algorithm
has been previously described (McDonald et al. 2000). This
process allows us to overcome the inter-individual vari-
ability, exhibiting the average shape characteristics of the
cortical plate in the defined groups (Lyttelton et al. 2007).
Therefore, the gross anatomical characteristics of the brain
are clearly visible (Lyttelton et al. 2007). Of note, each
defined gestational age range included three subjects
(six hemispheres), corresponding to a particular set of
neurodevelopmental events, as described in (O’Rahilly and
Muller 1999).

Probability maps of the sulci localization were generated
using the features extraction maps described above. Each
feature map was then smoothed using a full width half
maximum (FWHM) of 2 mm. We compared these maps
with cortical depth average maps (Boucher et al. 2009).
Although cortical depth provides useful information when
characterizing the overall folding pattern, the features
extraction method described here provides detailed infor-
mation about the folding process that cannot be elucidated
using the depth map.

Quantification of gyrification

To obtain a complete representation of the gyrification
process, we computed the GI of all the cerebral hemi-
spheres in our cohort. The GI was first defined as a two-
dimensional measure (Zilles et al. 1988), but was further
refined in order to be applicable to the recent three-
dimensional reconstruction of the cortical surfaces (Luders
et al. 2006). It measures the ratio between the cortical
surface area and the cortical surface convex hull, and
provides a quantification of the folding state of the con-
sidered surface.
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We also computed the cortical plate area for each
hemisphere. This area is defined by the sum of the area of
each triangle composing the cortical mesh.

Results

Qualitative description of the gyrification process
in the fetus

The three-dimensional cortical surface representation
enabled us to delineate sulcal organization between 25 and
35 weeks GA. Figure 5 illustrates the important morpho-
logical changes occurring between 25.2 and 35.1 weeks of
gestation. The folding pattern evolution is characterized by
increasing complexity from 25 to 35 weeks GA. Specifically,

Fig. 5 Inner cortical surfaces of
fetuses from 25.2 to 35.1 weeks
GA. Colors represent sulcal
depth (Boucher et al. 2009).
Visible sulci are displayed
including: Insula (/ns.), central
sulcus (CS), inferior frontal
sulcus (/FS), superior temporal
sulcus (STS), post-central sulcus
(Post. C), superior frontal sulcus
(SFS), intra-parietal fissure
(IPF), pre-central sulcus

(Pre. C), and inferior temporal
sulcus (ITS)

25.2 weeks GA

26.5 weeks GA

CS
27.3 weeks GA
IFS
28.0 weeks GA
29.4 weeks GA
SFS

29.8 weeks GA

39

&>

at 25 weeks, the cortical plate is very smooth, and no major
sulcus is clearly delineated, except in the insular region
where the operculation process has already started. From
28 weeks GA, the cortical plate begins to be more convo-
luted, with an increased complexity occurring from 30 weeks
GA, where secondary sulci begin to be delineated. The
timetable of the sulcation is described hereafter. The first
folding occurs at the insula, which is noted as early as
25 weeks GA, although the operculation process is delayed
until around 28 weeks GA. The central sulcus (CS) is already
formed, although it is very narrow at 25 weeks GA. Between
25 and 27 weeks, the superior temporal sulcus (STS), cal-
carine fissure (Calc.), parieto-occipital fissure (POF), and the
calloso-marginal fissure (CMF) are first seen, and are well
formed by 28-29 weeks GA. The collateral sulcus is formed
at 28 weeks. The frontal sulci are clearly visible from

L

30.4 weeks GA

o

31.0 weeks GA

Pre.C

Ins.

32.0 weeks GA ITS

STS

35.1 weeks GA

-2.5 2.5
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27 weeks. In the parietal lobe, the intra-parietal fissure (IPF)
appears very early, from 27 weeks GA. After this folding, the
post-central sulcus appears, making more complex the sulcal
pattern in the parietal lobe. The inferior and superior sulci
folding in the frontal lobe appears around the 28th week of
gestation, while the pre-central sulcus is present from the
29th week. The inferior temporal sulcus is visible from the
29th week, although it is clearly delineated at 30st weeks.
Secondary sulci also appear before birth, including the orbital
and olfactory sulci becoming visible at the 30th week GA.
After 31 weeks, the folding pattern of previously formed
sulci becomes more complex, such as the folds in the
cingulate gyrus, especially the frontal part of the calloso-
marginal fissure.

Age-dependent cortical fetal template

The four age-dependent cortical templates show the gross
anatomical changes occurring in the gyrification of the fetal
cortical plate (Figs. 6, 7). The timetable of the sulcation is
very well illustrated by the combination of these four

Fig. 6 Probability map of sulci cs
location during growth using the IFS
proposed features extraction
method. The fetal brains were
divided into four gestational age
groups: 25-28 weeks GA (a),
28-30 weeks GA (b),

30-32 weeks GA (c¢),

32-35 weeks GA (d). Top
group-averages of the cortical
plate reconstructed surfaces.
Bottom spherical representation
of the cortical surface averages,
in order to compare the folding
process on a same referential.
The main sulci are displayed,
including: inferior frontal sulcus
(IFS), central sulcus (CS),
superior temporal sulcus (STS),
insula (/ns.), calloso-marginal
fissure (CMF), calcarine fissure
(Calc.), parieto-occipital fissure
(POF), corpus callosum sulcus
(CCS), superior frontal sulcus
(SFS), post-central sulcus (Post.
(), inferior temporal sulcus
(ITS), collateral fissure (Coll. Ins.
F), pre-central sulcus (Pre. C),
intra-parietal fissure (IPF),
frontal calloso-marginal fissure
(Front. CMF)

STS

Calc. CccCs
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SFS  Post.C

atlases and the corresponding sulci probability maps, as
shown in Fig. 6. Figure 6 also illustrates the evolution of
the sulcal complexity, displayed on a spherical represen-
tation of the cortical surface, in order to better appreciate
the evolution of the folding pattern in a same referential.

The probability maps of the sulcation provide a quan-
titative evaluation of the evolving cortical folding state
during the gyrification process. These maps and their
associated templates clearly illustrate the early appearance
of the primary sulci (CS, STS, CMF) from 25/27 weeks
GA, as well as the subsequent formation of the secondary
folds (orbital, olfactory, cingular sulci) from the 30st week
of gestation. Figure 7 demonstrates the average sulcal
depth between 25 and 35 weeks GA on the corresponding
age-dependant fetal templates using the depth potential
function (Boucher et al. 2009).

Quantification of the gyrification index in the fetus

In our study, the observed gyrification index evolution is
not linear, and confirms that the folding process is

Pre.C
IPF

S

Front.CMF

Coll.F

SFS Post.C

/

Front.CMF

Coll.F



Brain Struct Funct (2012) 217:127-139

135

Fig. 7 Average sulcal depth
between 25 and 35 weeks GA
represented on the age-
dependant fetal templates using
the depth potential function
proposed by Boucher et al. 2009
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Fig. 8 Gyrification index computed on each cerebral hemisphere for
all 12 fetuses, with second-order polynomial interpolation

accelerated from the 28th week of gestation onward, along
with the appearance of the secondary folds. Figure 8 shows
the evolution of the gyrification index between 25 and
35 weeks GA, and illustrates the increased complexity of
the cortical plate, occurring from the 28th week GA. This
observation is supported by an increase in the inner cortical
surface area across the same gestational age (Fig. 9).

Discussion

In this study, we describe our application of cortical sur-
face reconstruction to characterize cortical folding over the
critical period of peak cortical development between 25
and 35 weeks gestation. First, we apply processing algo-
rithms to the in vivo fetal MR images to improve contrast,
to reduce motion artifact in order to enable accurate tissue
segmentation. Then, in order to delineate fetal brain gyri-
fication, we use a novel surface feature detection algorithm
applied directly to the three-dimensional reconstructed
fetal cortical surfaces. This algorithm provides us with an
illustration of the sulcal pattern evolution during gestation.
Finally, we characterize fetal cortical growth both
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o Premature babies
400
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Cortical plate area (cm2)
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150

24 25 26 27 28 29 30 31 32 33 34 35 36 37
Gestational age (weeks)

Fig. 9 Inner cortical plate area of fetuses (solid line), and ex utero
premature infants (dashed line) (Dubois et al. 2008a), with second-
order polynomial interpolation

qualitatively (i.e., visual description of the folding process)
and quantitatively.

MR images enhancement and tissue segmentation

As described earlier, unsedated in vivo fetal MR images
are frequently motion corrupted. As a result, the poor tissue
contrast presents an obstacle when applying tissue seg-
mentation algorithms, even when using a super-resolution
method. The atlas-based segmentation method described
by Habas et al. (2010) extended from 20 to 24 weeks GA
and, therefore, does not address the complex changes in the
fetal brain over third trimester. In the present study, we
performed a first approximation of the tissue segmentation,
and manual tissue delineation was required to obtain
an accurate segmentation for fetal surface extraction.
Although manual segmentation is a tedious and very time-
consuming task (which ranged from 3 to 6 h per subject,
depending on the gestational age of the fetus), it was
needed to reliably extract the fetal cortical surface for older
fetuses, especially those older than 30 weeks.
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Sulcal features extraction

In the present work, fetal cortical surfaces were used to
characterize the gyrification process. In adults, various
methods have been developed to extract sulcal information
(Riviere et al. 2002; Thompson et al. 1996; Fischl et al.
1999). When the external surface of the cortex is used to
quantify sulcation, the extracted data are unstable across
individuals given that the description is carried out using
the external shapes of the sulci (Zilles et al. 1988; Regis
et al. 2005). Moreover, the shallowness of the external
cortical plate makes the extraction of secondary and ter-
tiary sulci difficult; therefore, the inner surface of the
cortical plate is more suitable for this purpose.

At the fetal stage of cortical development, extracting
each sulcus is very complicated, mainly because no
established model exists. Moreover, the current lack of a
large fetal MRI dataset precludes creation of a robust
database of fetal sulci. This void prevents application of
neural networks algorithms used in adults (Riviere et al.
2002). Therefore, we proposed a method to extract the
sulcal fundi of the inner fetal cortical surface, i.e., at the
interface between cortical gray and subcortical white
matter. This approach allowed us to measure the global
pattern of the gyrification, and to quantify the cortical
folding during the end of second and third trimesters.

The proposed sulcal features extraction method has been
previously used to characterize the folding states of healthy
infants between 12 and 16.8 weeks old postnatal age
(Clouchoux et al. 2010c). This sulcal extraction method
can also be used in a variety of clinical studies, as its
primary purpose is to quantify the cortical folding, inde-
pendent of age or condition (i.e., healthy vs. brain injured
populations). For example, Dubois and colleagues (2008b)
described a delay gyrification process in ex utero infants
with intra-uterine growth restriction. The sulcal features
extraction method presented herein could potentially offer
new insights into the mechanisms underlying altered cor-
tical development in intrauterine growth restricted fetuses
in vivo, by quantifying precisely the onset and extent of
delayed cortical plate folding. Another potential applica-
tion of this method would include a quantitative compari-
son of cortical development in healthy in vivo fetus versus
premature infants of the same gestational age. Ongoing
work by our group and others is currently underway to
explore these clinical relevant applications.

Age-dependent cortical fetal template
The purpose of the present work is to establish a robust
methodology to quantify the developing brain’s folding

process, and to illustrate the gross anatomical changes that
occur between 25 and 35 weeks of gestation. In this
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framework, we defined four age-dependent cortical fetal
templates, including three subjects (six hemispheres) for
each group. Such templates are very useful in illustrating
gross anatomical differences between different groups of
subjects. However, a larger sample size would provide a
more detailed and generic description of the cortical
anatomy for each template (Lyttelton et al. 2007). Such
templates will also offer important reference values from
which to compare fetuses at risk for impaired brain
development.

Gyrification process in the fetus

Although not ideal, data from the ex vivo studies provide
valuable reference points for comparison with in vivo
studies of fetal brain development (Chi et al. 1977; Arm-
strong et al. 1995; Guihard-Costa and Larroche 1990;
Shankle et al. 1998). Of the few studies addressing matu-
ration of the fetal cortex in ex vivo fetuses (Batchelor et al.
2002; Zhang et al. 2010), one study (Batchelor et al. 2002)
had no subjects between 27 and 36 weeks GA, and the
other (Zhang et al. 2010) had measurements limited to the
axial plane, precluding measurement of overall brain vol-
ume. Despite these limitations, both the studies describe a
gyrification process that is similar to ours.

Our findings corroborate previously described in vivo
fetal cortical development studies (Garel et al. 2001; Hu
et al. 2009). The timetable of the gyrification described by
Garel et al. (2001) is also in accordance with our findings
for the majority of the folds. However, with one notable
difference, occurring in the calloso-marginal area, which is
not visible before 27 weeks GA in our study, although this
region is already folded at this GA according to Garel et al.
(2001). One possible reason for this difference may relate
to the narrowness of this fold at the first stage of gyrifi-
cation in which our sulcal detection method may have
failed to detect it. Another possibility may relate to our
small sample size. When comparing our results to Hu and
colleagues (2009), the different measures performed on the
in vivo fetal cortical surfaces show a comparable pattern of
the evolving complexity of the gyrification to our data.

In Chi et al. (1977), observations of the gyrification in
post mortem fetuses are reported. Although our findings are
comparable to most of the observations described by Chi
et al. (specifically in the frontal and temporal lobes), there
are some differences in the appearance of certain sulci. For
example, the cingulate and the olfactive sulci are described
as early as 16-17 weeks GA postmortem, however, we
detected these sulci after 30 weeks GA. The difference in
appearance of these sulci may be explained by the fact that
Chi and colleagues described the gestational age of sulci
when these sulci where present in 25-50% of the subjects.
In the present study, we rely on probability maps using
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very precise sulcal fundi information, which may in turn be
more restrictive. Specifically, we describe the gestational
age at which a sulcus appears when this sulcus is present in
over 50% of the subjects.

Our data corroborate those of Dubois et al. (2008a) who
described cortical development in preterm infants over a
similar gestational age range (i.e., 25-35 weeks GA).
Specifically, the sequence of sulcal development in our
fetal studies was similar to that in the equivalent gesta-
tional age premature infants in their study (Dubois et al.
2008a). In both the ex utero premature and in vivo fetal
brain, the gyrification process as measured by the gyrifi-
cation index and the cortical surface area, accelerates and
becomes increasingly complex after 28-30 weeks GA.

Although caution should be exercised when comparing
our findings in the fetus with ex utero premature infants
(Dubois et al. 2008a), several interesting differences are
apparent between ex utero and in utero cortical develop-
ment. Developmental differences in cortical surface area in
relation to the stage of gyrification (Fig. 9) suggest a pro-
gressive third trimester deceleration in cortical surface area
growth in the premature ex utero brain compared to the in
utero fetal brain. In addition, there appear to be differences
in the two populations with regard to the appearance of
cortical folds. Although the general order of sulcal
appearance with increasing GA is similar, several notable
exceptions are evident. The primary folds (insula, CS, STS,
POF) as well as the pre- and post-central sulci, appear at
the same stage of maturation in the two populations.
However, some folds appear earlier in fetuses than in
premature babies. For instance, the frontal sulci and col-
lateral sulci are clearly formed at around 28 weeks in the
fetuses, but appear at 29-30 weeks for the premature
babies. This phenomenon is even more striking with the
secondary sulci, such as the olfactory sulcus, which is
clearly visible from 30 weeks in the healthy fetus but in
some premature brains does not appear before 32 weeks. It
should be noted that the method of calculating GA is not
the same in the two studies. In Dubois et al. (2008a), the
gestational age includes 2 weeks of amenorrhea prior to
gestation. The 2 weeks of amenorrhea were not included in
the gestational age calculations of our cohort. Therefore,
some of the observed differences in cortical folding
between healthy fetuses and premature infants might be
explained by the difference in GA calculations. Neverthe-
less, the observed differences between the gyrification
processes in the two populations suggest that further
investigation is needed to examine the potential negative
impact of early exposure to the extrauterine environment
on cortical development in preterm infants. A larger study
population is needed to confirm these intriguing findings.

Recent studies have begun to quantify asymmetries in
sulci formation and in cortical morphology during ex utero

and in utero brain maturation (Rajagopalan et al. 2011;
Dubois et al. 2008a; Dubois et al. 2010; Hill et al. 2010;
Kasprian et al. 2011). Rajagopalan and colleagues (2011),
described 40 in vivo fetuses between 20 and 28 weeks GA
and showed that local volumes were superior in the right
hemisphere in the posterior part of the peri-Sylvian region,
as well as in the frontal and post-central dorsomedial
region (Rajagopalan et al. 2011). Similarly, Dubois et al.
(2010) described a higher folding rate in the right hemi-
sphere compared to the left hemisphere in ex utero preterm
infants from 26 to 36 weeks of gestational age. Specifi-
cally, the superior temporal sulcus was deeper on the right
side, whereas the posterior area of the sylvian region was
found to be larger in the left hemisphere. Our sample size
precluded us from examining asymmetries in fetal cortical
development in the present study. However, ongoing work
by our group is focusing on examining sulcal asymmetries
using the methodology presented herein on a larger sample
size.

Stability of the deep cortex and developing gyral
organization

In the present study, we specifically focused our attention
on the deep cortex, which has been shown to be very stable
during gyrification within the same subject or across indi-
viduals (Bartley et al. 1997; Lohmann et al. 2007; Regis
et al. 2005). The general idea supported by the latest
developmental assumptions is that gyrification is geneti-
cally pre-determined (Rakic 1988; Regis et al. 2005). From
a structural point of view, the cortical organization has
been described as being stable across individuals, at the
adult stage. Specifically, this stability has been described at
a macroscopic level in the deep cortex (bottom of sulci),
showing a reproducible organization across individuals
(Regis et al. 2005; Lohmann et al. 2007; Lefebvre et al.
2009). This stable gyral organization has been subse-
quently modeled in adult studies (Toro and Burnod 2003;
Clouchoux et al. 2010a), and is believed to be the result of
a strong genetic influence (Rakic 1988; Regis et al. 2005).
However, the exact mechanisms underlying cortical fold-
ing are still not clearly understood. The first hypothesis was
introduced by Richman and colleagues (1975) which sug-
gested that the formation of folds and gyri is the conse-
quence of differences in growth rates between the different
cortical layers. Although this model was at the time sup-
ported by mathematical modeling and experimental results
(Barron 1950), it does not explain the consistency in the
primary folding pattern (Richman et al. 1975). The second,
widely accepted hypothesis has been presented by Van
Essen (1997). In this important study, Van Essen proposed
that cortical gyrification is driven by white matter fibers
tension-based mechanisms. Interestingly, a more recent
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study (Xu et al. 2010) states that the axonal tension is not
directly linked to the gyrification process, supported by
histological observations and tests on a finite element
model of the cortical folding. Although some of these
anatomical assumptions have been partly supported by
adult data (Lohmann et al. 2007) and developmental
models (Toro 2007), to date no study on the developing
fetal brain has tested these assumptions. This is an inter-
esting area of research that warrants further study.

In summary, we provide an in vivo description of gyral
development in the human fetal brain during the critical
period of rapid cortical development from 25 to 35 weeks
of gestation. We propose a novel robust methodology for
capturing the evolution of sulcal development during the
second and third trimester that advances the quantification
of cerebral cortical development in the living fetus. Our
data corroborate the exuberant gyrification process occur-
ring after 28 weeks gestation, and suggest a non-linear
evolution of the sulcal pattern. Our observations support
recent studies of brain maturation using ex utero MRI
studies of the premature brain. However, our data also
highlight the important differences between intra- and
extra-uterine third trimester brain development and suggest
that current extra-uterine conditions may fail to provide
optimal support for third trimester cortical development.
These observations warrant larger studies in these two
populations.
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