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Abstract. Understanding the rapid evolution of cerebral cortical surfaces in 
developing neonates is essential in order to understand normal human brain 
development and to study anatomical abnormalities in preterm infants. Several 
methods to model and align cortical surfaces for cross-sectional studies have 
been developed. However, the registration of cortical surfaces extracted from 
neonates across different gestational ages for longitudinal studies remains 
difficult because of significant cerebral growth. In this paper, we present an 
automatic cortex registration algorithm, based on surface relaxation followed by 
non-rigid surface registration. This technique aims to establish the longitudinal 
spatial correspondence of cerebral cortices for the developing brain in neonates. 
The algorithm has been tested on 5 neonates. Each infant has been scanned at 
three different time points. Quantitative results are obtained by propagating 
sulci across multiple gestational ages and computing the overlap ratios with 
manually established ground-truth.  

1   Introduction 

Clinical studies have shown delayed cortical folding and white matter (WM) related 
macro- and micro-structural changes in preterm infants at term equivalent age [1]. By 
analyzing changes in the neonatal cortex during early phases of brain development, it 
may be possible to detect precursors of cerebral abnormalities prior to term equivalent 
age, which would allow treatment options to be tested during the neonatal period. 
Also, the rapid anatomical and functional evolution of neonatal cortex itself presents a 
major mystery for evolutionary biologists and neuroscientists. Cortical development 
during the third trimester of pregnancy is extensive with noticeable increase in the 
cortical folding. In addition there is significant cortical variability across infants. 
Thus, the precise localization and tracking of principal anatomical features, i.e. central 
sulcus and sylvian fissure, is difficult.  

Several researchers have presented algorithms to unfold and align the cerebral 
cortex in cross-sectional studies in adulthood [2, 3, 4, 5]. Methods based on cortex 
unfolding aim to inflate the highly folded surfaces and map the whole or a piece of 
cortex to some standard representations like a flat surface or a sphere. The inflation 
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process is normally regularized by ensuring that several constraints, like rigidity 
between neighboring points, or the local area and angle are minimally distorted during 
the unfolding procedure [3]. The alignment of corresponding anatomical features is 
partly achieved by identifying these features manually and then normalizing the 
sphere into a standard coordinate space [4, 5]. This requirement of maintaining strict 
point correspondences was recently relaxed by Tosun et al. [6]. They applied a rigid 
surface registration to remove global misalignment between two cortical surfaces 
before applying a conformal mapping to transform them to a spherical representation. 
They also showed that using a normalized spherical coordinate system the four main 
sulci can be aligned across individuals. Although some measurements, such as surface 
area and distance can be computed with the spherical coordinate normalized by a rigid 
body transformation, this representation tends to smooth out fine-grain details of 
complex cortical anatomy. However, in the developing brain, specific sulci can 
experience significant morphometric development during the third trimester of 
pregnancy. Also, a global rigid body transformation clearly is not able to capture local 
non-rigid deformation. Instead a non-rigid registration is required to follow the 
growth of specific sulci across gestational ages (GAs). 

The aim of this study is to develop a methodology which is able to track and 
quantify cortical development in neonates longitudinally and to evaluate its ability to 
identify cerebral abnormalities related to preterm birth. To enable the tracking of 
cortical development we have developed a cortical registration algorithm based on 
two stages: In the first stage the more mature cortex (e.g. the later time point) is 
progressively smoothed. This smoothing process is repeated until the more mature 
cortex is maximally similar to the less mature cortex. In the second stage any residual 
misalignment of the cortex is corrected by performing a non-rigid surface registration 
using free-form deformations (FFDs). A quantitative evaluation of the cortical 
registration is performed by propagating sulci across multiple gestational ages and 
computing the overlap ratios with manually established ground-truth. 

2   Methods 

2.1   Cortical Segmentation from Neonatal MR Images 

The automatic segmentation of cortical grey matter in neonatal MRI is more 
challenging than the segmentation of adult brains. A particular confounding factor is 
the inverted white matter (WM) and gray matter (GM) contrast compared to the adult 
pattern. This leads to mislabeled voxels at the interface between the cerebrospinal 
fluid (CSF) and GM. Because CSF has the highest intensity in neonatal T2w images 
and the image resolution of neonatal MRI is usually no more than 0.9mm3, many 
voxels between CSF and GM will have similar intensities to WM which is brighter 
than GM and darker than CSF (Fig. 1a). These voxels can be incorrectly classified as 
WM by conventional intensity-based segmentation approaches (Fig. 1b). We have 
developed an automated cortical segmentation algorithm addressing these difficulties 
[7]. Specifically, a modified expectation-maximization (EM) scheme is used in 
combination with a Markov Random Field (MRF) model to ensure spatial 
homogeneity in the tissue classification. The detection and removal of mislabeled 
partial volume voxels (MLPV) is based on a knowledge-based rule. The MLPV are  
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    (a)    (b)    (c)    (d)  

Fig. 1. An illustration of neonatal cortex segmentation. (a) An enlarged neonatal T2w image; 
Note the WM is brighter than GM. (b) Partial volume voxels (highlighted by arrows) on the 
CSF-GM and CSF-non-brain boundaries are incorrectly classified by the original EM method; 
(c) The segmentation results after the 4-th iteration; (d) The final results after 14 iterations. 

identified after every EM iteration and the MRF priors are adjusted to favor the 
correct classification classes. Once the modified EM algorithm converges most of the 
MLPV are eliminated (Fig. 1c).  

2.2   Cortical Surface Reconstruction 

Starting from a probabilistic tissue classification generated by the automated 
segmentation algorithm [7], we reconstructed the inner, central and outer cortical 
surfaces for neonates using the reconstruction algorithm proposed in [8]. Specifically, 
the cortical surfaces are implicitly represented by the zero level-set and surface 
evolution is driven by solving the standard level-set partial differential equation.  

2.3   Cortical Surface Registration 

Each reconstructed cortex is represented as a polygon mesh consisting of between 
35,000 and 90,000 triangles. We do not introduce an explicit unfolding step to map 
the cortical surfaces to spherical representation. On the contrary, the registration 
method is designed to establish point correspondences on the original surfaces.  

As the first step we remove any global affine misalignment between the two 
cortical surfaces. We have found that direct alignment of the cortical surfaces by the 
simple iterative closest point (ICP) method often converges to local minima, whereas 
voxel-based image registration [9] is much more robust and can deal with significant 
global affine differences between the neonatal brains. Thus, the corresponding 
anatomical T2 weighted images are firstly registered and the optimal affine 
transformation obtained is then applied to the polygon meshes.  

Neonatal cerebral cortex normally undergoes rapid changes and the complexity of 
cortical folding increases noticeably during the gestational ages from between ~27 to 
45 weeks. This rapid development process makes it difficult to establish 
correspondences directly via non-rigid surface registration. We found that smoothing 
the more mature cortex by reducing the complexity of the folding patterns generates 
cortical surfaces which are much more similar to the cortex obtain from early scans 
during cortical development. Thus, our assumption is that the performance of a 
cortical surface registration algorithm for aligning longitudinal data can be improved 
by exploiting this fact. We therefore perform an adaptive surface relaxation step 
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before performing the non-rigid surface registration. It is also inspired by the 
observation in [6], where it was reported that partially smoothed surfaces can lead to 
more consistent spherical maps. 

Adaptive surface relaxation. Surface relaxation has been originally designed to 
smooth reconstructed polygon surfaces and to reduce artifacts which often appear as 
abrupt or stair-step meshes. The relaxation process is helpful for improving 
visualization [10, 11]. To facilitate any non-rigid surface registration, we here employ 
surface relaxation prior to the surface registration to inflate the more mature cortex.  
 One iteration step of this relaxation process is defined as follows [11, 12, 6]: 
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where 
jN  is the set of polygons using the vertex i . 

jA and 
jC are the surface area and 

centre of polygon j . 

It is necessary to define a stopping criterion for surface relaxation, so that the 
cortical folding complexity of the more mature surface is comparable to the folding 
complexity seen at the earlier gestational age. We have tested various cortical folding 
measures. In this paper we have decided to use a criterion that is based on the 
computation of the intrinsic curvature index (ICI) and mean curvature L2 norm (MLN).  
Both measures are dimensionless and measure different aspects of cortical folding 
complexity. The former is originally defined in [13], measuring the local intrinsic 
convexity of surface. The MLN is the L2 norm of the mean curvature of cortical 
surfaces which takes a minimum value for a sphere and is called bending energy [14]. 
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where S  is the whole cortical surface. K  and H  are Gaussian and mean curvature. 

+
K equals K  if 0>K  and otherwise it is zero. Both measures are integrated over 

the whole cortical surface. The relaxation will stop when both ICI and MLN of 
inflated surface fall below the corresponding values for the less mature cortex. An 
illustration of this surface relaxation is given in Figure 2.  

Non-rigid surface registration based on free-form deformations (FFDs). The 
output of the adaptive surface relaxation is finally registered to the less mature 
cortical surface using a non-rigid surface registration algorithm. We use an algorithm 
based on free-form deformations (FFDs) which is a powerful tool for modeling 3-D  
deformable objects [15]. The basic idea of FFDs is to deform an object by 
manipulating an underlying mesh of control points. The resulting deformation 
controls the shape of the 3-D object and remains as a C2 continuous transformation, 
which smoothly deforms the cortical surfaces.  



 Longitudinal Cortical Registration for Developing Neonates 131 

 

Fig. 2. An illustration of cortex surface relaxation and non-rigid registration. A neonate was 
scanned for three times. The inner cortical surface of the first scan (GA: 29.86 weeks) is shown 
in (c). The cerebral cortex has undergone noticeable development by the scan at term 
equivalent age (GA: 39.86 weeks), as shown in (a). The inflated surface after adaptive 
relaxation is shown in (b), where the cortical folding complexity is substantially decreased. 
Non-rigid surface registration is performed to align the less mature cortex (c) and inflated 
surface (b). The deformed surface of (c) is shown in (d). (e) renders (b) and (d) together. The 
zigzag pattern shows these two surfaces are spatially very close. 

To define a FFD for a cortical surface S , we define the spatial domain occupied by 
this surface as follows: ( ){ }ZzYyXxzyxS ≤≤≤≤≤≤=Ω 0,0,0,,  and 

sφ denotes a 

zyx nnn ××  grid of control points 
i,j,kφ . The spacing between adjacent control points is 

uniform in all coordinate directions. The deformation of a vertex ( )zyxi ,,=v  is 

represented as the 3D tensor of the 1-D cubic B-splines [15]: 
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lB  represents the l-th basis function of the B-spline. The basis 

functions of cubic B-splines have limited support. Therefore changing a control point in the grid 
affects only a 4×4×4 region around that control point. Surface registration is achieved by 
specifically moving the control points to minimize a surface similarity. The similarity which we 
try to optimize is the average symmetric spatial distance f : 
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where S  and W  are two cortical surfaces which are being registered. 
SN is the 

number of vertexes in surface S . 
WN is the number of vertexes in surface W . For 



132 H. Xue et al. 

every vertex Sv ∈i
, ( )( )WTv locali ,l  defines the closest vertex of iv on the transformed 

surface ( )WTlocal
. Similarly, for every vertex ( )Ww localj T∈ , ( )Sw ,jl  defines the closest 

vertex of 
jw on the surface S . The purpose of adding the second item is to force the 

registration of deep sulci. To ensure that the spatial transformation defined by the FFD 
is smooth, a standard second order regularization penalty should be minimized [16]. 
This penalty is added to the surface similarity to produce the final cost function. 

3   Results and Evaluation 

We applied our method to 15 images acquired from 5 neonates. These infants are 
selected from a longitudinal MR study of cerebral development of premature 
neonates. Every subject has had three longitudinal scans. The initial scans were 
performed between 27 weeks and 33 weeks gestational age. The second scans were 
performed at a mean GA of 35 weeks and the final images were acquired at the term 
equivalent age (mean of 41 weeks).  

MR images were acquired on a 3T Philips Intera system (Best, Holland). The MR 
sequence parameters were as follows: T2-weighted fast spin echo pseudo volumes: 
TR=1712/TE=160ms, FOV=220mm, matrix 224 × 224, flip angle 90°, voxel size of 
0.86 × 0.86 × 2mm with the 50% slice overlap. After acquisition, the T2 images were 
segmented using the algorithm described in section 2.1 and the inner cortical surfaces 
were reconstructed and used for registration.  

Fig. 2 shows an example of the surface relaxation and cortical registration results 
between longitudinal scans. The more mature cortex is relaxed until its folding 
complexity is comparable to the less mature cortex. When working with the 
registration between two later scans (scans of 35 weeks and 41 weeks) where folding 
patterns are becoming more complex, we found that inflating ~35 weeks surfaces can 
improve the registration. Those cortexes were therefore smoothed until their ICI and 
MLN decreased by 15%. The ~41 weeks surfaces were then adaptively inflated to 
match folding measurements from previous time points. 

We have performed cortical registration to register the cortex between subsequent 
time points for all subjects. Also, we have registered the cortical surface at the first 
time point directly to the cortical surface at the last time point (term-equivalent age) 
which is more challenging due to the significant cortical development during this time 
interval. To quantify the ability of the proposed registration method to localize and 
track the main anatomical features of the cortex, an experienced neonatologist was 
asked to manually label the central sulci (CS) on all 15 cortical surfaces. The manual 
labeling of one cortex can then be mapped to its target surface and generate an 
automatic segmentation via the non-rigid deformation. Fig. 3 gives an illustration of 
this automatic sulcus labeling. Note that a significant amount of non-rigid 
deformation is required to map the central sulcus extracted from less mature cortices 
to later scans. This deformation itself can be used to describe the local evolution of 
neonatal cortices, which may not be explicitly represented using spherical mapping. 

The overlap between automated results and manually established ground-truth 
were computed as a quantitative measurement of registration performance. Both true 
positive (TP) and false positive (FP) errors are estimated. TP is computed as the 
percentage area of manual labeling that is accurately labeled by the automatic 
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mapping. FP is defined as the percentage area of automatic sulcus that is not labeled 
manually. Table 1 summarizes the results. In all cases, the cortical registration with 
surface inflation shows the best performance. It is also clear that performing just 
global affine transformation is not sufficient for automated sulcus mapping. Direct 
non-rigid surface registration shows higher error rates possibly because the more folds 
a cortical surface presents, the more local optima the surface similarity can have. 

Table 1. Mean overlap ratios of automatic central sulcus labelling 

1st  to 2nd 2nd to 3rd 1st to 3rd 
 

Affine    IM NR NR+I Affine IM NR NR+I Affine IM NR NR+I 
TP 0.16 0.81 0.73 0.97 0.20 0.77 0.71 0.91 0.07 0.31 0.41 0.72 
FP 0.76 0.15 0.14 0.12 0.71 0.25 0.08 0.11 0.87 0.71 0.41 0.27 

• 1st  to 2nd: mapping central sulcus from the first scan to the second scan; 2nd to 3rd and 
1st to 3nd are similarly defined; 

• Affine: global affine transformation; IM: intensity based non-rigid registration; NR: only 
non-rigid surface registration; NR+I: non-rigid surface registration with adaptive surface 
inflation. 

4   Discussion and Conclusions 

One aim of cortical unfolding techniques developed for adult brains is to normalize an 
intermediate representation, i.e. sphere or flat, so that primary anatomical features can 
appear at the same coordinates in the mapped space. This allows comparison of 
different patient groups. However the neonatal cortical evolution presents a somewhat 
different challenge because of evolving complexity with gestational age and it 
provides a unique opportunity to understand normal human brain development both at 
an individual level and evolutionary level. Therefore we developed a non-rigid 
surface registration technique and tested its applicability for use on MR images of 
developing neonates. Here we have shown that using this technique we can capture 
local deformations, and track and localize the central sulcus across different 
gestational ages. 

The preliminary evaluation in this paper shows that the non-rigid registration 
achieves better performance if the cortical surfaces are partially inflated. We 
hypothesize that partial inflation reduces the likelihood of the algorithm stopping in 
local optima of the surface similarity measure. This aids registration performance. 
However, the inflation can smooth out the secondary sulci and other smaller features, 
which can limit the non-rigid surface deformation to only capture changes in the main 
sulci. This side-effect might be reduced by designing a knowledge based surface 
similarity measure based on sulcus shape. Improving the surface initialization method 
may also reduce the degree of inflation needed for effective non-rigid registration. In 
the future we would like to apply this type of registration technique to both fetal and 
neonatal brains at different gestational ages to aid the development of atlases of 
normal cortical growth patterns so that temporal events in altered cortical 
development of preterm infants can be identified. 
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