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Abstract. Thickness of the cerebral cortex may provide valuable information
about normal and abnormal neuroanatomy. For accurate cortical thickness
measurements in brain MRI, precise segmentation of the grey matter border is
necessary. In this paper we specifically address the problem of extracting the
deep cortical folds or sulci, which can be difficult to resolve or totally obscured
due to limited MRI resolution and contrast. We propose a method that itera-
tively solves Laplace’s equation for adjacent sub-layers of the cortex. This ap-
proach preserves the laminar structure of the cortex and provides clear defini-
tion of deep sulci. The implementation is computationally efficient. We present
inter-subject and intra-subject results that are consistent with the literature.

1 Introduction

The human cortex is comprised of a sheet of grey matter surrounding white matter.
The thickness of the grey matter sheet is of great interest in studies of normal and
abnormal neuroanatomy. Within individual brains cortical thickness varies from re-
gion to region, reflecting changes in the underlying cytoarchitecture. These changes
relate to differences in cell types [1] and may also be associated with functionally
distinct areas [2]. Although cortical thickness varies between individuals, abnormally
thick or thin cortex may correlate with specific neuropathology and neurological
conditions (e.g. [3, 4]) suggesting that thickness may be useful as a diagnostic tool.

Until recently, studies of cortical thickness have mostly involved postmortem
measurements. With high resolution neuroanatomical MRI it is possible to make
measurements in vivo. However, making these measurements manually necessitates
displaying the brain as 2-D slices when in fact the cortex is a highly convoluted 3-D
structure. Therefore accurate measurements of cortical thickness can only be made if
the image plane is orthogonal to the cortical surface in the region of interest. As the
direction of the cortical surface is constantly varying, manual measurements are sus-
ceptible to errors. Many methods have been proposed for segmenting brain MRI (e.g.
[5]). In this paper we present a method that focuses on the segmentation of deep folds
of grey matter (sulci) for the automated measurement of cortical thickness. Our ap-
proach divides the cortex into sub-layers of a specified thickness. We use Laplace’s
equation to calculate the thickness of adjacent layers and determine whether it is
equal to the specified layer thickness. Sulci are identified where this equality breaks
down. Our approach exploits the laminar structure of the cortex to segment sulci that
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cannot be identified in the MR image because of limited spatial resolution and con-
trast.

2 Issues Related to Measuring Cortical Thickness

A basic requirement for accurate brain morphometry is good quality, high contrast
and resolution (•1mm3) MRI. For cortical thickness measurements, the finest details
of interest are the deep sulci between folds of grey matter that are surrounded by
cerebrospinal fluid (CSF). In T1-weighted images, most commonly used for neuro-
anatomical investigations, grey and white matter have similar intensities so it is cru-
cial to optimize the contrast between them for successful tissue segmentation [6].
CSF has a much lower intensity, but small CSF spaces can be difficult to resolve
because of partial volume effects (where more than one tissue type co-exists in a
voxel). The following sections highlight the main issues related to measuring cortical
thickness.

Extraction of Grey Matter Boundaries: For measuring cortical thickness, the grey
matter boundaries following deep sulcal folds must be accurately segmented. Meth-
ods have been proposed that fit deformable models to the cortical surface [7-10]. A
disadvantage of such methods is the long processing times. Here, we present a com-
putationally efficient method that extracts grey matter boundaries, segments deep
sulci and calculates cortical thickness in less than an hour for 1mm resolution whole
brain images.

Segmenting Deep Sulci: If the narrow CSF spaces between sulci are not well re-
solved, regions of cortex can become ‘hidden’ and thickness measurements can be
overestimated as illustrated in figure 1. The deformable model methods in [8] and [9]
address this ‘hidden cortex’ problem using topological constraints that explicitly
prevent points on the same surfaces from coming too close together and points on
opposing surfaces from being too far apart. The disadvantage of this approach is that
the long processing times required for deformable model methods are further in-
creased by these additional constraints. In [10], sulcal locations are estimated using
image averaging and subtraction to amplify regions with high frequency changes. The
resulting decrease in CSF intensity is then identified using ‘thinning’ routines.

a)  b)  c)

Fig. 1. ‘Hidden cortex’ where cortical thickness may be overestimated. a) Incorrectly resolved
banks of cortex. b) Examples of a) and c) on MRI. c) Incorrectly resolved bottom of sulcus
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We address the ‘hidden cortex’ problem by modeling the cortical sheet as a series
of adjacent sub-layers of a specified thickness. We then calculate the thickness of
each sub-layer and compare it with the specified layer thickness. Sulcal locations are
identified where the calculated thickness of a sub-layer is greater than the specified
thickness. To calculate the thickness of each layer, we use the definition of thickness
proposed in [10] and described in the following section.

Definition of Cortical Thickness as a Robust Metric: The thickness of the cortical
sheet can be thought of as the distance between the two surfaces bordering the grey
matter sheet. However, the cortical sheet is a highly folded three-dimensional struc-
ture with variable thickness so the definition of thickness as a metric must be care-
fully considered. For example, if thickness is defined as the straight-line distance
between the two surfaces, this distance could be the perpendicular projection from
one surface to the other (Fig. 2a) or the minimum distance from one surface to the
other (Fig 2b). The problem with these straight-line definitions is that if the two sur-
faces are not parallel, the thickness will be different depending on which surface the
measurement is made from (as illustrated in Figures 2a and b). We therefore use the
non-straight line definition of thickness outlined in [10]. This approach models the
cortex as a series of nested sub-layers that are bounded by the inner and outer grey
matter surfaces. The thickness at any point in the cortex is calculated by integrating
along the direction perpendicular to each sub-layer between the two surfaces.

 The sub-layers are modeled by assigning different boundary conditions to the two
surfaces and solving Laplace’s equation at each point between them. Laplace’s equa-
tion is a second order partial differential equation for a scalar field Ψ that can be
enclosed between two boundaries and has the following form:

0
zyx 2

2

2

2

2

2
2 =

∂
Ψ∂

+
∂

Ψ∂
+

∂
Ψ∂

=Ψ∇ .
(1)

Equation 1 can be solved iteratively using a standard relaxation method such as
the one described in [10]. The resulting scalar field makes a smooth transition from
one surface to the other describing the nested sub-layers (dashed lines in Fig. 2c). The
perpendicular direction of each point in each sub-layer is determined by calculating
the gradients of the scalar field which are normalized to produce a tangential vector
field (solid lines with arrows in Fig. 2c). Integrating along the direction of the tan-
gential vector field at any point in the cortex provides the cortical thickness.

a)  b)  c) 

Fig. 2. Definitions of thickness between surfaces S1 and S2. a) The perpendicular projection
from A to B

 
• B to C. b) The minimum distance from A to B

 
•

 
B to C. c) Thickness defined

using Laplace’s equation (solid lines) from A to B and C to D
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3 Sulcal Segmentation and Cortical Thickness Measurement

3.1 Tissue Segmentation and Preparation of Grey Matter Boundaries

Initial tissue segmentation is carried out using the method implemented in SPM’99
[11], which combines tissue classification with correction for image inhomogeneities.
For this work, the segmentation procedure was adapted to include a cutting plane
through the brain stem separating cortical white matter from the cerebellum. The
resulting probability maps of CSF, grey and white matter plus the cutting plane
(matched with the image) are used in the following steps: 1) Label white matter
when white matter probability is greater than that for grey matter. A ‘connected com-
ponent’ analysis determines the final map of cortical white matter voxels (separated
from the brain stem using the cutting plane). 2) Label grey matter when grey matter
probability is greater than that for CSF. The largest grey matter connected component
is selected as the initial map of grey matter voxels.

3.2 Segmentation of Sulci

Next, we must identify sulcal spaces that were incorrectly labeled as grey matter in
the previous step. We do this by successively adding grey matter layers of an arbi-
trarily specified thickness to surround the white matter (Fig. 3a-b). Using Laplace’s
equation we calculate vector normals and thickness for the sub-layer. Voxels for
which the calculated thickness is greater than the specified thickness are identified as
belonging to sulci because they must be in contact with grey matter voxels within the
same layer but from an opposing sulcal bank (Fig. 3c).

The initial grey matter map also includes the cerebellum and some extra-cortical
tissue attached to cortical grey matter. We must therefore determine the limits of the
cortical grey matter using image intensity (which is low for CSF) and intensity gradi-
ent information (high at the grey matter CSF boundary). This border prevents grey
matter layers from going beyond the cortex.

The processing steps are illustrated in Fig. 3. and described below.

Repeat the following steps while there are voxels to process within the grey matter limits:
1: Add a layer of grey matter of specified thickness T to surround previous layer. 1st layer: add

layer to white matter in direction of pre-computed normals of white matter surface (Fig 3a).
Nth layer: add layer to previous layer in direction of normals of previous layer (Fig 3b).

2: Solve Laplace’s equation for layer to determine the normal direction of each voxel.
3: Calculate the thickness at each voxel. Label voxels with a thickness > T as sulci (Fig 3c).

Sulcal voxels must be connected to the CSF voxels outside the cortex so that the
grey matter sheet is bounded by two complete surfaces. This is achieved with the
following morphological operations:

1: Combine CSF voxels with sulcal voxels and dilate the result.
2: Find the largest connected component of dilated CSF+sulci map (resulting from step 1).
3: Erode the CSF-sulci connected component.
4: Find largest connected component of the eroded CSF+sulci = final CSF+sulci (Fig 3d).
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a)  b)  c) 

d)  e)  f) 

Fig. 3. Sulcal segmentation. a) 1st layer: add layer (dashed lines) of grey matter, thickness T to
white matter. b) Nth layer: add layer (dashed lines) of grey matter, thickness T to previous
layer. c) Label voxels with thickness > T as sulci. d) Map of CSF and sulci. e) Grey matter
borders f) Averaged thickness map (darker = greater thickness)

The final grey matter CSF border that includes the sulci (Fig 3d) is combined with
the white matter surface so that two complete boundaries surround the grey matter
(Fig 3e). Laplace’s equation is solved for the resulting surfaces and the cortical thick-
ness at each point is calculated using integration as described in [10] (Fig. 3f).

In this work we have used an arbitrary thickness of T=1 mm, a 1mm sampling
size for solving Laplace’s equation and for calculating thickness. However, using
interpolation, the method can be adapted to use sub-voxel thickness and image sam-
pling sizes. Averaged cortical thickness maps are calculated by replacing each thick-
ness value with the mean of the thicknesses along each path between the two sur-
faces.

3.3 Implementation and Image Acquisition

The routines described above are implemented in Matlab 5 [12]. Using a pseudo-
parallel implementation, a full volumetric image of the brain can be processed in less
than an hour on a standard desktop computer. Anatomical MRI of 1mm3 resolution
were acquired on a Siemens Vision 2T scanner with an MP-RAGE sequence opti-
mised for grey and white matter contrast and minimal inhomogeneities [6].

4 Results

We applied the above methods to MR brain volumes of 3 subjects. For subject 1, 3
volumes were acquired during different scanning sessions. We calculated averaged
cortical thickness maps and thickness histograms for each subject with and without
sulcal segmentation. For subject 1, we matched the 3 images together using SPM’99,
applied the resulting transformations to the thickness maps then calculated the mean
and standard deviation of the averaged thickness maps. We generated isosurface
renderings of the final thickness maps using Matlab 6 [12].

Identification of Deep Sulci. Figure 4 shows a slice from each of the three subjects
with the border between grey matter and CSF overlaid in black. The grey scale of the
images has been inverted and the borders thickened to improve visualization of the
results. The original images are shown in the right column. The grey matter CSF
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border without sulcal segmentation is shown in the left column and with sulcal seg-
mentation in the middle column. The figure clearly shows that many sulci, especially
deep ones are only detected using the sulcal segmentation method.

    

    

   

Fig. 4. Example slices from each subject overlaid with grey matter-CSF border without (left
column) or with (middle column) sulcal segmentation. Original images shown in right column

Histograms of Averaged Cortical Thickness Maps. Figure 5 shows the histograms
of averaged cortical thickness maps for each brain volume (3 for subject 1 and 1 each
for subjects 2 and 3). With sulcal segmentation (solid lines), all of the histograms
show a peak between 2-3 mm, which is consistent with results in the literature [7-10].
The within subject results (Fig. 5a) show good agreement with each other. The lit-
erature states that cortical thickness measures up to 5mm, but our histograms show
some values greater than this. We attribute these large values to sub-cortical grey
matter structures. Without sulcal segmentation (dashed lines in Fig 5), thickness val-
ues are significantly greater.

a) b) c)

Fig. 5. Histograms of whole brain cortical thickness measurements (in mm) for three subjects
(a-c), with (solid lines) and without (dashed lines) sulcal segmentation. Subject 1 (a) has 3 sets
of results

Surface Rendering of Cortical Thickness Maps. Figure 6 shows surface renderings
of the averaged cortical thickness maps for the left and right hemisphere of each sub-
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ject. Regions where the surface renderings show thinner cortex (darker areas) corre-
spond to regions of the brain where the cortex is known to be thinner [2]. This can be
seen clearly at the back of the brain (occipital lobe) in all subjects and in the top cen-
tral part of the brain (central sulcus) in the first and third subjects. The standard de-
viation of the thickness maps calculated for subject 1 (Fig. 6b) is less than 1mm and
tends to be larger where the cortex is wider. It must be noted that the standard devia-
tion also includes any small errors that arise from matching the images.

a)                  

b)                       

c)           

d)          

Fig. 6. Surface renderings of averaged cortical thickness maps. a) Mean of 3 coregistered aver-
aged thickness maps for subject 1. b) Standard deviation of 3 coregistered averaged thickness
maps for subject 1. c) and d) Averaged thickness maps for subjects 2 and 3. The shading of
each surface represents the local thickness in mm corresponding to the grey scale bar. For
visualization purposes, the renderings have been thresholded at a thickness of 5 mm to give an
optimal intensity range

5 Summary and Conclusions

We present a method to segment deep sulci for cortical thickness measurements. The
method divides the cortex into sub-layers and uses the sub-layer thicknesses to de-
termine the location of sulci. Laplace’s equation is solved for each sub-layer to cor-
rectly determine its thickness. Our results are consistent with the literature and also
show good agreement within subject.
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Our approach for segmenting sulci can be considered as an automatic feature de-
tection method that exploits the laminar structure of the cortex. In this context, our
method could also provide efficient feature detection based on the underlying neu-
roanatomy for deformable surface models.

In this work have used the original MRI resolution of 1mm for all processing steps.
However, using interpolation, our methods can be adapted to use a smaller sampling
size with the disadvantage of increased processing times. The robustness of the mor-
phological operations used to construct the final grey matter CSF border and the
accuracy of the thickness measurements may be dependent on this sampling size.
Therefore a full analysis of the errors related to the sampling resolution is required.
This is a topic of our current work, as well as a more extensive validation using a
larger number of subjects, regional analyses of cortical thickness and comparison
with results using a previously published method.

This work was funded by the Wellcome Trust, London, UK.
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