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Abstract. Cortical thinning is a widely used and powerful biomarker
for measuring disease progression in Alzheimer’s disease (AD). However,
there has been little work on the effect of atrophy on the cortical folding
patterns. In this study, we examined whether the cortical folding could
be used as a biomarker of AD. Cortical folding metrics were computed
on 678 patients from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) cohort. For each subject, the boundary between grey matter and
white matter was extracted using a level set technique. At each point on
the boundary two metrics characterising folding, curvedness and shape
index, were generated. Joint histograms using these metrics were calcu-
lated for five regions of interest (ROIs): frontal, temporal, occipital, and
parietal lobes as well as the cingulum. Pixelwise statistical maps were
generated from the joint histograms using permutations tests. In each
ROI, a significant reduction was observed between controls and AD in
areas associated with the sulcal folds, suggesting a sulcal opening asso-
ciated with neurodegeneration. When comparing to MCI patients, the
regions of significance were smaller but overlapping with those regions
found comparing controls to AD. It indicates that the differences in cor-
tical folding are progressive and can be detected before formal diagnosis
of AD. Our preliminary analysis showed a viable signal in the cortical
folding patterns for Alzheimer’s disease that should be explored further.

1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that affects
nearly 1 in 8 people over 65 in the U.S.[1], and the prevalence is expected to
increase in the near future. The hallmark pathology of AD are amyloid plaques
and neurofibrillary tangles, which result in neuronal dysfunction. This ultimately
leads to cell death which can be observed macroscopically in structural MRI as
brain atrophy. Numerous imaging biomarkers have been proposed for the robust
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and accurate measurement of this atrophy process [2,3]. One of the most popular
methods has been to measure cortical thickness [4,5]. In this method, the cortical
ribbon is extracted and correspondences are established between the grey matter
(GM) to white matter (WM) boundary and the pial surface, from which thickness
measurements can then be computed. Cortical thickness is a biomarker that has
been shown to separate patients with AD from healthy controls [5], and to find
a pattern of thinning [6] that closely resembles what is observed through post-
mortem studies [7]. In [8], there were some regions, primarily in the temporal lobe
that appeared to thin at greater rates if the subject showed signs of Alzheimer’s
disease pathology according to cerebrospinal fluid markers of amyloid beta and
tau.

Besides cortical thickness, the cortical folding pattern has been analysed for
numerous applications. Manual histology based methods frequently use a gyrifi-
cation index (GI) defined on slices measuring the ratio of the length of the grey
matter to that of the shortest route around the coronal surface [9,10]. Compu-
tational methods using structural MRI require an accurate underlying segmen-
tation and are in principle defined in 3D. [11] made use of a level set routine in
order to assess the scaling relation of cortical volume to cortical surface area and
developed summary statistics of the cortical surface by collecting complementary
values of curvature into two-dimensional histograms. The representation of the
surface is such that their histograms have two visible peaks distinguishing gyri
from sulci. The histograms can be assessed using pixelwise statistical tests. In
[12] the authors analysed the cortical surface by defining a mesh on the surface
of the cortex and defining a mean curvature found from nodes within a local
region. This study of healthy adults found strong gender dimorphism although
the impact of overall subject size was unclear. The longitudinal cortical folding
pattern of neonates has also been investigated by [13] in which after a semi-
automatic segmentation, the cortical surface was delineated by a surface mesh.
The authors analysed the appearance and formation of major sulci over 26-36
weeks gestational age making use of a sulcation ratio of the area of major sulci
in relation to total cortical area.

Despite the volume of work on cortical folding, there has been very little focus
on examining how it is affected by the process of neurodegeneration. King et al.
[14] used fractal dimension analysis and gyrification index in addition to cortical
thickness measurements to study the cortical ribbon in patients with AD. In
this study, we applied the curvature metrics defined in [11] to determine if there
are group wise differences in cortical folding patterns between normal controls
(NC), mild cognitively impaired (MCI), and patients with AD.

2 Methods

2.1 Data

The data for this study consisted of a total of 678 participants, divided into 4
groups: controls (n=199, age 76.0 (5.1), 47% female, MMSE 29.1 (1.0)), MCI
patients stable after followup of up to 36 months (n=192, age 75.2 (7.1), 34%
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female, MMSE 27.0 (1.8)), MCI patients who converted to AD during followup
(n=140, age 74.3 (7.4), 39% female, MMSE 27.1 (1.7)) and 147 subjects di-
agnosed with AD (mean age 75.3 (7.3), 47% female, MMSE 23.4 (1.9)). All
subjects were selected from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database [15]1. A 1.5T scan with sufficient image quality from each
subject’s baseline visit was downloaded from the ADNI database. All images
went through the standard pre-processing pipeline of bias correction, correction
of B1 inhomogeneity, and correction of geometric distortion [16]. The whole brain
was manually delineated through a semi-automated process [17], which was used
for further calculations.

2.2 Tissue Classification and Brain Parcellation

The pre-processed images were masked using the brain delineations and then
segmented using an expectation-maximisation based algorithm [18] into five tis-
sue classes: cortical GM, WM, external CSF, deep GM and internal CSF. The
image was also parcellated into anatomical regions of interest. A library of 30
atlases manually labelled with 83 anatomical regions [19] was used as a basis for
the parcellations. Each of the atlases was propagated via a nonlinear registration
to provide a set of candidate segmentations for the new image. These candidate
parcellations were combined using a label fusion strategy based on the STAPLE
method [20]. It was adapted to use only a subset of the most similar candidate
segmentations chosen for each voxel by a local image similarity metric [21].

2.3 Boundary Surface Generation

The segmentation method allows an inspection of the shape of the boundary
between grey and white matter surfaces similar to [11]. In our work we optimise
the boundary between GM and WM using an evolving level set, solving a partial
differential equation (1) for the function φ(x, t), consisting of a weighted signed
distance function from the boundary, d, and a curvature function, c, that serves
as a regularisation term. The level set is initialised at p(WM) = 0.5, that provides
a signed distance function from the GM/WM boundary.

δφ

δt
+ (λdd(x, t)− λcc(x, t))||∇φ(x, t)|| = 0 (1)

The outer boundary of GM can be defined by evolving the initial GM/WM
surface outward to the p(WM) + p(GM) = 0.5 boundary. The ratio of the inner
surface (GM/WM interface) area to the outer surface area (GM/CSF interface)
can be used as an approximation of the gyrification index [9].

2.4 Curvature Measurements

We define measures of curvature on this implicit surface, similar to the method
used in [11]. The local Hessian matrix of second order derivatives can be found

1 www.adni-info.org

www.adni-info.org


292 D.M. Cash et al.

at each point of this implicit surface. Hence, at every point on the surface we
can use the eigenvalues of the local Hessian matrix, κ1 and κ2 (with κ1 > κ2) to
summarise the local shape. Explicitly we define the shape index, S (2), describing
how cup-like or saddle-like the surface is,

S =
2

π
tan−1

(
κ2 + κ1

κ2 − κ1

)
(2)

and a curvature, C, describing the distortion of the surface relative to that of a
flat sheet ([22]): C =

√
(κ1)2 + (κ2)2. Intuitively C and S are complementary

in the sense that they are a polar representation of the eigenvalue sum (κ1+κ2)
and difference (κ2 − κ1). The value of C is corrected for brain volume using
the strategy described in [11], where each value of C is divided by a correction
factor: β3

i = ICV /ICVi, where ICV is the intracranial volume.
The distribution of C and S can be summarised in a 2D histogram [11],

in which empirically, the resulting histograms have two clusters corresponding
to negative (sulci) and positive shape index (gyri). Joint histograms were con-
structed from these pairs of values at every point on the level set. We used a
joint histogram of 32 bins along each axis, with a range for curvature from 0 to
1.5 and shape index from -1 to 1. In order to provide more spatial localisation to
the measurements, the joint histograms were built over various regions of inter-
est (ROI) as defined by the parcellation. Individual regions were combined into
5 meta regions: the cingulum, frontal, occipital, parietal, and temporal lobes.
From the joint histogram, a bivariate probability density function (PDF) was
estimated using an adaptive kernel density estimation technique [23] based on
the discrete cosine transform.

2.5 Statistical Analysis

Pixelwise statistical tests were performed on the joint histogram for each ROI’s
from all of the subjects. The resulting t-statistic values were corrected for mul-
tiple comparisons using a non-parameteric method [24]. 5000 permutations were
performed on 12 t-tests for each region. These t-tests represent forward (i.e. con-
trol > AD) and reverse (i.e. AD > control) comparisons between each of the four
groups. Age and gender were accounted for in the design matrix as covariates.

3 Results

Mean GI values, adjusted for TIV, gender and age, for the four groups are
shown in Fig. 1. There were significant differences for controls vs. MCI-Stable
(p = 0.027), controls vs. MCI-Converters (p = 0.011), controls vs. AD (p <
0.001), and MCI Stable vs AD (p = 0.039). There was no difference between the
two MCI subgroups (p = 0.617) or MCI Converters vs. AD (p = 0.147).

Figure 2 shows the average histogram for each ROI overlaid with colour coded
areas when a t-test reached significance at (p < 0.05) after correcting for multiple
comparisons. In all five ROIs, there are regions of statistical significance (red, top
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Fig. 1. Mean (95% confidence intervals) of gyrification index for each of the groups.
The values have been adjusted for age, gender and total intracranial volume.

row) that indicate where the values in the histogram are higher in controls than
AD. These occur mostly in areas near the peak of the joint histogram, where S
is negative and C≈ 0.2− 0.5 mm−1. For the cingulum, there is also a region at a
similar curvature but where S is positive. Comparisons involving MCI subgroups
resulted in smaller regions primarily contained within the control > AD region.
Significant regions were detected for control > MCI Converters (all ROIs except
frontal), controls > MCI Stable (frontal, temporal, parietal), MCI Stable > AD
(temporal, parietal), and MCI Converter > AD (temporal).

In all five ROIs, there were areas of significance (red regions, bottom row)
when using the reverse comparison, AD > Control. For each ROI except the
cingulum, these occurred in two areas of the histogram: (1) upper left, where S
is negative and C > 0.65 mm−1 and (2) far right, where S is close to +1 and
C ≈ 0.2 mm−1. In the cingulum, there were also significant regions in the very
lower left: where S is negative and C< 0.175 mm−1. Similar smaller overlapping
regions were again observed when performing comparisons with MCI subgroups
including: MCI Converter> Control (temporal, occipital), MCI Stable> Control
(cingulum), AD > MCI Stable (frontal,temporal parietal).

4 Discussion

The cortical folding measurements in this paper track changes between disease
groups that appear to be related to neurodegeneration. In Fig. 1, there are
statistically significant differences between a summary statistic derived from the
cortical folding. This value is higher in controls than MCI and AD subjects,
which was also observed by King et al. [14], indicating the complexity of cortical
folding is decreasing due to the disease process.

The main areas of significance in the forward comparison are near one of the
histogram peaks where S is negative and C is moderate, typically attributed
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Fig. 2. Statistical maps for each region of interest. The X axis represents the shape
index (range -1 to +1, unitless) and the Y axis is the curvature value (range 0 to
1.5mm−1). The top row has the forward comparisons (i.e. control > AD) and the
bottom row the reverse comparisons (i.e. AD> control). Areas of statistical significance
(p < 0.05) are overlaid on the average joint histogram as colour coded in the legend.

to sulcal areas. As these regions are greater in healthier patients (i.e Control >
MCI > AD), this suggests that the sulci are widening and thus the curvature is
reducing, thus flattening the peak of the histogram. There are also regions of sig-
nificance when performing reverse comparisons. These occur both in extremely
high curvature areas with negative shape indices or extremely low curvature ar-
eas with positive shape indices (and also in negative shape indices in the case
of the cingulum). The high curvature areas have much lower values (5–30%) in
the PDF compared to the areas representing the sulcal peaks. It could either
be that at this image resolution, the level set is unable to accurately acquire
these areas of high curvature in healthy controls until there is further sulcal
opening, or that neurodegeneration is further opening deep sulcal spaces and
increasing cortical folding complexity. The low curvature areas being higher in
affected patients seems to support the idea that neurodegeneration is reducing
the curvature in the cortical folds. It is encouraging that the comparisons involv-
ing MCI subgroups result in smaller clusters that overlap with regions associated
with controls vs. AD. This appears to suggest the measurement tracks with dis-
ease progression. The temporal lobe appears to show the greatest discriminant
power, as it showed the most discrimination between the four groups. This is in
agreement with many studies which indicate structures in the temporal lobe are
some of the earliest to change.

It will be important to compare this method with cortical thickness measure-
ments to determine if there is a correlation between the two measurements. As
there is significant cortical variability between subjects, it would be difficult to
apply this method on a vertex or voxel wide basis as is done in cortical thickness.
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However, it would be worthwhile to compute the joint histograms over smaller
ROIs defined, such as individual cortical regions from the parcellation. Often in
clinical trials, a summary statistic is more desirable than statistical maps to asses
the effectiveness of treatment. Therefore, it is imperative that effective summary
statistics, similar to the gyrification index, are developed from these metrics. As
the level set can be evolved outwards to the pial surface, it would be worthwhile
to test the effect of computing the curvature metrics from different boundaries,
such as the outer pial surface or a midline between the two boundaries, as King
found different levels of correlation between their fractal dimension values and
the cortical thickness depending on which boundary was used.

5 Conclusion

From this preliminary study, there is evidence that the cortical folding pattern
could be a useful biomarker in disease progression of Alzheimer’s disease. While
primarily applied to areas of development (such as neonatal applications), these
markers also apply to neurodegeneration as well. Further work to refine the
method and determine longitudinal changes should be pursued.
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