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Abstract— Sulcal depth has been used for brain 

morphological analysis. Many previous approaches for 
measuring sulcal depth in cortical surfaces have been provided, 
but they have some limitations due to complex and convoluted 
sulcal geometry. We propose a novel algorithm for sulcal depth 
measurement, named adaptive distance transform (ADT). 
Reflecting sulcal geometry, ADT may be a sensitive method for 
brain atrophy and have robustness against sulcal variability. 
We demonstrate that ADT is sensitive approach by applying 
clinical data set. The group differences of mean sulcal depth 
between 25 patients with Alzheimer’s disease (AD) and 25 
normal controls using ADT and previous approaches 
(Euclidean and geodesic distance) are compared. The area 
under the receiver operating characteristic curve of three 
approaches is calculated for classifying performance of the 
algorithms. The area of receiver operating characteristic curve 
indicated that all three algorithms are sensitive measure to 
classifying subject into controls or AD. To compare robustness 
of algorithms, we designed simulation data set which is similar 
to sulcal shape. At the result, ADT has lower error than other 
algorithms estimated in simulation data. These results are 
discussed in terms of robust and sensitive measurement of ADT 
for sulcal depth. 

Index Terms— Sulcal Depth, Adaptive Distance Transform, 
Local coordinate, Simulation Data, Dijkstra’s Algorithm 

I. INTRODUCTION 

Several researchers in neuroimaging studies extract and 
analyze a various brain morphological features including 
curvature, fractal dimension, thickness, gyrification index, 
sulcal pit and sulcal depth based on the characteristics of 
brain which is a highly convoluted and folded structure [1-8]. 
Because the peculiarities of neurodegenerative diseases 
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accompany changes of sulcal shape and cortical structure, 
these quantitative surface-based features have been largely 
used to study these diseases [1, 9, 10]. Among the various 
surface-based features, sulcal depth has been studied as an 
important index for cerebral health and widely used for brain 
morphological analysis [1, 8, 9, 11, 12]. We focused on sulcal 
depth because of two specific properties used in previous 
studies with brain morphology First, deep sulcal regions have 
robustness against inter-individual variability [13-15]. 
During development, the early major folds relate to genetic 
control and cytoarchitectonic areas, and they are quite 
consistent in the individuals [16, 17]. The brain 
morphological studies about development, asymmetry or 
brain size used sulcal depth as a consistent feature of cortical 
shape and deep sulcal region was thought to be a land mark [8, 
11, 12, 18, 19]. Furthermore, because of robustness, deep 
sulcal landmarks such as sulcal- fundi, lines and pits were 
extracted by sulcal depth map [11, 14, 20, 21]. Second, sulcal 
depth has the sensitivity to cortical atrophy because it has 
been thought to be related with reduction of cortical thickness 
and gyral white matter volume [1]. So it has been used in 
several studies which analyzed the brain morphological 
changes caused by age-related trend, Williams syndrome, 
schizophrenia or Alzheimer’s disease (AD) [1, 7, 10, 22]. 
These studies reported generally shallower patterns of sulcal 
depth related to cortical atrophy or disease progression. 

Although different results are achieved through these 
different algorithms, sulcal depth is commonly defined as 
distance from the seed to cerebral sulci. All these previous 
algorithms for computing sulcal depth were mainly classified 
into two major approaches according to the definition of 
distance: Euclidean depth (EUD) and geodesic depth (GED).  

Although both of EUD and GED have been used in 
neuroimaging studies as a sensitive or robust feature and 
showed clinically or methodologically significant results in 
brain morphology, they have some limitations on sulcal 
geometry. Disregarding degree of sulcal folding, the shortest 
path of EUD (Fig.1 (a)) could result in underestimated depth 
and erroneous deep sulcal region in case of convoluted shape 
of sulci. Degree of sulcal folding was fully reflected using 
GED (Fig.1 (b)), but there is other two limitations affected by 
position of seed points and detour characteristic. Gyral 
regions which are generally defined as seed point of GED 
have no automatical golden standard for extracting them. 
Therefore, the results of GED are variable depending on the 
position of the seed points. At the path around point D in fig.1 
(b), another limitation, it had to make a detour along the 
surface instead of shorter path because of characteristic of 
GED, and this limitation can lead overestimated results and 
detect inaccurate deepest points. Point B, C and D in fig.1 
describe the extreme cases of sulcus to explain the limitation 
of two major approaches; however, it is possible in practical 
brain structures.  
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As we mentioned above, these two algorithms can drive 
under/overestimation of sulcal depth in some cases. Changes 
of cortical structure including sulcus undergo various 
influences like genetic factors, neurodegenerative diseases or 
aging, so it is important that the algorithm for sulcal depth 
should be more sensitive of morphological change and robust 
for sulcal variability. In this paper, we suggested a novel 
algorithm, named adaptive distance transform (ADT), a 
sensitive and robust algorithm for computing sulcal depth. It 
is described in fig.1 (c), defined as the shortest path from 
outer convex hull to vertices in cortical surface following the 
sulcal geometry. We describe ADT using Dijkstra’s algorithm 
that is a graph searching algorithm that find shortest path 
from source. The strong point of ADT is reflection of 
geometrical properties form highly convoluted and folded 
structure of sulci. This may be beneficial in studies of brain 
morphology. We compared the sulcal depth computed using 
ADT with EUD and GED in terms of the robustness and 
sensitivity.  

II. MATERIALS AND METHODS 

A. Participants 

 Fifty right-handed subjects (aged 65-96 yr) were 
selected from the Open Access Series of Imaging Studies 
(OASIS) database (http://www.oasis-brains.org). OASIS 
cross-sectional data set has a collection of 416 subjects aged 
18 to 96 including individuals with demented older adults. 
For this study, we selected data from all 28 AD patients 
whose clinical dementia rating (CDR) of 1 and three of them 
failed in image processing were excluded. The 25 subjects 
with CDR of 0 are randomly selected. Finally, there are 25 
subjects who have been diagnosed with AD and 25 
non-demented. A summary of subject demographics is 
shown in table 1.  

B. Image Processing 

T1-weighted images were processed using CIVET pipeline 
with registration to ICBM-152 template using a linear 
transformation and correction for intensity nonuniformity in 
the magnetic field [24, 25]. The corrected and registered 
volumes were classified into white matter, gray matter, 
cerebrospinal fluid and background using an advanced neural 
net classifier [26]. The surfaces of the inner and outer cortex 
were automatically extracted using the Constrained 
Laplacian-Based Automated Segmentation with Proximities 
(CLASP) algorithm [27]. The reconstructed hemispheric 
cortical surfaces consisted with 40,962 vertices each forming 
high-resolution meshes. 

.  

C. Local coordinate 

The implementation of ADT on cortical surfaces needs 
convex hull and local coordinate. Local coordinate refers to 
Cartesian coordinate between convex hull and cortical 
surface model[20]. We constructed convex hull on volume 
images that has been used by several previous studies [1, 12]. 
We made masked volume image isolating the voxels in the 
surface. The masked image was binarized and performed 3-d 
morphological closing operation with 10mm spherical kernel 
which could fill up the sulci [1, 12]. The Laplacian of 
Gaussian mask was used to construct a convex hull from 
closed image. On volume images, local coordinate which is 
the restricted regions between convex hull and cortical 
surface model were represented in voxel dimension. We used 
the closed volume image and cortical surface to construct 
local coordinate. Similar to the masked image, the voxels 
inside the surface were eliminated from closed image. The 
remained voxels become the local coordinate, which has 
1mm isotropic level according to our data set. We divided 
local coordinate to 0.5 mm level for improving accuracy of 
ADT.  

D. Adaptive distance transform 

The basic idea of ADT is applying Dijkstra’s algorithm to 
local coordinate. It computes the minimal cost of reaching 
any node on a network that solves the single-source shortest 
path problem for a graph with nonnegative edge path costs, 
producing a shortest path. For a rectangular network, the 
minimal total cost U௜௝  of reaching at the node x௜௝  can be 

written in terms of the minimal total cost of reaching at its 
neighbors [28]:  

 NC 

(n=25) 

mild AD 

 (n=25) 

Age 74.88 (86-66) 77.76 (96-65) 

Gender 8 males, 17 females 8 males, 17 females 

CDR 0 1 

MMSE score 28.56 (25-30) 21.52 (15-29) 

Years of education 2.84 (1-5) 2.6 (1-5) 

Table 1 
Demographic characteristics of subjects 

Fig. 1. An illustration of algorithms for computing sulcal depth : (a) 
EUD, (b) GED, (c) ADT. The dash lines illustrate distance paths of each
approach and the dotted lines denote convex hull i.e. seed of depth. 
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U௜௝ ൌ min൫ ௜ܷିଵ,௝, ௜ܷାଵ,௝, ௜ܷ,௝ିଵ, ௜ܷ,௝ାଵ൯ ൅ ௜௝ܥ ………… ሾ1ሿ	 
To find the minimal total cost, it separates nodes into three 

classes: ‘Far’ (no information about U), ‘Accepted’ (U has 
been computed), and ‘Considered’ (neighborhood of  
‘Accepted’). The algorithm changes ‘Considered’ x௜௝  into 

‘Accepted’ set and its ‘Far’ neighbors into the ‘Considered’ 
set. All nodes on network were changed to ‘Accepted’ set  
according to Eq. [1]. 

Our approach is different from that of classic Djikstra’s 
algorithm which has prior information of edge and cost. 
Because the points of local coordinate do not have any 
information of ‘Considered’ nodes and cost around 
‘Accepted’ nodes, we searched temporary ‘Considered’ 
nodes and calculated temporary cost around ‘Accepted’ 
nodes. Each node located inside the 26-neighborhood of an 
‘Accepted’ node is classed as ‘Considered’ node and the 
EUD distance between the ‘Accepted’ node and each 
‘Considered’ nodes becomes a cost. In case of ADT, the 
modified Eq. [1] is  

௜ܷ௝௞ ൌ min൫	 ௜ܷ௝௞೙ ൅	ܥ௜௝௞೙൯…………… ሾ2ሿ 

The ௜ܷ௝௞೙	 denotes the minimal total cost of ݊ th 

neighborhood of x௜௝௞ from convex hull (starting nodes) and 

௜௝௞೙ܥ  means the cost between ௜ܷ௝௞೙  and ௜ܷ௝௞ . Detailed 

procedures of ADT algorithm are explained as follows: 
(1) Set the ܷ	of local coordinate to infinity and 

convex hull (‘Accepted’) to 0. 
(2) Find an ‘Accepted’ node x௜௝௞. 

(3) Search the temporary ‘Considered’ nodes 
around (2) and calculate ܥ௜௝௞೙. 

(4) Apply Eq. [2] to the node (2). 
(5) Repeat (2) through (4) all points in local 

coordinate until all ܷ do not change any more. 

E. Computing EUD and GED 

To compare with the other depth algorithms, we compute 
EUD and GED in our data set. We implemented these two 
algorithms for sulcal depth calculated on all the vertices in 
cortical surface as previous studies [12, 29].  

F. Simulation data 

The locations of deepest points of sulci could be defined by 
sulcal depth map, but they have spatial variability according 
to measuring algorithms. In case of complicated sulcus, some 
algorithms could detect mistaken location because of their 
limitations. For that reason, we made simulation data set 
which is similar to real sulcal shape to analyze the robustness, 
and whose location of deepest point is easily defined. We 
assumed for simulated data set that there are three 
components - sulcal width(w), folding degree(θ) and 
length(l) of medial line of sulcus, contribute to define sulcal 
morphology, then we designed 56 simulation data changing 
these components. 

The simulation data set was constructed first in volume 
image, then anatomic segmentation using proximities 
algorithm minimizing objective functions [30] was 
performed to extract to surface models of simulation data set 
consisting of 20,480 discrete triangular elements (10,242 

vertices). Finally, we defined the deepest pointሺ݀ሻ as an end 
point of medial line and measure depth on simulation data set. 

G. Data analysis 

The receiver operating characteristic (ROC) curve for 
normal control and AD groups was performed as a measure 
of performance of classifying subject into controls or AD. 

Since the algorithms have different paths and indicate 
dissimilar location of deep sulcal regions in even same 
subject depended by their properties, we compared the 
robustness using simulation data set. For evaluating the 
robustness of each algorithm, we estimated the errors 
between depth of deepest point(d) and deepest depth 
measured by each algorithm in simulation data set. The errors 
on simulation data were categorized and averaged by 
components. 

III. RESULTS 

We compared sensitivity to cortical atrophy of ADT and 
other algorithm using clinical data set. ROC curve for all 
three algorithms are shown in fig. 2. The AUC values were as 
follows: ADT 0.8176, EUD 0.8344 and GED 0.7024. 

The performance errors for 56 simulated sulci and a range 
of the each component are plotted in Fig. 3. Within all of the 
range of the components shown, the ADT algorithm 
exhibited lower error rates than EUD and GED. In general, 
the error consistently rose in all three algorithms as the values 
of components were increased. However, for ADT the error 
rate was increased slightly while EUD and GED produced 
dramatically higher error rate. 

IV. DISCUSSION 

We suggested a novel sulcal depth measuring algorithm 
named ADT to overcome the limitations of the EUD and 
GED, which were defined as the shortest path from cortical 
surface to outer convex hull following the sulcal geometry. 
The basic theory of ADT algorithm is applying Dijkstra’s 

Fig. 2. ROC curves which are plots of sensitivity and specificity of 
algorithms for distinguish normal controls from patients with mild AD. 
AUCs are added in the figure. 
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algorithm to local coordinate and the path of depth is 
different from previous approach (Fig .1).  
 In the previous studies, deep sulcal region has been used to 
sulcal landmark because of their robustness against sulcal 
geometry[8, 11, 12, 18, 19]. The robustness could be 
compared the location of the deepest points in sulci, but there 
was no absolute standard of them. Therefore, simulation data 
set was designed to analyze the robustness. The averaged 
error of ADT was lower and more consistent than other 
algorithms. Especially the ADT algorithm had a low effect 
and constant error rate on component ‘degree’ while EUD 
and GED produce extremely large errors. The component 
‘degree’ was assumed how complicated and convoluted 
sulcus had. In other words, it could be interpreted that ADT is 
independent to sulcal complexity and had superior robustness 
than other algorithms. It can be explained by its property 
reflecting sulcal geometry. The robustness of sulcal depth 
against sulcal variability could influence to extract deep 
sulcal landmarks like sulcal pits, fundi and lines in highly 
convoluted and folded structure of sulci. Ultimately in case of 
robustness, we suggest ADT as a powerful method in brain 
morphological study. 

Brain atrophy changes that occur on the pial surface could 
decrease the sulcal depth. Many previous studies which 
investigated age- or disease- related changes in sulcal depth 
as a sensitive feature of brain atrophy using EUD and GED 
algorithms have been reported significant difference between 
the control group and the AD patient group [1, 4, 22]. In 
terms of distinction controls from AD patients, the AUC 
analysis suggested that ADT and EUD algorithms were 
"good" tests but GED was a “fair” test. Our results explained 
that the ADT algorithm could be a sensitive measure 
computing sulcal depth. There are two reasons why 

sensitivity of sulcal depth was little affected by algorithm. 
First in pial surfaces, sulcus is very narrow structure and most 
of sulci have simple shape. Because of this, the path of depth 
little difference to represent their sensitive property. 
Furthermore, the mean sulcal depth can distort the effect of 
different path. Gyral regions and sulcal wall included within 
calculation of mean sulcal depth in this study thought to be 
nonsensical regions. Some previous studies with sulcal depth 
[1, 8]defined sulcal regions from sulcal depth map due to 
eliminating effects of nonsensical region. However, in this 
study, it is hard to define sulcal regions from previous 
studies. The sensitivity of sulcal depth may be needed for 
more exact analysis method between groups in future work. 

Finally, the results of this study say that ADT is more 
robust algorithm than previous algorithms and have enough 
sensitivity for cortical atrophy and diagnosis of AD. It is our 
hope that ADT algorithm will use morphometric and clinical 
analysis to provide better results. 
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