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With the improvements in techniques for generating surface models

from magnetic resonance (MR) images, it has recently become feasible

to study the morphological characteristics of the human brain cortex in

vivo. Studies of the entire surface are important for measuring global

features, but analysis of specific cortical regions of interest provides a

more detailed understanding of structure. We have previously devel-

oped a method for automatically segmenting regions of interest from the

cortical surface using a watershed transform. Each segmented region

corresponds to a cortical sulcus and is thus termed a bsulcal region.Q In
this work, we describe two important augmentations of this method-

ology. First, we describe a user interface that allows for the efficient

labeling of the segmented sulcal regions called the Program for Assisted

Labeling of Sulcal Regions (PALS). An additional augmentation allows

for even finer divisions on the cortex with a methodology that employs

the fast marching technique to track a curve on the cortical surface that

is then used to separate segmented regions. After regions of interest

have been identified, we compute both the cortical surface area and

gray matter volume. Reliability experiments are performed to assess

both the long-term stability and short-term repeatability of the

proposed techniques. These experiments indicate the proposed method-

ology gives both highly stable and repeatable results.
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Introduction

With the improvements in techniques for generating surface

models from Magnetic Resonance (MR) images, there has recently
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been increased interest in the quantitative morphometric analysis of

the human cerebral cortical surface and its sulci (Cachia et al.,

2003a; Crespo-Facorro et al., 1999; Davatzikos and Bryan, 2002;

Fischl and Dale, 2000; Grenander and Miller, 1998; Kim et al.,

2000; Le Goualher et al., 1999; Magnotta et al., 1999; Manceaux-

Demiau et al., 1998; Miller et al., 2000; Ratnanather et al., 2001,

2003; Thompson et al., 1996a,b, 2000; Toga and Thompson, 2002;

Toga et al., 2001; Vaillant and Davatzikos, 1997; Van Essen and

Drury, 1997; Zeng et al., 1999; Zhou et al., 1999). In addition to

global analyses, there has also been interest in analyzing specific

regional morphological characteristics of the cortical surface. One

of the major challenges in regional analysis is in the definition of

regions of interest on the cortical surface. As gyri and sulci have

traditionally been used for defining location on the cortical surface,

several groups have used these anatomical structures to delineate

regions of interest (cf. Cachia et al., 2003b; Caviness et al., 1996;

Crespo-Facorro et al., 1999; Fischl et al., 2004; Jouandet et al.,

1989; Kim et al., 2000; Rademacher et al., 1992; Tzourio et al.,

1997).

We have also used this general philosophy for defining regions

of interest on the cortex and have previously described a

methodology for segmenting bsulcal regionsQ from a cortical

surface (Rettmann et al., 2002b). We define bsulcal regionsQ as the
buried cortical regions surrounding the sulcal spaces as illustrated

in a simplified cross-section in Fig. 1 and similar in concept to the

bsulcal basinsQ proposed in Lohmann and von Cramon (2000). In

this work, we describe two important augmentations of this

methodology. First, we describe a user interface that allows for

the efficient manual labeling of the segmented sulcal regions that is

facilitated by a graph-based structure of the cortical sulci. Several

other groups (Le Goualher et al., 1999; Mangin et al., 1995a,b,

2003; Royackkers et al., 1999) have also utilized graph-based

representations of the cortical sulci with a variety of approaches

and applications. Second, we describe a semiautomated technique,

which, if necessary, can be utilized to further divide the segmented

regions. This technique employs the fast marching algorithm

(Kimmel and Sethian, 1998) to track a curve on the cortical

surface, which is then used to separate segmented regions.



Fig. 2. (a) A reconstructed cortical surface and (b) its corresponding

spherical map with mean curvature displayed.

Fig. 1. Simplified cross-section of a cortical surface illustrating bsulcal
regionsQ.

Fig. 3. An illustration of the watershed transform.
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We believe the proposed semiautomatic methodology is

preferable to a purely manual approach—for example, manually

tracing sulcal regions on the cortical surface. First, a purely manual

tracing approach would be extremely laborious and time consum-

ing. Second, the boundaries of the sulcal region could not be

defined as consistently. In our approach, the sulcal boundaries are

consistently defined using an automated algorithm. Third, it would

be extremely difficult to utilize the full three-dimensional geo-

metric information of the cortical structure if tracing along the

outer (visible) cortex. Our approach can separate regions based on

ridges hidden deep within the cortical folds because it utilizes the

geometry of the entire cortical sheet (including the buried regions)

during the segmentation procedure.

The morphometric characterization of the cortical surface has

gained increased interest in recent years. Studies are beginning to

indicate differences in cortical thickness, volume, and shape as

well as variations in sulcal patterns associated with specific

diseases (Cannon et al., 2002; Chan et al., 2003; Kikinis et al.,

1994; Kuperberg et al., 2003; Leonard et al., 1993; Levitt et al.,

2003; Miller et al., 2003; Molko et al., 2003; Raz et al., 1995;

Rosas et al., 2002; Sailer et al., 2003; Scahill et al., 2002; Sebire et

al., 1995; Thompson et al., 1998, 2001a,b, 2003). There is also

evidence of cortical changes in both normal and diseased aging

(Good et al., 2001; Magnotta et al., 1999; Murphy et al., 1996;
Fig. 4. An illustration of how the watershed transform can be used to

segment sulcal regions.



Fig. 5. (a) Catchment basins identified by the watershed transform on the

cortical surface and (b) merged catchment basins providing a segmentation

of sulcal regions.

Fig. 6. Catchment basins are represented by graphs at different blevelsQ of
merging.
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Pfefferbaum et al., 1994; Raz et al., 1997; Resnick et al., 2000,

2003; Salat et al., 2004; Scahill et al., 2003; Sowell et al., 2003;

Sullivan et al., 1995). In any study of cortical morphometrics, it is

critical that both the segmentation of regions of interest as well as

measurements of these regions are highly repeatable. In the case of

a longitudinal study, it is also important that measurements are

stable across data sets acquired over many years. In this work, we

conduct reliability studies that assess both the long-term stability as

well as the short-term repeatability of the proposed techniques. The

long-term stability analysis is conducted on a set of 35 subjects

scanned over a 4-year interval and assesses the correlation of

regional measurements across this time span. The short-term

repeatability is a btest–retestQ analysis on three individuals who
were each scanned twice within a 30-min time interval. These

experiments indicate the techniques and measurements are both

highly stable and repeatable. We note that a preliminary version of

this work has been previously published as a conference paper

(Rettmann et al., 2002a).

Background

All MR imaging data used in this work were obtained from the

Baltimore Longitudinal Study of Aging (Resnick et al., 2000;

Shock et al., 1984). We use the basic approach that has been

previously described (Xu et al., 1999) to find a cortical surface

from a volumetric MR image. The method combines fuzzy

segmentation, isosurfaces, and deformable surface models to

reconstruct a surface lying at the geometric center of the cortex.

Techniques reported in Han et al. (2001a,b) and Xu et al. (2000)

were used to improve upon the original methodology. A

reconstructed cortical surface is represented by a triangular mesh

consisting of approximately 300,000 vertices, as shown in Fig. 2a.

To permit visualization of the entire cortical surface—

including the buried cortical folds—we generate a spherical
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representation for each hemisphere of the reconstructed cortical

surface (Tosun and Prince, 2001). This representation has a one-

to-one mapping with the original reconstructed surface and makes

visualization of the entire cortical surface easy. For example, the

mean curvature of the cortical surface in Fig. 2a is shown on its

spherical map in Fig. 2b.

Given a reconstructed cortical surface, we segment the sulcal

regions using a watershed segmentation technique (Rettmann et al.,

2002b). As the data representations used in this technique are

important in the present application, we give an overview of the

approach. First, the hemispheres are separated so the medial sulcal

regions are also segmented. Next, the geodesic depth is computed

for each vertex on the triangle mesh that lies within a sulcal region

using the fast marching technique (Kimmel and Sethian, 1998).

The geodesic depth is defined as the length of the shortest path,

along the surface, from each point within a sulcal region to the

bouter cortexQ. We use geodesic distance rather than three-

dimensional Euclidean distance as a measure of depth because it

is a natural measure on the surface itself. We define bouter cortexQ
as that part of the cortex that is visible without opening up the

cortical folds. A watershed transform (cf. Meyer and Beucher,

1990; Vincent and Soille, 1991) is then computed on the triangle

mesh using a bheight functionQ defined as the maximum geodesic

depth minus the actual geodesic depth.

The watershed transform determines catchment basins on the

cortical surface, the concept of which can be understood by studying

Fig. 3. As depicted on the left, the watershed transform can be

viewed as puncturing holes in the local minima of a height function

followed by an immersion of this function into a pool of water.When
Fig. 7. Program for Assisted Labelin
the water from two regions begins to merge, a watershed line is

constructed, which prevents water in one region from spilling into

the other. When the immersion is complete, each of the regions

associated with a minimum forms a separate catchment basin.

The concept of how the watershed transform can be used to

segment cortical sulcal regions is illustrated in Fig. 4. This

geometric structure represents a possible configuration of two

sulcal regions. In this figure, there are two local minima, each

associated with a sulcal region. If a watershed transform is applied

to this geometric structure, two catchment basins will form—one

associated with each local minimum. Each catchment basin, shown

in orange and blue, corresponds to a distinct sulcal region. This

figure specifically illustrates how the watershed can distinguish

sulcal regions separated by a bburiedQ ridge (i.e., one that is hidden
within the sulcal folds).

Catchment basins produced by the watershed transform applied

to a cortical surface are shown in Fig. 5a on a spherical map. We

note that all processing is done on the original cortical surface—

the spherical map is used for visualization purposes only. It is clear

from Fig. 5a that single sulcal regions are often represented by

several catchment basins. For example, the region of cortex

corresponding to the central sulcus consists of approximately 10

catchment basins in Fig. 5a. This kind of boversegmentationQ is a
typical result of the watershed algorithm (Vincent and Soille,

1991). To address this problem, we developed a merging algorithm

that combines catchment basins to better define the sulcal regions

(Rettmann et al., 2002b). Our general criteria for merging is that

sulcal regions should be separated by either gyral regions on the

outer cortex or by large ridges at the watershed lines, and that
g of Sulcal Regions (PALS).



Fig. 8. Example of interrupted and connected sulci.
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sulcal regions are generally large. Accordingly, we developed two

criteria for the merging algorithm. First, if the height of the ridge

separating two catchment basins is smaller than a designated

threshold, then the two catchment basins are merged. Second, if the

area of a catchment basin is less than a designated threshold, it is

merged with the largest adjacent catchment basin. The resulting

sulcal segmentation, which combines the watershed transform and

catchment basin merging, is shown in Fig. 5b. We see from this

figure that the sulcal region corresponding to the central sulcus

now consists of just one piece. This figure also demonstrates that in

the case of interrupted sulci (sulci that are interrupted by a gyral

ridge Ono et al., 1990), the sulcal region will still exist as several

pieces. In this example, the inferior temporal sulcus is interrupted,

and is thus segmented as two pieces even after the merging

algorithm.
Fig. 9. (a) Vertices initially marked as belonging to the separating curve and

(b) result of region separation where �’s indicate vertices on one side of the

curve and o’s indicate vertices on the other side of the curve.
Methods

Labeling techniques

In this section, we describe a system for efficiently assigning

labels to the segmented sulcal regions. An additional augmentation
is also described which allows for even finer division of regions on

the cortex. The watershed algorithm previously described is

generally very good at identifying the correct sulcal regions;

however, it is not perfect. Occasionally, the algorithm will combine

catchment basins that should not be combined. For labeling

purposes, we must be able to bundoQ this merge, and separately

label the catchment basins. It is also common for sulci to be

interrupted or pseudo-interrupted (Ono et al., 1990). These types of

sulci are broken into more than one piece by a gyral ridge and are

thus segmented in multiple pieces according to our definition of

sulcal regions. In this case, multiple pieces must be grouped

together to form a single sulcal region of interest.

Sometimes, sulcal regions are not separated by any ridge, so a

single catchment basin crosses sulcal regions that must be given

different names. Separating individual catchment basins into

separate regions is facilitated by an algorithm that calculates

geodesics on the triangle mesh and splits the single region into two



Fig. 10. Superior frontal and precentral sulci are segmented as one piece

(illustrated at a higher level of merging).

Fig. 11. (a) Superior frontal and precentral sulci at lowest merging level

(i.e., no merging) and (b) a zoomed up view of this catchment basin.
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regions lying on either side of the geodesic curve. The geodesic

curve is the shortest length path between two points that lies on the

surface.

All of these capabilities are combined together into a user

interface called the Program for Assisted Labeling of Sulcal

Regions (PALS), which makes it easy for a user to label regions of

interest on the cortical surface. In this section, we describe this user

interface and the algorithms that provide the capabilities described

above.

Program for Assisted Labeling of Sulcal Regions (PALS)

The purpose of PALS is to provide the ability to efficiently

label sulcal regions of interest. To this end, it is most desirable to

do this labeling after the catchment basins have been appropriately

merged in the sulcal segmentation algorithm. In the merging step,

catchment basins are merged based on two criteria—the height of

the ridge separating two catchment basins and the area of a

catchment basin. Clearly, different values of these parameters will

lead to different blevelsQ or amounts of merging. As both the

bridge heightQ and bareaQ thresholds increase, more merging takes

place. In general, we would like to label sulcal regions at the level

where all the catchment basins corresponding to a single sulcal

region have been merged. However, due to the complex nature of

the cortical folds, it is generally impossible to identify a single set

of parameters that will work equally well across the entire cortical

surface. Thus, we use a hierarchical merging approach where

various blevelsQ of the merging algorithm are computed and

stored.

The hierarchical merging is organized by first building an

adjacency graph of the catchment basins. Each catchment basin is

considered to be a node on the graph and links between the nodes

indicate that catchment basins are adjacent to one other—i.e., they

share a boundary. For example, part of the graph structure around

the central sulcal region is shown in Fig. 6a at a lower level of

merging (i.e., less merging). The graph structure of the same region

at a higher level of merging (i.e., more merging) is shown in Fig.

6b. As one moves between levels, regions merge and separate, thus

providing a rich data structure where the optimal level can quickly

be determined for each region of interest.
The user interface PALS, illustrated in Fig. 7, provides this

capability [implemented using OpenDX (OpenDX Developers,

http://www.opendx.org/, Based on IBM’s Visualization Data

Explorer)]. The interface has two basic displays, each consisting

of both a cortical surface and a spherical map. The first display

(seen on the left in Fig. 7) has the catchment basins superimposed

on the spherical map and cortical surface at the level selected by

the user. The user can select the ridge height and area merging

levels using a control bar. The user selects a sulcus to label using a

drop-down menu and selects the appropriate regions by clicking on

either surface—cortex or sphere—using a mouse. We generally

found it easiest to visually identify sulci on the cortex and

subsequently select the region on the spherical map. The selected

regions are then colored on the blabeledQ surfaces (shown on the

right) with a predesignated color for each sulcus. This allows for

 http:\\www.opendx.org\ 
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the efficient labeling of sulcal regions. For example, the central

sulcus can typically be selected at a bhighQ level of merging—i.e., a

single click can label many catchment basins, which significantly
Fig. 12. (a) Three points selected for curve tracking algorithm; (b) curve

generated from tracking algorithm for splitting catchment basin into two

pieces; and (c) catchment basin split into two pieces.

Fig. 13. The locations of the sulcal regions labeled on (a) the lateral surface

and (b) the medial surface.
reduces overall labeling time. The interface has the ability to label

sulcal regions on all cortical surfaces—i.e., the lateral, medial, and

inferior.

There are certain cortical sulci that are often interrupted or

pseudo-interrupted (Ono et al., 1990). These types of sulci consist

of two or more pieces separated by a gyral ridge. Interrupted sulci

are separated by a gyral ridge that is visible on the outer cortical

surface, while pseudo-interrupted sulci are separated by gyral

ridges buried within the sulcal folds (Ono et al., 1990). In the case

of interrupted sulci, the watershed with merging algorithm will

segment the multiple pieces of the sulcal region separately as they

are divided by a gyral ridge. In the case of pseudo-interrupted sulci,

the multiple pieces will be joined only if the height of the ridge

separating the adjacent pieces is less than the ridge height

threshold. Sulci are actually interrupted quite frequently. For

example, in an analysis of 25 brains, the inferior temporal sulcus

was interrupted 96% of the time on the right and 100% of the time

on the left (Ono et al., 1990). An example of an interrupted inferior

temporal sulcal region is shown in Fig. 8a. In this case, the inferior

temporal sulcus consists of two separate pieces. Whether a sulcal

region is truly interrupted or pseudo-interrupted, there is potentially

the need to group various segmented regions together to be labeled

as a single sulcal region—a capability provided by PALS. The user

simply chooses the name of the sulcus from the drop-down menu

and then selects all the pieces associated with that sulcal region

with the mouse.

These two features of PALS allow for the labeling of the

majority of sulcal regions. However, there are certain sulci that are

often bconnectedQ (Ono et al., 1990), meaning there is no ridge
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separating them. For example, the precentral and superior frontal

sulci are often connected as illustrated in Fig. 8b. The watershed

generates separate basins based on ridges on the cortical surface.

Thus, in the case of connected sulci, the watershed cannot properly

separate these sulcal regions and another methodology must be

employed. The basic idea for the catchment basin separation is to

first generate a curve that separates the region and then use this

curve in conjunction with a region growing technique to separate

the region.

Curve tracking

In this section, we review how to construct geodesic curves on a

triangulated mesh utilizing a technique called bFast MarchingQ (see
also Bartesaghi and Sapiro, 2001 for a more detailed description).

The Fast Marching method is a numerical approach for solving

Eikonal equations (Kimmel and Sethian, 1998):

jjT xYð Þj f xYð Þ ¼ 1; xYa C; ð1Þ
where C is a manifold, T is the arrival time of a wavefront

propagating on the manifold and f xYð Þ is the speed at a particular

point, xY. The key idea is to simulate a wave propagating from an

initial position on a surface. The wave propagates through each

node with a speed defined on that node. The speed can be uniform

on the entire surface, in which case the arrival time of the wave is

equivalent to geodesic distance, or different from node to node,

making the arrival time of the wave dependent on the speed of the

nodes through which it has traveled. This method can be used to

construct curves along the surface in the following manner. First,

the two end points of the curve, A and B, are selected on the

surface. Next, the Eikonal equation is solved with boundary

condition T(A) = 0 (and the speed term set appropriately). Finally,

a curve is constructed by backtracking the gradient direction of T

from B (Kimmel and Sethian, 1998).

Region division

A segmented cortical region can be separated by using a curve

that traverses through the region in conjunction with a region

growing technique. The goal is to create two regions—one on each

side of the curve. This is accomplished by assigning each vertex a

label indicating which of the two regions it lies in. In the

implementation of the tracking program used in this work (Tao

et al., 2001), an extracted 3-D curve is expressed by an ordered list

of points on the surface containing either vertices or locations on
Table 1

Types of operations required for labeling each of the sulcal regions

Type of operation

One piece at default level

One piece at default level + removed pieces at lower level

One piece at default level + added pieces at lower level

One piece at default level + removed and added pieces at lower level

One piece at lower level

Grouped pieces at default level

Grouped pieces at default level + removed pieces at lower level

Grouped pieces at default level + added pieces at lower level

Grouped pieces at default level + removed and added pieces at lower level

Grouped pieces at lower level

Catchment basin separations

During the labeling procedure, we found the surface model generated for one d

dropped from the analysis. In addition, of the 832 sulcal regions labeled, three w
the edges through which the curve traverses. All vertices through

which the curve traverses are marked as belonging to the

separating curve. In addition, the two vertices associated with an

edge through which the curve traverses are also marked as

belonging to the separating curve as illustrated in Fig. 9a. Next,

vertices on one side of the curve are found using a region growing

technique beginning at a seed point (selected manually) on that

side of the curve. The separating curve points provide a boundary

for the region growing. The same procedure is subsequently

performed on the other side. As a final step, vertices labeled as

lying along the separating curve because they were associated with

an edge are relabeled using the labels assigned to their neighboring

(noncurve) vertices as illustrated in Fig. 9b.

Catchment basin separation

As previously mentioned, the watershed transform cannot

always separate two sulcal regions, i.e., in the case where there is

no ridge separating them. One area of the brain where this is prone

to occur is at the junction between the superior frontal and

precentral sulci (Ono et al., 1990). An example of this is shown

in Fig. 10 where the black region on the cortex corresponds to the

automatically segmented region at a higher level of merging.

Normally, when labeling these two regions, the user would move

through lower levels of merging until these two regions split.

However, as shown in Fig. 11a, even at the lowest level of merging

(i.e., no merging), these regions are still connected. This occurs

because no ridge exists between these sulci as seen in Fig. 11b. This

region can, however, be split by generating a bseparating curveQ and
using this in conjunction with the region division algorithm. The

separating curve is generated using the previously described

geodesic curve tracking algorithm along with points manually

selected by the user. These points indicate where the curve should

pass on the surface and are selected using mouse clicks on the

cortical surface. Suppose, for example, a user selects four points

through which the curve should pass—call them points A, B, C, and

D. The curve is then tracked as follows: first, the geodesic curve

from point D to point C is computed; next, the geodesic curve from

point C to point B is computed; and, finally, the geodesic curve

from point B to point A is computed. The final separating curve is a

concatenation of each of these individual curves. In this example,

the points selected for the curve generation are shown in Fig. 12a

(the points are enlarged for visualization purposes) and the resulting

curve is shown in Fig. 12b. Seed points were selected for the regions
Cel Cer SFl SFr Cingl Cingr POl POr

73 87 20 38 8 26 70 81

5 6 5 8 10 17 12 7

4 0 14 5 4 1 0 0

0 0 2 5 2 0 0 0

0 0 0 0 1 1 0 0

6 10 36 37 33 23 16 15

0 1 9 7 20 13 2 1

1 0 4 0 1 2 2 0

0 0 5 0 2 0 0 0

15 0 8 4 23 20 1 0

4 0 134 136 3 1 99 97

ata set at one time point appeared noisy and inaccurate and was therefore

ere not segmented correctly and were also dropped from the analysis.



Fig. 14. At the default merging level, there is a connection between the

central sulcal region and a branch over the postcentral gyrus (a). This

branch is disconnected by lowering the merging level as illustrated in b,

allowing the user to properly label the central sulcal region as shown in c.
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on either side of the curve and the final separated regions are shown

in Fig. 12c. After the region separation, bseparating pointsQ (see Fig.
9) are not assigned to either region (and thus their associated

triangles are not assigned to either region). For certain calculations

(i.e., surface area), these triangles will need to be appropriately

divided between the regions as addressed in the next section. We

note that while we call this procedure a bcatchment basin

separationQ, the same technique can be used to separate any

segmented region (i.e., a collection of catchment basins that have

been grouped together at a higher merging level). We use the term

bcatchment basin separationQ to describe any of these separations

for ease of terminology in subsequent sections.

Region measurements

Surface area

For each of the segmented and labeled sulcal regions, we

compute two measurements—surface area and gray matter volume.

The first measure, surface area, quantifies the cortical surface area

of a sulcal region. For sulcal regions that are labeled without the

requirement of a catchment basin separation, the area computation

is straightforward. Area is computed as the sum of the areas of the

triangles that lie within the labeled region. The area computation

for sulcal regions that require the separation of a catchment basin

requires additional consideration. Referring back to Fig. 9a, we see

there are two types of triangles, those that lie completely on one

side of the curve and those that are divided by the separating curve.

In the first case, the entire area of the triangle is added to its

corresponding region. In the second case, the area of the triangle

needs to be appropriately divided between the two regions. A

triangle is divided by creating temporary points on the edges where

the curve passes through—in effect dividing the triangle into either

two smaller triangles or a triangle and a four-sided polygon. These

areas are then computed and added to the appropriate regions.

Gray matter volume

The gray matter volume is a measure of the amount of cortical

gray matter corresponding to each sulcal region and is computed

using both surface area and cortical thickness. We use the method

described in Han et al. (2001c) to compute cortical thickness. In

this approach, cortical thickness is computed from the image

volume using distance transforms from the gray matter/white

matter and gray matter/cerebrospinal fluid interfaces. A thickness

value is assigned to each grid point in the volume that lies between

the two interfaces and is defined as the sum of the distances from

the point to each of the two interfaces. The reconstructed cortical

surface is generated in the same coordinate space as the image

volume, which means that each vertex can obtain image values by

directly mapping into the image data in the volume. Accordingly,

we obtain measures of cortical thickness at each vertex using

trilinear interpolation applied in the image volume containing

estimates of cortical thickness at volumetric grid points.

For sulcal regions that are labeled without the requirement of a

catchment basin separation, the volume is computed as the sum of

the volumes of the individual triangles that lie within the labeled

region. The volume of each triangle is computed as the product of

its area and the thickness at the center of the triangle. The volume

computation for sulcal regions that require the separation of a

catchment basin require a similar procedure as that described in the

surface area calculation. As described previously, triangles divided

by the separating curve are divided into either two triangles or a
triangle and a four-sided polygon. In this case, these individual

volumes are computed as the product of the surface area and the

thickness at the center of either the triangle or the polygon and

subsequently added to the appropriate regions.
Reliability assessment

The first reliability experiment assesses the long-term stability

of the area and gray matter volume measurements. The data used in



Fig. 16. At the default merging level, the superior frontal and precentral

sulcal regions are connected (a). The catchment basin separation operation

is used to separate these regions with the separating curve shown in b and

the separated regions shown in c. The final labeled region is illustrated in d.

Fig. 15. The labeled left (a, b) and right (c, d) central sulcal regions for the

three scans of various individuals.
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this analysis is a set of longitudinal data in which 35 individuals

were each scanned three times over a 4-year time period. Thus, we

have three data sets from each of 35 individuals. In this analysis, a

substantial amount of time has passed between the scans and it is

conceivable that the underlying anatomy has actually changed

during this time period. Therefore, in this analysis, the area and

volume measurements computed from multiple scans will reflect

both long-term stability of the measures as well as anatomic

change. For this reason, we do not necessarily expect that the

measures from year to year will be exactly the same; however, we

do expect a high correlation between the repeated measurements

(i.e., a measurement from one scan should be able to predict the

measurement of a repeated scan albeit higher or lower).

The second reliability experiment is a repeatability analysis that

assesses the short-term btest–retestQ repeatability of our methods.

The data for this analysis consists of three individuals who were

each scanned twice within a 30-min time interval. Between each

scan, the individuals were repositioned within the scanner. Thus,

we have two data sets from each of three individuals that represent

the same underlying anatomy. The goal of this analysis was to use

these data sets to determine the short-term repeatability of the



Fig. 18. This cortex has an interrupted cingulate sulcus as illustrated in a.

The two regions must be grouped to label this region, as shown in b.

Fig. 17. The labeled left (a, b) and right (c, d) superior frontal sulcal regions

for the three scans of various individuals.
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entire procedure from the image acquisition through all image-

processing steps. Starting with the data from each pair of scans, we

compute the cortical surface models and sulcal segmentations as

well as the area and gray matter volume measurements. If the entire

procedure is error-free, we would obtain identical results for each

pair of data sets.

Sources of error

There are several potential sources of error that are reflected in

the short-term repeatability measure. The first is the image

acquisition itself. Factors such as RF inhomogeneities in the MR

scanner and patient motion can lead to variations in the images

acquired. Next, the surface reconstruction technique will produce
different results on the two data sets. The magnitude of this

difference depends on how robust the reconstruction technique is

to the image variations. The next potential source of error is in the

sulcal segmentation and labeling procedure. This error depends on

how robust the sulcal segmentation is to small variations in the

cortical surface and how consistently a user can assign anatomic

labels to the surface pairs. We now explain each of the reliability

experiments in more detail.

Stability analysis

In the stability analysis, 35 individuals were each scanned

three times over a 4-year interval providing a scan at year 1, year

3, and year 5. Before transferring the data sets from the BLSA

database, the data set names were encoded such that the year of

acquisition for each scan was unknown. Next, the cortical

reconstructions, sulcal segmentations, and spherical maps were

generated for all 105 data sets. The segmented sulcal regions

corresponding to the right and left central, superior frontal,

cingulate, and parieto-occipital sulci were manually labeled on

each of the 105 cortical surfaces using PALS. The locations of

these sulcal regions are illustrated in Figs. 13a and b and a

detailed description of the labeling procedure for each of the

sulcal regions is given below.

All labeling was performed by a single user (M.E.R.). The

user labeled one sulcal region on all 105 brains before continuing

to the next one. For example, first all left central sulcal regions

were labeled, then all right central sulcal regions, etc. We found

this technique made it easier for the user to consistently identify

sulcal patterns across the various cortical surfaces. It took

approximately 142 h to label all eight sulcal regions on the

105 brains giving an average labeling time of approximately 1 h

and 20 min per brain. A substantial portion of this time was



Fig. 19. The labeled left (a, b) and right (c, d) cingulate sulcal regions for

the three scans of various individuals.

Fig. 20. At the default merging level, the parieto-occipital and calcarine

sulcal regions are connected (a). The catchment basin separation operation

is used to separate these regions with the separating curve shown in b and

the separated regions shown in c. The final labeled region is illustrated in d.
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required for making decisions regarding the location and patterns

of the sulci studied.

Labeling procedure

There were two main goals for the labeling procedure. The first

was to properly label each of the sulcal regions according to anatomic

convention. We used Ono et al.’s (1990) Atlas of the Cerebral Sulci

to guide us in labeling each of the sulcal regions. In this atlas, Ono et

al. examined 25 postmortem brains and compiled a detailed

description of sulcal patterns, connections, and interruptions.

The second goal in the labeling procedure was to consistently

label the sulcal regions across the three scans for each individual.

This is very important as we are assessing the stability of these

measurements for the use in longitudinal analyses of cortical

changes. To ensure that even small changes can be detected, it is

critical that the sulcal regions are labeled exactly the same across

the multiple scans. For example, changes in gray matter volume

could potentially be about the size of a small side branch of a

sulcus. Therefore, in the labeling procedure, we had to ensure that a

sulcal side branch was either consistently included or excluded

across all three scans. For this reason, we labeled the three scans

corresponding to a single subject simultaneously, but the rater was

blinded as to the year of each scan.

During the labeling procedure, the user documented the number

of times each of the operations provided by the PALS interface was
used for each of the labeled regions. This information is provided

in Table 1 for each labeled sulcal region. The default merging level

is the highest merging level in which the height threshold is set to 1

cm and the area threshold is set to 3 cm2 (see bBackgroundQ). We

refer to this table more extensively in the following paragraphs as

we describe the specific labeling procedure for each sulcal region.



Fig. 21. The labeled left (a, b) and right (c, d) parieto-occipital sulcal

regions for the three scans of various individuals.

Table 3

Correlation values for the gray matter volume measurements

Sulcus Year 1 vs. Year 3 Year 1 vs. Year 5 Year 3 vs. Year 5

Cel 0.912 0.911 0.902

Cer 0.892 0.894 0.879

SFl 0.986 0.983 0.981

SFr 0.968 0.980 0.974

Cingl 0.968 0.979 0.980

Cingr 0.955 0.976 0.962

POl 0.933 0.946 0.966

POr 0.864 0.950 0.931

(N = 33, 34, or 35).
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We now give a detailed description of the labeling procedure for

the four sulcal regions included in the study.

Central. The central sulcus is located on the lateral surface of the

cortex as illustrated in Fig. 13a. The central sulcus is typically a

continuous sulcus (i.e., no interruptions); in fact, in Ono et al.’s

(1990) analysis, the central sulcus was continuous over 90% of the

time.

This was the most straightforward of the four sulcal regions to

label as it has the least variability in its pattern and was therefore the

easiest to identify. As seen in Table 1, the vast majority of central

sulcal regions were labeled either as a single piece or as multiple

pieces at the default level of merging, which requires simply

clicking on the region or regions with the mouse. On occasion, we

did need to decrease the merging level to separate the central sulcal

region from another sulcal region. For example, as shown in Fig.
Table 2

Correlation values for the area measurements

Sulcus Year 1 vs. Year 3 Year 1 vs. Year 5 Year 3 vs. Year 5

Cel 0.975 0.972 0.984

Cer 0.989 0.990 0.990

SFl 0.982 0.975 0.983

SFr 0.964 0.984 0.963

Cingl 0.976 0.968 0.974

Cingr 0.955 0.967 0.952

POl 0.981 0.983 0.985

POr 0.967 0.987 0.982

(N = 33, 34, or 35).
14a, there is a connection between the central sulcal region and a

branch over the postcentral gyrus. To remove this connection, we

decreased the merging level as shown in Fig. 14b. In this figure, we

see the erroneous branch is disconnected allowing the user to now

label the appropriate region, as illustrated in Fig. 14c.

The labeled left and right central sulcal regions for the three

scans of various individuals are illustrated in Fig. 15. These images

illustrate that the central sulcal regions are segmented and labeled

in a consistent fashion across the three scans.

Superior frontal. The superior frontal sulcus is located on the

lateral surface of the cortex as illustrated in Fig. 13a. The pattern of

the superior frontal sulcus is quite variable. For example, in Ono et

al.’s atlas, the right superior frontal sulcus was found to be

continuous 40% of the time, interrupted into two segments 52% of

the time, and interrupted into three segments 8% of the time. For

the left superior frontal sulcus, Ono et al. found it to be continuous

32% of the time, interrupted into two segments 36% of the time,

interrupted into three segments 28% of the time, and interrupted

into four segments 4% of the time. In addition, the superior frontal

sulcus is typically connected to the precentral sulcus. In fact, Ono

et al. found this connection on the left 100% of the time and on the

right 92% of the time.

Consistent with Ono et al.’s findings, we also found a

connection between the superior frontal and precentral sulci in a

large majority of cortical surfaces. We found that it was easiest to

separate the two sulcal regions at the default level of merging and

then label the superior frontal region as one or more pieces at this

level. This is shown in Table 1 where most of the superior frontal

sulcal regions are labeled at the default merging level, but the

catchment basin separation is used a large number of times. We

note that the catchment basin separation was used more than once

on several superior frontal sulcal regions if it was connected to

both the precentral and another sulcus. The most common

connection, however, was to the precentral. An example of these

connected sulcal regions is shown in Fig. 16a at the default

merging level. The catchment basin separation operation was used

to separate these regions with the separating curve shown in Fig.

16b and the separated regions shown in Fig. 16c. The final labeled

region is illustrated in Fig. 16d.

The labeled left and right superior frontal sulcal regions for

the three scans of various individuals are illustrated in Fig. 17.

These images demonstrate the large variability in the patterns of

the superior frontal sulcal regions; however, they are still

segmented and labeled consistently across the three scans.

Cingulate. The cingulate sulcus is located on the medial surface

of the cortex as illustrated in Fig. 13b. In Ono et al.’s atlas, the



Fig. 22. The distances (in mm) mapped onto the left central sulcus of one subject.
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authors found that both the left and right cingulate sulci were

continuous just over 50% of the time and were otherwise

interrupted into two or three segments.

During our labeling procedure, we also found the cingulate

sulcal region occurred as either one, two, or three pieces. Referring

to Table 1, we see the most common operations performed were

labeling as one piece at the default merging level, grouping sulcal

regions at the default merging level, grouping at the default and

then erasing one or more pieces at a lower level, and grouping

pieces at a lower level. For example, in Fig. 18a, we see the

cingulate sulcus consists of two pieces at the default merging level.

These can easily be grouped using PALS to label this sulcal region

as illustrated in Fig. 18b.

The labeled left and right cingulate sulcal regions for the three

scans of various individuals are illustrated in Fig. 19. These images

show examples of both continuous as well as interrupted cingulate

sulci. In addition, these images demonstrate a consistent segmen-

tation and labeling of these regions.

Parieto-occipital. The parieto-occipital sulcus is located on the

medial surface of the cortex as illustrated in Fig. 13b. The parieto-

occipital sulcus forms a connection with the calcarine sulcus; in fact,

Ono et al. found this connection 100% of the time in their study.

We also found a connection between the parieto-occipital and

calcarine sulci in our data sets. On occasion, it was possible to

separate these sulcal regions by decreasing the merging level;

however, in most cases, we found it easiest to separate these sulci

using the catchment basin separation operation at the default

merging level and then label the parieto-occipital as one or more

pieces. This is shown in Table 1 where most of the parieto-occipital

sulcal regions are labeled at the default merging level, but the

catchment basin separation is used a large number of times. An
Table 4

Distance measures (in mm) from the sulcal region obtained from scan 2 to

the sulcal region obtained from scan 1

Sulcus Subject 1 Subject 2 Subject 3

Mean SD Mean SD Mean SD

Cel 0.22 0.19 0.19 0.16 0.21 0.19

Cer 0.22 0.17 0.16 0.17 0.21 0.19

SFl 0.19 0.16 0.17 0.15 0.20 0.19

SFr 0.21 0.17 0.16 0.15 0.18 0.17

Cingl 0.26 0.30 0.20 0.24 0.22 0.32

Cingr 0.20 0.18 0.17 0.17 0.18 0.20

POl 0.15 0.13 0.17 0.17 0.15 0.17

POr 0.16 0.17 0.18 0.22 0.16 0.18
example of connected parieto-occipital and calcarine sulci is shown

in Fig. 20a at the default merging level. The catchment basin

separation operation is used to separate these regions with the

separating curve shown in Fig. 20b and the separated regions shown

in Fig. 20c. The final labeled region is illustrated in Fig. 20d.

The labeled left and right parieto-occipital sulcal regions for the

three scans of various individuals are illustrated in Fig. 21, again

demonstrating a consistent segmentation and labeling of these

regions.

Stability analysis results

During the labeling procedure, we found the surface model

generated for one data set at one time point appeared noisy and

inaccurate and was therefore dropped from the analysis. In

addition, of the 832 sulcal regions labeled, 3 were not segmented

correctly and were also dropped from the analysis.

The surface area and gray matter volume were computed for all

properly segmented sulcal regions. Thus, for each sulcal region, we

had either 33, 34, or 35 sets of repeated measurements. We assess

the stability of these measures by computing Pearson correlation

coefficients between the various year pairs. For each geometric

feature, we report the correlation coefficients on the measurements

made between year 1 and year 3, year 1 and year 5, and year 3 and

year 5. The correlation values for the surface areas are reported in

Table 2. The correlations are all very high, ranging from 0.952 to

0.990. The correlation values for the gray matter volume measure-

ments are reported in Table 3. The correlations are all above 0.86

and are mostly above 0.90. The correlations for the gray matter

volume measurements are somewhat lower than those for the

surface area measurements. A possible explanation is that the gray

matter volume is computed using both cortical thickness as well as

surface area and therefore has an additional source of error.
Table 5

Area measurements for the repeatability analysis

Sulcus Subject 1 Subject 2 Subject 3

Scan 1 Scan 2 Scan 1 Scan 2 Scan 1 Scan 2

Cel 2446 2387 2459 2479 2828 2768

Cer 2747 2725 2559 2527 3006 2983

SFl 4054 4010 3418 3472 2904 2920

SFr 3702 3523 1705 1743 1524 1518

Cingl 1616 1614 2307 2400 2926 3020

Cingr 1756 1824 2266 2218 2505 2510

POl 1189 1203 1579 1568 1336 1343

POr 1661 1665 1650 1702 1597 1576

Values are reported in mm2.
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Table 7

Gray matter volume measurements for the repeatability analysis

Sulcus Subject 1 Subject 2 Subject 3

Scan 1 Scan 2 Scan 1 Scan 2 Scan 1 Scan 2

Cel 4123 3659 3751 3676 4337 4495

Cer 4497 3889 3323 3353 4459 4706

SFl 9532 9600 8715 8855 6921 7105

SFr 7319 7468 4084 4103 3458 3424

Cingl 3751 3790 5849 6159 7246 7513

Cingr 4040 4144 5596 5512 6205 6428

POl 2416 2345 3465 3387 2884 2914

POr 3746 3783 3942 4004 3770 3676

Values are reported in mm3.
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Repeatability analysis

In the repeatability analysis, three individuals were each

scanned twice. Each of the repeated scans was performed within

a 30-min time interval during which the subject was repositioned in

the scanner. For each of the MR data sets acquired, the cortical

surfaces, spherical maps, and hierarchical sulcal segmentations

were computed. Eight sulcal regions on each cortical surface were

again labeled by a single user (M.E.R.) using PALS. The regions

selected for labeling were the same as those in the stability

analysis—the regions of cortex corresponding to the left and right

central, superior frontal, cingulate, and parieto-occipital sulci. The

labeling procedure was analogous to that described in the previous

section.

It took approximately 1 h and 15 min per brain to label the eight

sulcal regions. Of the 48 total sulci labeled, 16 were labeled as a

single region at the highest level of merging, 18 were labeled by

grouping two or more regions at the highest level of merging, and

14 were labeled by grouping two or more catchment regions at a

decreased merging level. In addition, a total of 17 catchment basin

separations were required. Of these, 10 were used to separate the

superior frontal sulcus from the precentral sulcus, 5 were used to

separate the parieto-occipital sulcus from the calcarine sulcus, and

2 were used to separate the central sulcal from the medial frontal

sulcus.

We use two approaches to assess the repeatability of the

techniques. The first approach aims to quantify the similarity of the

sulcal regions segmented from the two scans. The second approach

quantifies the repeatability of the area and gray matter volume

measurements for each sulcal region between the two scans.

Distance between sulcal regions

In the first approach for assessing repeatability, we measure the

distance between the sulcal regions obtained for the two scans. This

distance is computed separately for each sulcal region as follows.

First, the sulcal region segmented from scan 2 was rigidly registered

to scan 1 using a modified iterative closest points (ICP) algorithm

(Tosun et al., 2003). The ICP modification is that the corresponding

closest point to a given surface vertex is computed as its projection

onto the other surface, and this is done symmetrically for all vertices

of both surfaces. The entire cortical surfaces are first globally

registered to give an initial overall alignment followed by a local

registration of the individual sulcal regions. Next, for each point on

the sulcal region from scan 2, we compute the closest distance to the

sulcal region from scan 1. This provides a distance measure for each

vertex on the sulcal region from scan 2. An example of the result of
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this operation is illustrated on the left central sulcus of one subject in

Fig. 22 where each distance is represented by the color indicated in

the color bar. All areas colored in gray have errors in the range from 0

to 0.2 mm and all errors above 0.8 mm are colored in red. This figure

illustrates that the errors are, for the most part, spread across the

entire region; however, the points with the largest errors tend to

occur on the boundaries. This pattern was also observed in other

sulcal regions indicating the largest registration errors are occurring

along the region boundaries. In Table 4, the mean and standard

deviation of the distances computed for each sulcal region of the

three subjects are given in millimeters. The mean distance between

the same sulcal regions segmented from the two scans ranges from

0.15 to 0.26 mm.

Repeatability of area and volume measurements

The second approach for quantifying repeatability focuses on

the repeatability of the surface area and gray matter volume

measurements as opposed to the distance between the sulcal

regions. In this procedure, first the surface area and gray matter

volume measurements were computed on the selected regions for

both scans of the three subjects. We assess the repeatability of the

measurements by comparing the values computed for each sulcal

region of an image pair. In general, we consider percentage

differences less than 5% to be good, but this depends on the

magnitude of the measurement. Reporting errors as percentage

differences can be misleading as smaller measurements will have

larger errors. For this reason, we also include the absolute

differences.

The surface areas measured for the three repeated scans are

given in Table 5 with the absolute and percentage differences

reported in Table 6. All percentage differences are less than 5%.

The gray matter volumes are given in Table 7 with the absolute and

percentage differences reported in Table 8. In 20 of the 24 sulcal

regions, the percentage differences are less than 5%.
Discussion and conclusions

In this paper, we have described and validated an efficient

procedure for assigning anatomical labels to sulcal regions. The

procedure has two important features. The first is a graph structure

that provides the ability to move between various merging levels of

the sulcal segmentation allowing the user to quickly assess the

most appropriate level for labeling each sulcal region. The second

feature is the ability to separate either an individual catchment

basin or a region of merged catchment basins with a user-specified

curve. When combined together, these two features augment our

original sulcal segmentation to provide a complete system for

segmenting and labeling sulcal regions of a brain cortex.

We have also conducted several reliability experiments aimed

to assess both the long-term stability as well as the short-term

repeatability of these techniques. In the stability analysis, we

concluded that both the area and volume measurements were stable

over a 4-year time span. In the repeatability analysis, we found that

both the sulcal segmentation itself as well as the area and volume

measurements were highly repeatable.

One limitation of the described work is that the labeling was

performed by only a single individual and thus there is no inter-

rater reliability analysis. The user did, however, label each sulcal

region one at a time across all brains, which we believe improved

the consistency of identifying the various sulcal patterns.
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This interface has also been used in other works (Behnke et al.,

2003; Tosun et al., 2003) to label sulcal regions that are subsequently

used as training sets in automatic labeling schemes. These labeling

schemes have shown promising results and could be used to improve

the methodologies proposed in this paper by providing an initial

labeling of the sulcal regions. The automatically generated labels

would then be manually verified (and corrected, if necessary) using

PALS. This could potentially provide a significant reduction in the

time required for manual interaction and therefore increase the

number of subjects feasible for a study.

In summary, we have described a procedure for efficiently

assigning anatomical labels to sulcal regions and demonstrated the

techniques are both stable and repeatable. In future work, we

intend to use these techniques in an aging study to assess both

cross-sectional differences as well as longitudinal changes in sulcal

shape associated with age. In addition, we will investigate whether

these measurements provide complementary information to

enhance early detection of cognitive impairment and Alzheimer’s

disease.
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