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Abstract. Sulcal fundi are 3D curves along the bottom of sulcal regions of the
human cerebral cortex. In this paper, we propose a novel automatic method for
extraction of sulcal fundi from triangulated cortical surface. Compared to exist-
ing methods, the proposed method can find accurate sulcal fundi using curva-
tures and curvature derivatives without manual interaction. Given a triangulated
cortical surface, our method is composed of four steps: estimating curvatures
and curvature derivatives for each vertex, detecting the sulcal fundi segments in
each triangle, linking the sulcal fundi segments and combining of adjacent sul-
cal fundi, and connecting breaking sulcal fundi and smoothing using the fast
marching method on the cortical surface. The proposed sulcal fundi extraction
method is applied to ten normal brain inner cortical surfaces. We quantitatively
validated the proposed method of sulcal fundi extraction using manually labeled
sulcal fundi by experts as the ground truth.

1 Introduction

The human cerebral cortex is a highly convoluted structure composed of sulci and
gyri, corresponding to the valleys and ridges on cortical surface respectively. Sulcal
fundi are 3D curves along the bottom of sulcal regions of human cerebral cortex.
Major sulci and gyri are common anatomical landmarks in human brains, even though
the pattern of sulci and gyri geometry could be quite different across individuals [1].
Thus, major sulci have been extensively used for assisting deformable registration of
MR brain images and analyzing the variation of healthy human brain, as well as dif-
ferentiating the difference between normal brain and diseased ones. Since it is ex-
tremely time consuming to label sulci manually, automation has been actively inves-
tigated. Methods have been proposed for sulci or sulcal fundi extraction either on MR
volumetric images [2, 4, 9] or constructed cortical surfaces [3, 5, 6, 7, 8, 9, 13].
Skeletization or thinning based methods [2, 4, 6, 8] and curve tracking based methods
[3, 13] are among the most commonly used techniques for sulci or sulcal fundi extrac-
tion. However, applying skeletization or thinning based methods onto the cortical
surface cannot assure that the extracted sulcal fundi are unbiased from the true sulcal
fundi, as the sulcal regions might not be symmetric around sulcal fundi. On the other
hand, in curve tracking based methods, start or end points of sulcal fundi have to be
manually selected. Thus, computational methods for finding sulcal fundi in an auto-
mated and accurate manner are much needed.

D. Metaxas et al. (Eds.): MICCAI 2008, Part I, LNCS 5241, pp. 270 2008.
© Springer-Verlag Berlin Heidelberg 2008



A Novel Method for Cortical Sulcal Fundi Extraction 271

2 Method

2.1 Overview

In this paper, we propose a novel automatic method for extraction of sulcal fundi from
triangulated cortical surface. Compared to existing methods, the proposed method can
automatically find the accurate sulcal fundi using curvatures and curvature deriva-
tives. Given a constructed triangulated cortical surface, our method of sulcal fundi
extraction is composed of four steps, as summarized in Figure 1. Firstly, we adopt the
finite difference method to estimate the principal curvatures and directions and the
curvature derivatives along the principal directions for each vertex. Then we detect
the sulcal fundi segments in each triangle based on the curvatures and curvature de-
rivatives. Afterwards, we link the sulcal fundi segments into continuous sulcal fundi
curves and combine adjacent sulcal fundi curves caused by numerical estimation
errors. Finally, we connect the breaking sulcal fundi curves and smooth bumping
sulcal fundi by applying the fast marching method on the cortical surface.

Curvatures and their — Sulcal fundi — Suleal fundi linking — Suleal fundi connection
derivatives estimation segments detection and combination and smoothing

Fig. 1. Flow chart of the sulcal fundi extraction method

2.2 Estimating Curvatures and Curvature Derivatives

Curvatures and their derivatives are fundamental properties for cortical surface analy-
sis. Herein, we adopt a robust method to estimate principal curvatures, principal direc-
tions, and curvature derivatives along principal directions as described in [10].

2.3 Detection of Sulcal Fundi Segments

To determine whether each triangle contains sulcal fundi segments or not, we adopt a
similar method describe in [11], which is originally developed for ridge and valley
detection on mesh and resembles to work in [16]. Given a triangulated cortical surface
denote the maximum principal curvature be ¢ (the curvature with maximum abso-

lute value in the two principal curvatures) and the corresponding principal direction
be p . . Denote d,. =0c,, /op,.. & the directional derivative of Coae @lONg with

p,.. - Lhe criterion for sulcal fundi segment detection is formulated as:

Cnax <0, dmax = acmax /apmax = O’ admax /ap >0 (])

max
It means that sulcal fundi should be at the location where ¢ is negative and the
first order directional derivative of ¢ vanishes (zero-crossing of d,,. ), and the
second order directional derivative of ¢ reaches positive values. Given a triangle in

a cortical surface (denoting the three vertices as: v, v, and v, ), we check whether the
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triangle contains sulcal fundi segments by inspecting whether the three edges contain
sulcal fundi points. Without loss of generality, we use the edge formed by v, and v, as

an instance. Firstly, we inspect Cry At vertices v,and v, t0 make sure:

(vp<o0and ¢ (v,)<0 (2)

Cmax max

Then, we check whether the edge contains the first order directional derivative of Conmn

vanished point with the following formula:
dmax (vl)pmax(vl)dmax (Vz)pmax(VZ) <0 (3)

Then, to make sure that the edge contains true sulcal fundi point in theory, the maxi-
mum principal curvature decreases along the edge should satisfy:

dmax (V])pmax (Vl)(VZ-V]) <O or dmax (Vz)pmax (VZ)(VI_VZ) <0 (4)

Herein, we loose the conditional checks. If the edge passes the above three condi-
tional checks, a strict sulcal fundi point is found in the edge. Otherwise, if the edge
only passed the first two conditional checks, a candidate sulcal fundi point is found.
Once a sulcal fundi point is found, we calculate the exact unbiased position of the
sulcal fundi point with the linear interpolation method [11]:

V= ‘dmax(vl)‘XVZ+‘dmax(v2)‘xvl (5)
‘dmax (Vl )‘ + ‘dmax (VZ)‘

After checking the three edges in the triangle, if two of the three edges have sulcal
fundi points, we connect the two points as a sulcal fundi segment; otherwise if all of
the three edges contain sulcal fundi points, we connect the three vertices to the center
of the triangle to form three sulcal fundi segments, which might correspond to the
location of intersection of the sulcal fundi curves. Afterwards, we distinguish the
segments as strict or candidate sulcal fundi segments. If a sulcal fundi point in a seg-
ment is a candidate point, we consider the segment as a candidate sulcal fundi seg-
ment, or a strict segment otherwise. Figure 2 shows an instance of sulcal fundi seg-
ments detection in a cortical surface.
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Fig. 2. An instance of sulcal fundi segment detection in a cortical surface. The orange
curves represent the sulci fundi segments. The arrow at each vertex indicates the maximum
principal direction and the colors of the arrows indicate the values of the maximum principal
curvatures.
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2.4 Linking Sulcal Fundi Segments

With the detected sulcal fundi segments, we link them into continuous sulcal fundi
curves. We distinguish the sulcal fundi segments into strict and candidate segments,
because we observe sometimes candidate segments can connect with strict segments
to form a continuous sulcal fundi curve. If we only use strict segments, the sulcal
fundi will be interrupted around candidate segments. Starting from a strict segment, a
sulcal fundi curve is formed by adding adjacent segments that shares the same edge or
center with the current segment. After linking we obtain a set of sulcal fundi curves.
Due to the error of numerical estimation, sulcal fundi around junction regions are
often interrupted. To deal with this situation, we check one ring neighborhood of each
vertex. If two or more different sulcal fundi are in the neighborhood and ¢ at the

vertex is negative, we combine these sulcal fundi together.

2.5 Connection of Breaking Sulcal Fundi and Smoothing

After linking the sulcal fundi segments and combining adjacent sulcal fundi, we ob-
tained a series of continuous sulcal fundi curves. Some sulcal fundi may be very
short, which correspond to the breaking sulcal fundi or inherently short, minor sulcal
fundi. Thus we have to connect breaking sulcal fundi together, however, we may not
know which ones are interrupted and which ones are inherently short. To deal with
this problem, we adopt the fast marching method on triangulated surface [12]. From
each ending point of the extracted sulcal fundi curves, we search in a geodesic region
(8mm as the geodesic threshold) to find out whether other sulcal fundi are in the re-
gion. Once other sulcal fundi curves are found, we tentatively connect the end point to
the found sulcal fundi by computing the weighted geodesic path on the surface using
fast marching method. As the sulcal fundi are located at regions with large negative
C,. » WE set the marching speed at vertex x as follows:

1.0, if (¢ (x)<T)
F(x)=1e%, if (¢, (x)>-T) (6)

ea\cm(xm

max

max

where T is a curvature threshold parameter and ¢ is a weighting parameter. This
formula makes sure the sulcal root regions have faster marching speeds, and gyral
crown regions have slower marching speeds. We set 7=-1.0 and o =-5.0 throughout
the paper. However, the geodesic path may wrongly connect two inherent separated
sulcal fundi by a gyral crown region. To avoid this situation, we inspect ¢ on the

geodesic path. Since we know ¢ is positive at gyral crown regions, if ¢ at a point

on the path is positive, we consider the geodesic path going through gyral crown re-
gions and regards it as a fake sulcal fundi and discard it; otherwise, we add the geo-
desic path as a part of the sulcus fundi to connect breaking sulcal fundi. Figure 3 (a)
shows an example of connecting breaking sulcal fundi.

Due to the numerical estimation error of curvatures and their derivatives, the
extracted sulcal fundi may contain some sudden bumps as show in figure 3 (b).
Therefore, we have to smooth the extracted sulcal fundi to make it more practical.
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Fig. 3. Examples of connecting breaking sulcal fundi and smoothing sulcal fundi. The green
curves are the original extracted sulcal fundi. In (a) the orange curve connects the breaking
sulcal fundi. In (b) the orange curves are the smoothed sulcal fundi.

Meanwhile, we want to keep the smoothed sulcal fundi close to the originally
extracted sulcal fundi. To handle this issue, we adopt the fast marching method to
extract the weighting geodesic path from sulcal fundi starting points to the corre-
sponding end points or junction points for smoothing and set the marching speed at
each vertex as:

F,(x) = BXF,(x)+(1- B)xS(x) (7)

Where the term S(x) is used to favor vertices closing the original sulcal fundi, and 4
is a parameter used to control the tradeoff between favoring ¢ and favoring close-

ness to the original sulcal fundi. In the current implementation, g(x) is set to be:

) @®)

S(x):l-min(‘x—si‘/‘x—xi

X, is the one-ring adjacent vertices of X while S; is the sulcal fundi point on the

edge formed by X and X;. If no sulcal fundus point exists in edges formed by X,
S(x) is set to be 0. The straightforward explanation is that the closer is the current

vertex to sulcal fundus point, the favorer is the current vertex in smoothing. The pa-
rameter f is set as 0.7 in the paper. Using the marching speed calculated above, we
smooth the sulcal fundi by computing the weighted geodesic path between the sulcal
fundi start points and the corresponding end points or junction points. Figure 3 (b)
shows an example of extracted sulcal fundi before and after smoothing.

To summarize, our new method of sulcal fundi extraction consists of four
steps: estimating curvatures and their derivatives, detection of sulcal fundi segments,
linking sulcal fundi segments and combining adjacent sulcal fundi, and connecting
breaking sulcal fundi and smoothing. Figure 4 shows an example of extracted sulcal
fundi.
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Fig. 4. An example of the extracted sulcal fundi. (a) A cortical inner surface with estimated
maximum principal curvature. (b) The finally extracted sulcal fundi.

3 Evaluation and Validation

We tested the sulcal fundi detection method on the inner surface of 10 normal human
brains. All the cortical surfaces are generated via the BrainVISA software [14]. In the
inner surfaces of right hemispheres of the 10 subjects, after linking sulcal fundi seg-
ments as curves, we find 124.4 sulcal fundi connecting components on average with
the standard derivation 6.7; after combining adjacent sulcal fundi curves, the number
is reduced to 83.9 on average with the standard derivation 3.7; after connecting break-
ing sulcal fundi curves, the number is further reduced to 59.1 on average with the
standard derivation 5.1. We have visually inspected the sulcal fundi extraction results
and found no fatal errors in the 10 cases. Figure 5 shows two examples of extracted
sulcal fundi on the inner surface of the right hemisphere.

To quantitatively evaluate the accuracy of sulcal fundi extraction method, we have
experts manually label major sulcal fundi on the cortical inner surface of the right
hemisphere of the 10 cases. We use two measurements to validate the performance.
Denote the ground truth sulcal fundi as s, and automatic extracted sulcal fundi as

S, the two distance measurements are defined as:

1 .
dyyy =3 min[$, () =S, (/) ®)
d,,, =max(min|S,(i)-S, (j)) (10)
ien jem

where n and m are the total point numbers in sulcal fundi § and s, respectively.

d., measures the average distance from all the points in 5 to the corresponding

mil

closet point in S, - And d_, measures the worst maximum distance from all the
points in §_ to the corresponding closet point in S, We use several major sulci in-

cluding central, precentral, postcentral, superior frontal, superior temporal, cingulate
and calcarine sulcus to validate the performance of the method. Figure 6 shows an
example of several manual labeled sulcal fundi and automatically extracted sulcal
fundi on a lateral surface of a subject. For the convenience of inspection, we also
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Fig. 5. Extracted sulcal fundi (orange curves) on the inner surfaces of two subjects. (a) and (b)
are lateral view. (c) and (d) are medial view.

Fig. 6. An example of manual labeled and automatic extracted suclal fundi on a lateral inner
surface. (a) and (c) are maximum principal curvature maps on the surface and the correspond-
ing inflated surface. (c) and (d) are manual labeled and automatic extracted sulcal fundi over-
laid on the surface and inflated surface. The green curves are automatic extracted sulcal fundi
and the yellow curves are manually labeled sulcal fundi.
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overlay the sulcal fundi on the inflated surface. The inflated surface is generated via a
method similar to [15]. As we can see the two sulcal fundi sets are close to each other.
Table 1 shows the details of average 4 . the several sulcal fundi on the 10 subjects.

The average 4 is consistently less than 0.7 mm and the 4, is consistently less

than 3.2 mm, indicating the good performance of the proposed method. Currently the
method is implemented using the C/C++ language. On an Intel Core2 1.86GHz ma-
chine with 2GB memory, it takes around 8 seconds extract all the sulcal fundi on the
inner surface of a hemisphere.

Table 1. The 4 of several major sulcal fundi on the inner surfaces of the 10 subjects

Sulcus Central | Pre- Post- Superior | Superior | Cingulate | Calcarine

(mm) central | central | frontal temporal
1 0.61 0.93 0.92 0.52 0.62 0.66 0.51
2 0.66 0.74 0.49 0.60 0.60 0.73 0.56
3 0.71 0.57 0.73 0.55 0.67 0.32 0.82
4 0.81 0.57 0.51 0.41 0.64 0.30 0.46
5 0.62 0.61 0.66 0.64 0.52 0.45 0.58
6 0.71 0.35 0.78 0.70 0.65 0.62 1.16
7 0.61 0.78 0.49 0.58 0.67 0.38 0.53
8 0.57 0.64 0.69 0.42 0.63 0.35 0.44
9 0.72 0.54 0.63 0.39 0.65 0.62 0.50
10 0.78 0.62 0.49 0.90 0.61 0.48 0.46

Average |, oo 0.64 | 0.64 0.57 0.63 0.49 0.60

4 Conclusion

In this paper, we presented a novel automated method for accurately extracting sulcal
fundi on the cortical surface of the human brain. The method has been applied to 10
normal subjects on inner surface and its performance has been evaluated using the
ground truth defined by experts manually labeled sulcal fundi. The evaluation results
show that the proposed method is able to extract sulcal fundi efficiently and accurately.
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