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Abstract

Sulcal pit analysis has been providing novel insights into brain function and development. The purpose of this study was to
evaluate the reliability of sulcal pit extraction with respect to the effects of scan session, scanner, and surface extraction tool.
Five subjects were scanned 4 times at 3 MRI centers and other 5 subjects were scanned 3 times at 2 MRI centers, including 1
test-retest session. Sulcal pits were extracted on the white matter surfaces reconstructed with both Montreal Neurological
Institute and Freesurfer pipelines. We estimated similarity of the presence of sulcal pits having a maximum value of 1 and
their spatial difference within the same subject. The tests showed high similarity of the sulcal pit presence and low spatial
difference. The similarity was more than 0.90 and the spatial difference was less than 1.7 mm in most cases according to
different scan sessions or scanners, and more than 0.85 and about 2.0 mm across surface extraction tools. The reliability of
sulcal pit extraction was more affected by the image processing-related factors than the scan session or scanner factors.
Moreover, the similarity of sulcal pit distribution appeared to be largely influenced by the presence or absence of the sulcal
pits on the shallow and small folds. We suggest that our sulcal pit extraction from MRl is highly reliable and could be useful
for clinical applications as an imaging biomarker.
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Introduction

The first sulci form while radial migration of neurons forms the
cerebral cortex. Early gyrogenesis has been hypothesized to be
more influenced by genetic than environmental factors because of
the relative invariant spatial distribution of early sulci, which may
be due to a human-specific predetermined protomap of functional
areas [1,2,3,4,5]. It has been suggested using functional magnetic
resonance imaging (MRI) that early-developing sulci are predictive
for functional area locations and spatially covary with them
[6,7,8]. It is therefore important to identify those first folds and
analyze them with functional features for understanding the
anatomical and functional development of the human brain.

The first folds can be estimated in mature brains because they
are thought to develop into the deepest local regions of sulci, called
the sulcal pits. We have extracted and analyzed sulcal pits from
MRI data and supported the hypothesis about their biological
meaning. We have analyzed the spatial distribution of sulcal pits
on the cortical surface and have found hemispherical asymmetry
in the superior temporal regions, which may be related to the left
lateralization of language function [2]. We have also reported the
significant relationship between the presence of sulcal pits and
intellectual ability estimated with intelligence quotient (IQ) scores
[9]. In the high verbal IQ) group a sulcal pit was more frequently
present in the left posterior inferior frontal sulcus (near Broca’s
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area) and the right posterior inferior temporal sulcus, regions
reported to be involved in language function [10]. Other recent
studies have presented a graph-based sulcal pattern comparison
method using sulcal pits and applied this method to twins and
polymicrogyria patients [11,12]. We showed that the similarity of
the 3D position of the sulcal pits in twin pairs was strongly higher
than in unrelated pairs, supporting the hypothesis that the spatial
distribution of sulcal pits might be under tight genetic control [11].
Our previous studies suggest that sulcal pits have the potential to
be a new important neuroimaging biomarker of brain function
and development.

Methodologically, a sulcal pit is defined as the point having a
local maximum depth on the inner cortical surface (white matter
surface) [2] and therefore the extraction of sulcal pits is affected by
the gray/white matter surface reconstruction. Gray/white surface
reconstruction is in turn affected by image characteristics such as
gray/white matter intensity and signal to noise and image
processing. MR intensity properties can be influenced by
subject-related factors, such as hydration status [13] or blood
pressure and instrument-related factors such as field strength,
scanner hardware, imaging magnetic gradients or pulse sequence
[14,15,16,17,18]. Different image processing such as software
package or the parameters chosen for the processing, when the
identical image is used may also contribute to variability in sulcal
pit extraction. For example, the cortical surface reconstruction
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algorithms used in the Montreal Neurological Institute (MNI)
[19,20], Freesurfer (FS) [21,22], and BrainVISA [23] pipelines
result in different geometric accuracy and different surface mesh
characteristics [24]. Therefore, these factors may affect surface
reconstructions and sulcal pit extraction. Although we have shown
that our method detected appropriate sulcal pits and their spatial
distribution across subjects [2], intra-subject reliability and
reproducibility has not been evaluated. It is important to
determine the reliability of sulcal pit extraction under different
scanning conditions and with different image processing factors to
determine if sulcal pits have a potential role as an imaging
biomarker.

Therefore the purpose of this study was to investigate the effects
of scan session, scanner, and surface extraction tool on the
reliability of the sulcal pit extraction. Healthy young subjects were
scanned several times on different scanners and their images were
processed to extract sulcal pits on the cortical surface. We
reconstructed cortical surfaces with 2 different surface extraction
pipelines, the MNI [19,20] and FS [21,22] pipelines, which have
been largely used for cortical thickness and shape analyses. Sulcal
pit maps acquired from different images, or different surface
extraction pipelines were compared to each other within the same
subject by measuring the similarity of the presence of sulcal pits
and their spatial difference.

Reliability of Sulcal Pit Extraction

Geodesic distance
)
0 10 (mm)

Figure 2. Geodesic distance map from sulcal pits as a seed
point on the white matter surface. The areas within 10 mm
distance from the sulcal pits are separated from each other.
doi:10.1371/journal.pone.0053678.9002

Figure 1. Example of intra-subject cortical surface alignment. Eight white matter surfaces (4 MNI and 4 FS surfaces) are rendered (A) and they
are overlapped with a reference volume image (B) after a linear registration with 6 parameters. They are aligned well into a common space, but their

local shape of the gray/white matter boundary is slightly different.
doi:10.1371/journal.pone.0053678.g001
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Geodesic distance from a;, to b,
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Figure 3. Schematic illustration of measuring spatial difference between 2 pits from different surfaces. Sulcal pit a,, on the surface S, is
projected onto the surface Sg with the nearest Euclidean distance (A) and then geodesic distance (G) between projected pit «,,and b, G(a,,, by) is

measured (B). t; t;, and t, are the barycentric coordinates of a’m on the triangle which is composed of vertices j, j, and k. G(a

interpolation with distance values of three vertices.
doi:10.1371/journal.pone.0053678.9g003

Materials and Methods

Data acquisition

Seven male and 3 female healthy volunteers (age, mean *
standard deviation [SD]: 26.1+2.9 years) were recruited who had
no historical background of psychological illness or neurological
disorder. Five subjects were scanned 4 times at 3 MRI centers
(Samsung Seoul Medical Center [SMC], Ewha-woman’s Univer-
sity Mokdong Medical Center [EUMC], and Asan Medical
Center [AMC]), and the other 5 subjects were scanned 3 times at 2
centers (SMC and EUMC) including 1 test-retest session at SMC
(SMC; and SMCy). Two sessions of test-retest were approximately
3 weeks apart and all other sessions were within this period. As in
previous studies of MRI-based morphometric structural reliability
[15,16], 3-week intervals would include the source of variability
relevant to subject-related factor, such as hydration status or blood
pressure, and instrument-related factors, such as scanner drift,
which may be minimized when the test-retest interval is several
minutes to ~1 day. We obtained written consents from each
patient and the Institutional Review Board of the Samsung
Medical Center, Ewha-woman’s University Mokdong Medical
Center and Asan Medical Center approved the study protocol.

Four or 3 sets of MRI data were acquired on the scanners of
same MR manufacturer using same sequence (Philips 3T Achieva
scanners, T'l-weighted 3D-TTFE (Turbo Echo Field) sequence).
The 3 MRI centers used identical parameters for isotropic 0.5 mm
acquisition: sagittal slice thickness = 1.0 mm, overcontiguous slices
with 50% overlap, no gap, TR =99 ms, TI =1,245 ms, TE
=4.60 ms, Bandwidth =142.3 Hz/pixel, flip angle =8°, matrix
size of 240 %240 pixels, reconstructed to 480 x480 over a FOV of
240 mm, voxel size =0.5x0.5x0.5 (mm). High resolution
structural image is sensitive to head motion even within the single
volume. We inspected all raw images and assured that there was
no head motion.

Image processing and cortical surface extraction using
the MNI and FS pipelines

In the MNI pipeline, the native images were normalized to a
standardized stereotaxic space using a linear transformation and
corrected for intensity nonuniformity [25,26]. Images were, then,
classified into white matter, gray matter, cerebrospinal fluid, and
background using an advanced neural net classifier [27]. The
hemispherical surfaces of the gray/white matter boundary and
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gray matter/cerebrospinal fluid boundary) were automatically
extracted, consisting of 40,962 vertices [19,20].

The FS pipeline includes removal of non-brain tissue [28],
stereotaxic space transformation, tissue segmentation, intensity
normalization [25], tessellation of the gray/white matter bound-
ary, automated topology correction [29,30], and surface defor-
mation following intensity gradients to optimally place the gray/
white matter and gray matter/cerebrospinal fluid boundaries [21].

Extraction of sulcal pits on the cortical surface
A sulcal pit is the deepest local point in a sulcal catchment basin,
and can be identified by using a sulcal depth map on the cortical

A
S S e © e e

-

SO 8 7
AaMCMNI| X | b | b | b|c|d|d]|d
EUMC_MNI X/ b|b|d|c|d d
SMC,_MNI Xl a|d|d|ec]|d
SMC, MNI X|d|d|d]|e
AMC_FS X/ b|{b|b
EUMC FS X|b b
SMC,_FS X | a
SMC, FS X

a. Effect of scan session
b. Effect of scanner
c. Effect of surface extraction tool

d. Effect of scan session or scanner,
and surface extraction tool

Figure 4. Matrix of all pairwise comparison of sulcal pit map in
the same subject. The effects of different scan session, scanner, and
surface extraction tool are evaluated and each case is marked in the
cells of the matrix. For the subject scanned 3 times, 6x6 matrix is
constructed without rows and columns of AMC_MNI and AMC_FS.
doi:10.1371/journal.pone.0053678.9g004
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SMC:

Figure 5. Sulcal pit maps on the different 8 surfaces in the same subject. The location and existence of the sulcal pits are highly similar
across surfaces. All surfaces are inflated for better visualization. The regions marked with black arrows show the variability of the sulcal pit presence.

doi:10.1371/journal.pone.0053678.g005

surface. We used the white matter surface (gray/white matter
boundary) and the 3D Euclidean depth map to extract sulcal pits
[2,9]. The 3D Euclidean sulcal depth maps were generated by
measuring the Euclidean distance from each vertex in the cortical
surface to the nearest voxel on the cerebral hull [2,31]. We used a
watershed algorithm based on a depth map to extract sulcal pits on
triangular meshes. To prevent overextraction of the pits, we first
reduced noisy depth variations by surface-based heat kernel
smoothing with a full-width half-maximum value of 10 mm [32].
Subsequently we performed segment merging in the watershed
algorithm using the area of the catchment basin, the distance
between the sulcal pits, and the ridge height. If one of the areas of
two or more catchment basins was smaller than a threshold
(30 mm?) when they met at a ridge point, the smaller catchment
basin below the threshold was merged into the adjacent catchment
basin with the deepest pit and its sulcal pit removed. If the distance
between two pits was less than a 15 mm threshold, the shallower
pit was also merged into the deeper one. Finally, merging was
executed when the ridge was lower than a threshold of 2.5 mm.
The methodological procedure was explained in more detail in our
previous study [2].

Subject A

5 &S
,a"r'-”"

- s

Intra-subject cortical surface alignment

Surface vertex correspondence must be built to compare the
results of sulcal pit extraction. In the MNI and FS pipelines,
corresponding regions between subjects are determined using their
own surface-based registration methods with a sphere-to-sphere
matching in which the vertices of each subject are nonlinearly
registered to a template surface [33,34,35]. However, our
reliability test needs not inter- but intra-subject comparison. The
nonlinear registration between surfaces of the same subject could
give rise to extra noise in the correspondence definition. In
addition, when using any specific surface registration algorithm, its
performance and accuracy could be biased by different mesh
properties of the MNI and FS surfaces. Instead, we adopted a
volume linear registration to perform the intra-subject surface
alignment [15]. We randomly chose 1 reference target volume for
each subject and the other 3 or 2 volumes were registered to the
target volume using the MNI linear registration tool with 6
parameters. The transformation matrix of the registration was
then applied to the corresponding surface. Finally, 8 or 6 surfaces
from each individual subject (MNI and FS surfaces from 4 or 3
images) were registered to a common space. In order to check the
registration result, we overlapped all surfaces to a reference

Figure 6. Sulcal pit map for each subject representing the frequency of sulcal pits across the 4 MNI and 4 FS surfaces. All sulcal pits
from different surfaces are projected onto one surface, and the frequency of sulcal pits overlaid in the same region is mapped with color.

doi:10.1371/journal.pone.0053678.g006
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volume image in the same space (Fig. 1). It is confirmed that their
global position and orientation are matched and the linear
registration is sufficient and robust for intra-subject surface
alignment. Alignment results of 8 surfaces for the other 4 subjects
are provided in supplementary data (Fig. S1). However, since the
surfaces were reconstructed from different images or tools, the
local shape of the gray/white matter boundary was slightly
different as shown in Fig. 1. It would lead to differences in the
presence and location of sulcal pits.

Evaluation of reliability for sulcal pit extraction

After the global surface alignment on the common space, we
compared the map of sulcal pits between different surfaces of the
same subject across the entire cortex. Because of different surface
shape on the gray/white matter boundary, sulcal depth maps were
not identical with each other. The following process including the
surface-based smoothing and the merging in the watershed
algorithm might also cause inconsistent identification of the local
maximum depth points. First, our reliability test was to observe the
variability of the presence of sulcal pits. Second, if two pits existed
in the same anatomical region, we measured how much their
locations are different. Given a pair of surfaces, Sy and Sp,
containing sulcal pits Py = {a;, ay, ...} and Py = {b;, by, ...}
respectively, we estimated similarity of the presence of sulcal pits
and their spatial difference by detecting the sulcal pits which exist

PLOS ONE | www.plosone.org

Table 1. Similarity of the presence of sulcal pits (M;) according to effects of scan session, scanner, and surface extraction tool.
Left hemisphere
Scan session or
Scan session, Scan session, Scanner, MNI Scanner, Surface extraction scanner, and surface
Subject ID MNI surface FS surface surface FS surface tool extraction tool
1 0.884 0.924 0.883 0.918 0.831 0.839
2 0.878 0.941 0.873 0.921 0.857 0.844
3 0.923 0.907 0.923 0.913 0.856 0.852
4 0.930 0.881 0912 0.900 0.875 0.874
5 0.922 0.906 0916 0911 0.854 0.857
6 0914 0.932 0.903 0.931 0.833 0.837
7 0.895 0.888 0.902 0.898 0.863 0.862
8 0.928 0.926 0.919 0.945 0.876 0.873
9 0.910 0.920 0.905 0.900 0.844 0.859
10 0.888 0.919 0.890 0.918 0.843 0.849
Mean=SD 0.907+0.019 0.917%+0.019 0.904+0.016 0.918+0.015 0.852+0.016 0.856+0.013
Right hemisphere
1 0.904 0.881 0.908 0.880 0.828 0.828
2 0.859 0.901 0.861 0.891 0.837 0.819
3 0.922 0.933 0.926 0.923 0.886 0.885
4 0.932 0.926 0.921 0913 0.899 0.897
5 0.895 0.912 0.880 0.890 0.833 0.842
6 0.896 0.893 0.908 0.880 0.829 0.835
7 0.885 0.938 0.912 0.922 0.856 0.857
8 0.934 0.964 0.906 0.940 0.873 0.868
9 0.913 0.900 0.889 0.895 0.843 0.838
10 0.920 0.957 0.897 0.943 0.839 0.836
Mean*SD 0.906+0.023 0.920+0.028 0.901£0.020 0.908+£0.024 0.852+0.025 0.850+0.026
doi:10.1371/journal.pone.0053678.t001

in the same sulcal catchment basin. We assumed that if two pits
from P4 and Py are close to each other and so their spatial
difference is less than a threshold of 10 mm, they are matched and
identified in the same catchment basin. Matching of two pits from
different sulcal basins might be expected, but there is low
probability for that case. As described above, noisy sulcal pits
that were extracted from small catchment basins and those that
were located too close to other pits were merged and removed,
therefore by construction the area within 10 mm distance from the
sulcal pit did not encroach into other sulcal pit areas. Fig. 2 shows
the map of geodesic distance from sulcal pits as a seed point in an
individual cortical surface for an example. It is shown that areas
within 10 mm distance from the sulcal pits are separated from
each other.

We first projected the P4 onto the Sp with the nearest Euclidean
distance and then measured the geodesic distances from the Pg on
the Sp (Fig. 3A). The geodesic distances were computed and
assigned to the vertices constituting the surface model [35,36]. In
case the nearest points from the P, to the Sp were not located on
the vertex but on the plane of a triangle, we performed an
interpolation using known distance values of three vertices with
barycentric coordinates on the triangle [37]. The schematic
illustration is provided with more detail in Fig. 3B. Among the P,
we counted the number of sulcal pits matched with the Pp,
MP,_. p), whose shortest geodesic distances from the Pp were less
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Reliability of Sulcal Pit Extraction

than 10 mm. At this time when the pits from different surfaces
were regarded to be matched within 10 mm, we also acquired
their geodesic distances and calculated the mean value D(P,_,p).
Next, the Pg was projected onto the S4 and MPp_.4) and D(Pp_. 4)
were measured with the same manner explained above. We
computed the ratios of MP,4_, p) and MPp_. 4) to the whole number
of sulcal pits M£P,) and M~Pp) respectively. The similarity of the
presence of sulcal pits (M;) and their spatial differences (M))
between S4 and SB were finally defined as follows:

M(S.4,8,8)=0.5x (N(P4-5)/N(P4)+N(Pp-4)/N(Pp))

M>(S4,S8)=0.5x(D(P4-p)+D(Pp_.4))

where M, and M, are symmetric matrices for the comparison of all
pairs among 8 or 6 surfaces. The simple example for these
measurements is shown in supplementary data (Fig. S2).

Effects of different scan session, scanner, and surface
extraction tool

We constructed n X n matrices M; and My (n=8 or 6) and
performed (n 2-7)/2 comparisons for each subject. Matrix of all
pairwise comparison of sulcal pit maps is shown in Fig. 4. In these

PLOS ONE | www.plosone.org

Table 2. Spatial difference (mm) of sulcal pits (M,) according to effects of scan session, scanner, and surface extraction tool.
Left hemisphere
Scan session or
Scan session, Scan session, Scanner, MNI Scanner, Surface extraction  scanner, and surface
Subject ID MNI surface FS surface surface FS surface tool extraction tool
1 1.55 152 1.89 1.61 1.95 2.07
2 2.01 1.91 1.82 1.61 1.82 1.87
3 1.69 1.49 1.81 1.65 1.94 1.95
4 1.56 1.83 1.6 147 1.79 1.79
5 1.45 1.62 1.66 1.54 2.07 1.99
6 1.48 1.55 1.75 1.51 1.92 1.95
7 1.97 1.31 1.88 1.44 1.85 1.91
8 1.57 1.45 1.72 1.45 1.78 1.94
9 152 1.82 1.65 1.79 2.08 2.06
10 1.81 1.44 1.70 1.46 1.98 2.01
Mean=SD 1.66+0.20 1.59+0.20 1.75*0.10 1.55+0.11 1.92+0.11 1.95+0.09
Right hemisphere
1 1.40 1.58 1.75 1.63 1.99 1.99
2 1.82 1.50 1.94 1.61 218 221
3 2.04 1.54 1.80 1.52 1.95 2.01
4 1.55 1.68 1.66 1.58 1.97 1.97
5 1.65 1.91 1.86 2.01 223 2.19
6 1.83 1.74 1.92 1.64 2.39 2.39
7 1.51 1.51 1.52 1.45 1.60 1.69
8 1.75 1.69 1.89 1.70 2.18 2.11
9 1.61 143 1.70 1.51 2.02 2.10
10 1.60 1.66 1.76 1.52 1.95 1.94
Mean*SD 1.68+0.19 1.62+0.14 1.78+0.13 1.62+0.16 2.05*0.21 2.06+0.19
doi:10.1371/journal.pone.0053678.t002

matrices, we evaluated the effects of different scan session, scanner,
and surface extraction tool on the similarity of the presence of
sulcal pits and their spatial difference. A detailed explanation of
the test for 8 X8 matrix is as follows:

(a)  Effect of different scan session in the MNI and FS surfaces

M o(Sx_aivey Sy aav)y MiASx_rs, Sy rg): X = SMC; and
Y = SMC,

Sulcal pit maps were compared in the pair of repeated scans
from the same SMC scanner, which were extracted from the
same surface extraction tool.

(b)  Effect of different scanner in the MINI and FS surfaces

M o(Sx_amve, Sy aing)s M1 o(Sx_rs, Sy rg): X 7 Yand (X #
SMC or Y # SMC)
We compared the sulcal pit maps of the pair extracted from
the same surface extraction tool but different scanner. There
were 5 possible pairs to be compared for the MNI and FS
surfaces respectively.

(c)  Effect of different surface extraction tool

M o(Sx_aave, Sy rs): X=Y

January 2013 | Volume 8 | Issue 1 | 53678
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Frequency of sulcal pits
(148 subjects)

| eesem—— ]
0 50 100 (%)

Figure 7. The map of the 96 cluster regions (48 regions for the
left and right hemispheres) and the frequency of sulcal pits
from the distribution of the pits in 148 normal subjects. This is
reproduced from our previous study [2]. The frequency of sulcal pits is
represented as a percentage (number of pits/148x100).
doi:10.1371/journal.pone.0053678.9007
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Table 3. Depth and area of sulcal catchment basin measured on matched and unmatched sulcal pits and statistical tests.
Left hemisphere
Depth (mm) Area of sulcal catchment basin (mm?)
Subject ID Matched pits Unmatched pits Matched pits Unmatched pits
1 12.47 10.55 1282.07 1008.81
2 12.39 9.60 1306.76 650.79
3 12.20 9.47 1178.82 1012.01
4 11.88 9.42 1134.32 789.09
5 1243 9.07 1332.66 748.24
6 11.36 8.83 1155.89 719.33
7 11.32 9.05 1226.12 784.47
8 12.78 10.36 1327.10 1032.80
9 1217 9.28 1239.66 884.48
10 12.50 10.41 1331.85 725.19
Mean=SD 12.15%0.49 9.60+0.62 P<0.0001 1251.53%75.78 835.52+129.31 P<0.0001
Right hemisphere
1 12.78 9.87 1279.33 763.46
2 12.83 11.28 1179.21 979.83
3 11.97 7.83 1183.84 571.03
4 12.90 10.80 1157.31 1069.22
5 12.97 10.67 1223.96 659.34
6 12.49 9.31 1278.77 702.09
7 12.52 8.69 1208.70 667.03
8 12.34 9.02 1324.57 705.15
9 12.92 9.22 1338.33 673.22
10 12.31 10.02 1227.98 890.27
Mean=*SD 12.60+0.33 9.67+1.06 P<0.0001 1240.20+62.31 768.07+159.39 P<0.0001
Paired t-test P value.
doi:10.1371/journal.pone.0053678.t003

The difference of sulcal pit maps was measured between the
MNI and FS surfaces in the 4 pairs who came under the
same scan session and scanner.

(d)  Effects of different scan session or scanner, and surface
extraction tool

M oSx_ aint, Sy rs): XF#Y
The sulcal pit maps of all other 12 pairs acquired from
different scan session or scanner, and surface extraction tool
were compared.
As shown in Fig. 4, each case is marked in the cells of the
matrix. For the cases of b, ¢, and d, there were several
comparisons, so we measured the mean values respectively.

Sulcal depth and area of sulcal catchment basin on

matched and unmatched sulcal pits

We performed the supplementary analysis to find the structural
characteristics of the regions where sulcal pit presence was not
consistent. In the process of the similarity measure of sulcal pit
presence, matched and unmatched sulcal pits from the pair of 2
surfaces were differentiated. Measuring the depths and areas of the
sulcal basin of unmatched sulcal pits can provide morphological
information on the regions showing variable sulcal pit presence.
We computed the means of these measurements in each subject
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and compared them with the same measurements of matched
sulcal pits. The differences between matched and unmatched
sulcal pits were examined with a paired #test.

Results

We display the sulcal pit maps from different 8 surfaces for an
individual brain. When we visually compare the location and
existence of the sulcal pits, their distributions are highly similar to
each other although the presence of sulcal pits is variable in some
regions as marked in Fig. 5. We also projected all sulcal pits onto
one cortical surface and constructed a pit representation for each
subject indicating the frequency of sulcal pit presence across the 4
MNI and 4 FS surfaces (Fig. 6). The same representation is
provided for the other 5 subjects scanned 3 times in Fig. S3. Our
quantitative reliability evaluation shows the similarities of the
presence of sulcal pits and their spatial differences in both
hemispheres for each subject with respect to different scan session,
scanner, and surface extraction tool, which are presented in
Table 1 and 2. The test-retest comparisons from the same scanner
showed the mean similarities of sulcal pit presence from 0.905 to
0.920 in both MNI and FS surfaces (left MNI [mean]: 0.907, right
MNI: 0.906, left FS: 0.917, right FS: 0.920). In the measurement
of spatial differences between matched pits, the mean differences
were less than 1.7 mm (left MNI: 1.66 (mm), right MNI: 1.68, left
FS: 1.59, right FS: 1.62). When comparing the sulcal pit presence
across different scanners with the same surface extraction tool, the
mean similarities were about 0.905 in both hemispheres (left MINI:
0.904, right MNI: 0.901, left F'S: 0.918, right FS: 0.908). Their
corresponding mean spatial differences were less than 1.8 and
1.7 mm in the MNI and FS surfaces respectively (left MNI: 1.73,
right MNI: 1.78, left F'S: 1.55, right F'S: 1.62). The test of the effect
of surface extraction tools showed that the mean similarities of the
presence of sulcal pits were 0.852 and their mean spatial
differences were 1.92 and 2.05 mm for left and right hemispheres.
When scan session, scanner, and surface extraction tool were all
different, the mean similarities of sulcal pit presence in the left and
right hemispheres were 0.856 and 0.850, and the mean spatial
differences were 1.95 and 2.06 mm respectively.

The mean depth on matched sulcal pits was more than 12 mm
in both hemispheres, however the mean depth on unmatched
sulcal pits was less than 10 mm. Their difference across subjects
was evaluated with a paired ftest and was statistically significant
(P<<0.0001). The areas of sulcal catchment basin of matched sulcal
pits were also significantly larger than the areas of unmatched
sulcal pits in both hemispheres (P<0.0001). All data and statistical
results are shown in Table 3.

Discussion

We acquired 4 images on 3 different scanners or 3 images on 2
scanners (1 test-retest session) from the same MR manufacturer
and field strength and using the same sequence with identical
parameters in 10 subjects. We constructed sulcal pit maps on the
white matter surfaces, extracted with both MNI and FS pipelines,
and compared with each other. We globally aligned cortical
surfaces using a volume linear registration to avoid biases that
might be caused by a nonlinear surface registration, and carried
out pairwise comparisons by projecting sulcal pits from one surface
to another one. Although there is a minute difference in the local
shape between surfaces, their global positions matched well (Fig. 1
and S1). Therefore, sulcal pits can be projected to corresponding
areas on another surface. The effects of scan session, scanner, and
surface extraction tool were investigated for each subject.
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Sulcal pit extraction from MRI was highly reliable across
different scan sessions and scanners, showing high similarity of the
sulcal pit presence and low spatial difference. The similarity of the
presence of sulcal pits was more than 0.90 and their spatial
difference was only about 1.70 mm. Typically, the edge distance
between a vertex and its neighboring vertex was 1.75 to 1.85 mm
and 0.83 to 0.85 mm for the MNI and FS surfaces respectively.
Hence, the spatial difference of sulcal pits was quite small when
considering the mesh resolution of the surface model. These results
suggest that the locally deepest point in a sulcus detected from
MRI is not random but is a reliable structural feature and our
algorithm generates reliable sulcal pit maps on the cortical surface.
In the process of sulcal pit extraction, we smoothed the depth map
on the surface and performed a merging process which removes
noisy pits according to several criteria and parameters. This
process likely plays an effective role in increasing the reliability of
sulcal pit detection. We could also have examined the reliability of
sulcal pit distribution with different parameters. However, we have
evaluated and optimized the parameters for sulcal pit extraction in
our previous study [2], and have continuously shown significant
relationships between our sulcal pit map and brain function
[2,9,11,12]. Thus, this study aimed at considering the reliability of
sulcal pits extracted with our optimized and fixed parameters.

We also detected reliable sulcal pits with the MNI and FS image
analysis tools using the same images, with the similarity of more
than 0.85 and about 2.00 mm spatial difference. However, the
reliability test across different tools showed lower similarity and
higher spatial difference than across different scan sessions and
scanners. In addition, the similarity and spatial difference didn’t
change significantly when both surface extraction tools and scan
sessions or scanners were different. The reason the effect of surface
extraction tool is higher than the effect of scan session or scanner
on reliability of sulcal pit extraction may be because cortical
surface extraction requires several specific procedures including
intensity nonuniformity correction, intensity normalization, ste-
reotaxic space transformation, tissue segmentation, surface mod-
eling, and so forth. Although MNI and FS pipelines adopt the
same tool for some processes, such as the N3 algorithm for the
intensity nonuniformity correction [25], much of their pipelines
contain different tools and algorithms. Therefore there are several
different image processing steps that may have caused the
variability in the presence of sulcal pits and their spatial
localization. We hypothesize that a method for surface modeling
might be one of the most critical steps affecting sulcal pit
extraction, although further investigation is required to understand
and evaluate the effect of each processing step. The MNI and FS
pipelines use totally different approaches for cortical surface
modeling. The white matter surface is extracted by deforming an
initial spherical mesh onto the gray/white matter boundary using
the Constrained Laplacian-based Automated Segmentation with
Proximities algorithm in the MNI pipeline [19,20]. In the FS
pipeline, a surface tessellation is constructed by using triangles to
represent face separating white matter voxels [21]. The number of
triangles and the properties of surface mesh are different between
the MINI and FS surfaces and their local shapes are not identical.
These differences may have an impact on the generation of sulcal
depth map and sulcal pit extraction reproducibility. Moreover,
when we visually observe individual maps of the sulcal pit
frequency and compare the maps between the MNI and FS
surfaces, the presence and distribution of the sulcal pits seem more
variable on the medial areas than lateral areas according to
different tools (Fig. 6 and S3). Nevertheless, our results confirm
that we can still expect high reliability of sulcal pit extraction from
the gray/white surface. We additionally investigated differences in
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the number of pits between the MNI and FS surfaces with a paired
t-test. No significant difference was found in both left and right
hemispheres (left MNI [mean]: 73.8 (number of pits), left I'S: 74.2,
P=0.746, right MNI: 75.0, right FS: 75.4, P=0.617).

We analyzed the sulcal depth and area of sulcal catchment basin
on matched and unmatched sulcal pits to see the structural
characteristics of the regions where sulcal pit presence was not
consistent. Our results showed that the sulcal depth was
significantly shallower and the area of sulcal catchment basin
was significantly smaller in the regions where sulcal pit presence or
absence was variable according to scan sessions, scanners, or
surface extraction tools. The sulcal pit presence was more
consistent in the deep and large sulcal folds. These results can
be confirmed in the individual representations of the sulcal pit
frequency across different images (Fig. 6 and S3). Sulcal pits on the
shallow and small folds are candidates for the merging in our
algorithm. Sometimes they may be merged and removed, but
other times they may not, due to minute changes in the modeling
of cortical surface shape. However, once sulcal pits are identified,
they showed invariant spatial localization, as shown in our results
of the spatial difference.

We have published a group map of sulcal pits constructed from
148 normal adult brains and defined 96 cluster regions from the
distribution of the pits in the group [2]. The map showing the
cluster regions and the frequency of sulcal pits as a percentage is
reproduced from our previous study (Fig. 7). For further
understanding of sulcal pit identification, we visually compared
and related the intra-subject reproducibility of the pits with the
group map of the sulcal pit frequency. It is of interest that intra-
subject reproducibility of sulcal pit extraction seems relatively low
in the cingulate sulcal region compared to other regions, and the
frequency of sulcal pits in the group is also low (Fig. 6 and 7). It
may be because the cingulate sulcus is shallow and its depth profile
is not dynamic, increasing uncertainty in identifying sulcal pit
location, and also variable across subjects. In the inferior frontal
and inferior temporal sulcal regions, low frequency of sulcal pits is
shown in the group, but we can see highly reproducible
identification of sulcal pits in individual subjects (Fig. 6 and 7).
We suggest that low frequency in those regions in the group is not
due to unreliable sulcal pit extraction, but due to high inter-subject
variability of sulcal patterns.

In conclusion, the extraction of deep sulcal pits and their
distribution appears to be highly reliable across scan session,
scanner type and extraction tool. The reliability of sulcal pit
extraction in shallow regions with small catchment basins,
although still high across scan session, scanner type and extraction
tool, is less reliable. It may be necessary for us to consider the
appropriate way of analysis and interpretation of results for the
sulcal pits in those regions. With the high reliability and
reproducibility of sulcal pits according to different scan sessions,
scanners, and surface extraction pipelines, we suggest that
extraction of sulcal pits could provide stable landmarks for
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Figure S1 Intra-subject cortical surface alignments for
4 subjects. Eight white matter surfaces are overlapped on a
reference volume image.

(TTF)

Figure S2 An example for measuring similarity of the
presence of sulcal pits and their spatial difference (D:
spatial difference, G: geodesic distance, N: the number
of sulcal pits, P: sulcal pit, S: white matter surface).
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on the Sp. Thea; anda/zare matched with 4/ and b2 respectively.
The spatial difference is calculated as a mean value of their

geodesic distances G(all, b1) and G(a;,b?). We compute the ratio of
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sulcal pits (MPA4) = 3). Next, the 6] and b2 are projected onto the
$4 and the same measurements are computed. We finally measure
the similarity of the presence of sulcal pits and their spatial
differences between S4 and SB as shown in figure.
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region is mapped with color.

(TIF)

Author Contributions

Conceived and designed the experiments: KHI JML DLN. Performed the
experiments: KHI JHK SWS. Analyzed the data: KHI SUJ. Wrote the
paper: KHI JML PEG.

6. Hasnain MK, Fox PT, Woldorfl MG (2001) Structure—function spatial
covariance in the human visual cortex. Cereb Cortex 11: 702-716.

7. Derrfuss J, Brass M, von Cramon DY, Lohmann G, Amunts K (2009) Neural
activations at the junction of the inferior frontal sulcus and the inferior precentral
sulcus: interindividual variability, reliability, and association with sulcal
morphology. Hum Brain Mapp 30: 299-311.

8. Hasnain MK, Fox PT, Woldorfl MG (2006) Hemispheric asymmetry of sulcus-
function correspondence: quantization and developmental implications. Hum
Brain Mapp 27: 277-287.

9. Im K, Choi YY, Yang JJ, Lee KH, Kim SI, et al. (2011) The relationship
between the presence of sulcal pits and intelligence in human brains.
Neuroimage 55: 1490-1496.

January 2013 | Volume 8 | Issue 1 | 53678



12.

20.

21.

23.

. Hickok G, Poeppel D (2007) The cortical organization of speech processing. Nat

Rev Neurosci 8: 393-402.

. Im K, Pienaar R, Lee JM, Seong JK, Choi YY, et al. (2011) Quantitative

comparison and analysis of sulcal patterns using sulcal graph matching: A twin
study. Neuroimage 57: 1077-1086.

Im K, Pienaar R, Paldino M]J, Gaab N, Galaburda AM, et al. (2012)
Quantification and discrimination of abnormal sulcal patterns in polymicrogyria.
Cereb Cortex In Press.

. Walters RJ, Fox NC, Crum WR, Taube D, Thomas DJ (2001) Haemodialysis

and cerebral oedema. Nephron 87: 143-147.

. Wonderlick JS, Ziegler DA, Hosseini-Varnamkhasti P, Locascio JJ, Bakkour A,

et al. (2009) Reliability of MRI-derived cortical and subcortical morphometric
measures: effects of pulse sequence, voxel geometry, and parallel imaging.
Neuroimage 44: 1324-1333.

. Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, et al. (2006) Reliability

of MRI-derived measurements of human cerebral cortical thickness: the effects
of field strength, scanner upgrade and manufacturer. Neuroimage 32: 180-194.

. Dickerson BC, Fenstermacher E, Salat DH, Wolk DA, Maguire RP, et al. (2008)

Detection of cortical thickness correlates of cognitive performance: Reliability
across MRI scan sessions, scanners, and field strengths. Neuroimage 39: 10-18.

. Jovicich J, Czanner S, Han X, Salat D, van der Kouwe A, et al. (2009) MRI-

derived measurements of human subcortical, ventricular and intracranial brain
volumes: Reliability effects of scan sessions, acquisition sequences, data analyses,
scanner upgrade, scanner vendors and field strengths. Neuroimage 46: 177-192.

. Jovicich J, Czanner S, Greve D, Haley E, van der Kouwe A, et al. (2006)

Reliability in multi-site structural MRI studies: effects of gradient non-linearity
correction on phantom and human data. Neuroimage 30: 436-443.

. Kim JS, Singh V, Lee JK, Lerch J, Ad-Dab’bagh Y, et al. (2005) Automated 3-D

extraction and evaluation of the inner and outer cortical surfaces using a
Laplacian map and partial volume effect classification. Neuroimage 27: 210
221.

MacDonald D, Kabani N, Avis D, Evans AC (2000) Automated 3-D extraction
of inner and outer surfaces of cerebral cortex from MRI. Neuroimage 12: 340
356.

Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analysis. I.
Segmentation and surface reconstruction. Neuroimage 9: 179-194.

. Fischl B, Sereno MI, Dale AM (1999) Cortical surface-based analysis. II:

Inflation, flattening, and a surface-based coordinate system. Neuroimage 9: 195—
207.

Mangin JF, Frouin V, Bloch I, Regis J, Lopez-Krahe J (1995) From 3D MR
images to structural representations of the cortex topography using topology
preserving deformations. ] Math Imaging Vis 5: 297-318.

PLOS ONE | www.plosone.org

10

26.

27.

28.

29.

32.

33.

34.

39.

Reliability of Sulcal Pit Extraction

. Lee JK, Lee JM, Kim JS, Kim IY, Evans AC, et al. (2006) A novel quantitative

cross-validation of different cortical surface reconstruction algorithms using MRI
phantom. Neuroimage 31: 572-584.

Sled JG, Zijdenbos AP, Evans AC (1998) A nonparametric method for
automatic correction of intensity nonuniformity in MRI data. IEEE Trans Med
Imaging 17: 87-97.

Collins DL, Neelin P, Peters TM, Evans AC (1994) Automatic 3D intersubject
registration of MR volumetric data in standardized Talairach space. ] Comput
Assist Tomogr 18: 192-205.

Zijdenbos AP, Evans AC, Riahi F, Sled JG, Chui J, et al. (1996) Automatic
quantification of multiple sclerosis lesion volume using streotaxic space. Proc, 4th
Intl Conf on Visualization in BioMed Computing VBC, Lecture Notes in
Computer Science 1131: 439-448.

Segonne F, Dale AM, Busa E, Glessner M, Salat D, et al. (2004) A hybrid
approach to the skull stripping problem in MRI. Neuroimage 22: 1060-1075.
Fischl B, Liu A, Dale AM (2001) Automated manifold surgery: constructing
geometrically accurate and topologically correct models of the human cerebral
cortex. IEEE Trans Med Imaging 20: 70-80.

Segonne F, Pacheco J, Fischl B (2007) Geometrically accurate topology-
correction of cortical surfaces using nonseparating loops. IEEE Trans Med
Imaging 26: 518-529.

. Im K, Lee JM, Lyttelton O, Kim SH, Evans AC, et al. (2008) Brain size and

cortical structure in the adult human brain. Cereb Cortex 18: 2181-2191.
Chung MK, Robbins SM, Dalton KM, Davidson R]J, Alexander AL, et al.
(2005) Cortical thickness analysis in autism with heat kernel smoothing.
Neuroimage 25: 1256-1265.

Fischl B, Sereno MI, Tootell RB, Dale AM (1999) High-resolution intersubject
averaging and a coordinate system for the cortical surface. Hum Brain Mapp 8:
272-284.

Lyttelton O, Boucher M, Robbins S, Evans A (2007) An unbiased iterative group
registration template for cortical surface analysis. Neuroimage 34: 1535-1544.

. Robbins S, Evans AC, Collins DL, Whitesides S (2004) Tuning and comparing

spatial normalization methods. Med Image Anal 8: 311-323.

. Lanthier M, Maheshari A, Sack J-R (2001) Approximating shortest paths on

weighted polyhedral surfaces Algorithmica 30: 527-562.
“oxeter HSM (1969) “Braycentric Coordinates.” in Introduction to Geometry,
2nd ed. New York: Wiley: 216-221.

. Jack CR Jr, Bernstein MA, Fox NC, Thompson P, Alexander G, et al. (2008)

The Alzheimer’s Disease Neuroimaging Initiative (ADNI): MRI methods.
J Magn Reson Imaging 27: 685-691.

Mueller SG, Weiner MW, Thal L], Petersen RC, Jack C, et al. (2005) The
Alzheimer’s disease neuroimaging initiative. Neuroimaging Clin N Am 15: 869
877, xi—xii.

January 2013 | Volume 8 | Issue 1 | 53678



