¢ Human Brain Mapping 36:538-548 (2015) ¢

Parcellation of the Human Orbitofrontal Cortex
Based on Gray Matter Volume Covariance

Huaigui Liu,’ Wen Qin,' Haotian Qi,' Tianzi jiang,2 and Chunshui Yu'*

"Department of Radiology and Tianjin Key Laboratory of Functional Imaging, Tianjin Medical
University General Hospital, Tianjin, China
The Brainnetome Center, Institute of Automation, Chinese Academy of Sciences, Beijing,
China

* *

Abstract: The human orbitofrontal cortex (OFC) is an enigmatic brain region that cannot be parcellated reli-
ably using diffusional and functional magnetic resonance imaging (fMRI) because there is signal dropout that
results from an inherent defect in imaging techniques. We hypothesise that the OFC can be reliably parcellated
into subregions based on gray matter volume (GMYV) covariance patterns that are derived from artefact-free
structural images. A total of 321 healthy young subjects were examined by high-resolution structural MRIL
The OFC was parcellated into subregions-based GMV covariance patterns; and then sex and laterality differ-
ences in GMV covariance pattern of each OFC subregion were compared. The human OFC was parcellated
into the anterior (OFCa), medial (OFCm), posterior (OFCp), intermediate (OFCi), and lateral (OFCI) subre-
gions. This parcellation scheme was validated by the same analyses of the left OFC and the bilateral OFCs in
male and female subjects. Both visual observation and quantitative comparisons indicated a unique GMV
covariance pattern for each OFC subregion. These OFC subregions mainly covaried with the prefrontal and
temporal cortices, cingulate cortex and amygdala. In addition, GMV correlations of most OFC subregions
were similar across sex and laterality except for significant laterality difference in the OFCL. The right OFCl
had stronger GMV correlation with the right inferior frontal cortex. Using high-resolution structural images,
we established a reliable parcellation scheme for the human OFC, which may provide an in vivo guide
for subregion-level studies of this region and improve our understanding of the human OFC at subregional
levels. Hum Brain Mapp 36:538-548, 2015.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

The orbitofrontal cortex (OFC) occupies the ventral sur-
face of the frontal lobe and is one of the least understood

regions of the human brain. Brodmann first reported the
cytoarchitectural features of the human OFC and subdi-
vided it into areas 10, 11, and 47 [Brodmann, 1909]. How-
ever, this nomenclature is not consistent across species
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[Brodmann and Garey, 2007]. The anatomical connection
patterns of the human OFC have been inferred indirectly
from studies of non-human primates. These studies have
revealed reciprocal connections between the OFC and the
sensory, limbic, and subcortical regions [Barbas, 2007; Cav-
ada et al., 2000; Price, 2007]. The monkey OFC has been
divided into “medial” and “orbital” networks [Carmichael
and Price, 1996; Ongur and Price, 2000] that are based on
intraregional anatomical connections.

Functional magnetic resonance imaging (fMRI) studies
have revealed that the human OFC is involved in reward
learning, decision making, control of emotion and motiva-
tion, cognitive flexibility, and social behavior [Kringelbach,
2005; Kringelbach and Rolls, 2004; Rolls and Grabenhorst,
2008]. Furthermore, several mental disorders are character-
ized by structural and functional deficits of the OFC
[Crespo-Facorro et al, 2000; Lacerda et al, 2004; van den
Heuvel et al.,, 2009]. These findings highlight the importance
of investigation of the human OFC. Although there is con-
siderable evidence for the existence of human OFC subre-
gions [Mackey and Petrides, 2010; Ongur et al., 2003], most
fMRI studies report these results using the OFC but not the
OFC subregions [Sladky et al, in press]. Multiple brain
regions have been parcellated into subregions with character-
istic connectivity patterns that are based on anatomical con-
nections identified by diffusion tensor imaging (DTI) or on
resting-state functional connectivity (rsFC) derived from
fMRI. The human OFC has been parcellated into six subre-
gions [Kahnt et al., 2012] according to rsFC profiles. The DTI
or fMRI parcellation studies are based on the echo planar
imaging (EPI) technique. However, using the EPI sequence
to image the human OFC is challenging, because this region
is adjacent to the air-filled sinuses. Signal dropout, geometric
distortion, and susceptibility artefacts inevitably affect the
imaging of the human OFC when the EPI sequence is used
[Devlin et al., 2000; Merboldt et al., 2001].

Mechelli et al. have proposed for the first time that the
gray matter volume (GMYV) of different regions of the
human cortex covary across healthy individuals [Mechelli
et al., 2005]. Although the exact neural mechanisms under-
lying GMV covariance are unclear, it has been proposed
that GMV covariance may reflect the synchronized
maturational changes that are mediated by the develop-
ment of axonal connections [Mechelli et al., 2005]. This
hypothesis is supported by the observed associations of
GMV covariance with maturational changes and rsFC
[Alexander-Bloch et al., 2013b]. Thus, GMV covariance
may reflect anatomical and functional connectivity among
brain regions [Alexander-Bloch et al., 2013a, Taylor et al.,
2012] and could be applied to parcellate complex brain
regions. As expected, GMV patterns have been used to
successfully parcellate the human insula, patterns which
are remarkably consistent with those derived from task-
evoked coactivation and rsFC [Kelly et al., 2012].

Here, the GMV covariance method is particularly suita-
ble for the parcellation of the human OFC because the

high-resolution structural images are free of any imaging
artefacts. In this study, we first applied this GMV covari-
ance method to parcellate the human OFC into subregions
and investigated GMV covariance pattern of each subre-
gion to determine the connection properties of the subre-
gion. Sex and laterality differences in GMV correlation of
each OFC subregion were finally investigated to improve
our understanding of this structure at subregional levels.

MATERIALS AND METHODS
Subjects

A total of 323 healthy young subjects (mean age:
22.7 = 2.5 years; 157 males) participated in this study. Par-
ticipants were carefully screened to ensure that they had
no history of psychiatric or neurological illness, psychiatric
treatment, or drug or alcohol abuse, and had no contrain-
dications for MRI examination. All subjects were right
handed as determined by the Chinese edition of the Edin-
burgh Handedness Inventory [Oldfield, 1971]. After a com-
plete description of the study, all subjects provided
written informed consent. The protocol was approved by
the Ethics Committee of Tianjin Medical University Gen-
eral Hospital.

MRI Data Acquisition

MR images were acquired using a Signa HDx 3.0 Tesla
MR scanner (General Electric, Milwaukee, WI). Tight but
comfortable foam padding was used to minimise head
motion, and earplugs were used to reduce scanner noise.
Sagittal 3D T1-weighted images were acquired by a brain
volume sequence (repetition time = 8.1 ms; echo time = 3.1
ms; inversion time =450 ms; flip angle=13° field of
view= 256 X 256 mmz; matrix =256 X 256; slice
thickness =1 mm, no gap; and 176 sagittal slices).

Parcellation of the OFC Based on GMV
Covariance

Definition of the seed mask

On the basis of the automated anatomical labeling
(AAL) atlas [Tzourio-Mazoyer et al., 2002], we extracted
the OFC seed mask using the following bilateral labels: the
superior, middle, inferior, and medial orbital gyrus, and
the gyrus rectus. The left and right OFC seed masks were
obtained by merging the five AAL regions in each of the
corresponding hemispheres.

Data preprocessing

Each slice of every structural image was examined indi-
vidually. One of the 323 subjects was excluded for bad
image quality and another for atrophy of the temporal
lobe. A total of 321 subjects were finally included. The
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Figure I.
GMV covariance-based parcellation of the human orbitofrontal cortex (OFC) of different cluster
number. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

structural MR images were segmented into gray matter
(GM), white matter, and cerebrospinal fluid using the
standard unified segmentation model in the Statistical
Parametric Mapping software package (SPMS, http://
www.filion.ucl.ac.uk/spm). Following segmentation, a
GM population template in Montreal Neurological Insti-
tute (MNI) space was generated from the entire image
dataset using diffeomorphic anatomical registration
through the exponentiated Lie algebra (DARTEL) tech-
nique [Ashburner, 2007]. After an initial affine registration
of individual GM concentration images to the GM tem-
plate in MNI space, the coarsely registered GM concentra-

tion images were nonlinearly warpped with the
population GM template using the DARTEL technique
and resampled to a voxel size of 1.5 X 1.5 X 1.5 mm?>. The
GMV of each voxel was obtained by multiplying the GM
concentration map by the nonlinear determinants that had
been derived during spatial normalization. Regional GMV
in this study, therefore, represents normalized GMV after
removing the effect of variance in individual brain sizes.
Finally, the GMV images were smoothed with a full width
at half maximum kernel of 10 mm. After spatial prepro-
cessing, the normalized, modulated, and smoothed GMV
maps were used to estimate GMV covariance.

* 540


http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm

¢ Parcellation of the Human Orbitofrontal Cortex ¢

Overlay Ratio
o =3 o
[ o w
L] o o

e
@
=]

0.75

25

20

2 345 6 7 8 9 101112 1314 15 16 17 18 19 20 21 22 23 24 25

Coefficient of Variation

2 34 56 7 8 910111213 14 1516 17 18 19 20 21 22 23 24 25
Number of clusters

Figure 2.

The average overlap ratios and coefficients of variation of the par-
cellation clusters from 2 to 25. A: demonstrates the average over-
lap ratios across ‘“leave-one-out” sub-datasets. A high value
indicates good consistency. The straight line demonstrates the high-
est overlap ratio (0.95). Error bars illustrate one standard error of

GMY covariance-based parcellation

Voxel-wise GMV covariance quantifies the extent to
which GMVs covary between different brain regions
across participants [Mechelli et al., 2005]. We calculated
the GMV covariance of each voxel of the human OFC
seed mask using a previously described method [Kelly
et al., 2012; Mechelli et al.,, 2005; Seeley et al., 2009].
First, we extracted the GMV of each voxel in the whole
brain from each participant. Second, we computed Pear-
son correlation coefficients between the GMV of each
seed voxel and all of the non-OFC voxel in the whole
brain across the 321 subjects to construct the correlation
matrix (N X M, where N is the voxel number of the OFC
mask, and M is the non-OFC voxel number of the whole
brain; Johansen-Berg et al., 2004). Finally, the cross-
correlation matrix of all voxels in the seed mask was cal-
culated and fed into a spectral clustering algorithm that
used edge-weighted centroidal voronoi tessellations for
image segmentation [Wang et al.,, 2009] for automatic
clustering. The procedure was designed to group
together voxels of the seed region that share similar
covariance profiles with other voxels of the brain. How-
ever, the number of component clusters was chosen by
the experimenter.

overlap ratios across sub-datasets. B shows the coefficients of vari-
ation of different cluster numbers across sub-datasets. A low value
indicates less variation. The straight line demonstrates the lowest
coefficient of variation (4.58). The 5-cluster solution is shown to
have the highest consistency for the OFC.

Selection of cluster number

To avoid arbitrary choice of the number of clusters, we
used cross-validation to determine the cluster number that
yielded optimal consistency across subjects. This is desig-
nated the “optimal cluster number.” Specifically, we used a
“leave-one-out” method in which each one tenth of sub-
ject’s data were randomly excluded from the total dataset.
For each sub-dataset, we calculated the overlap ratio
between the clustering results from the single sub-dataset
and from the total dataset. The overlap ratio has values in
the interval [0, 1], and high values indicate high consis-
tency. The inter-sub-dataset overlap was checked for k = 2-
25 clusters. We also calculated the coefficient of variation in
the overlap ratio for each cluster number across sub-
datasets. Low values indicate high stability of the results.

Calculation of the GMV Covariance Pattern of
the OFC Subregions

GMYV covariance between each subregion and the
whole brain

To reveal the different GMV covariance patterns of the
OFC subregions derived from our parcellation, we
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Figure 3.

GMV covariance-based parcellation of the human OFC. The
human bilateral OFC can be reproducibly subdivided into ante-
rior (orange), medial (yellow), posterior (green), intermediate
(blue), and lateral (red) subregions. The parcellation results for
females and males are remarkably similar (A). Centroid distribu-
tion (B) of the OFC subregions. Maps are displayed on a three-
dimensional brain surface using Caret software. OFC, orbito-
frontal cortex; OFCa, anterior subregion of the OFC; OFCm,
medial subregion of the OFC; OFCp, posterior subregion of the
OFC; OFCi, intermediate subregion of the OFC; OFCI, lateral
subregion of the OFC. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

extracted the mean GMV of each OFC subregion across
subjects and then calculated the Pearson correlation coeffi-
cients between the GMV of each OFC subregion and those
of non-OFC voxels of the whole brain. A random effect
model was applied to identify voxels whose GMVs
covaried significantly with those of each OFC subregion.
Multiple comparisons were corrected using a family-wise
error (FWE, P <0.01, two tailed) method.

Target region definition and fingerprint of each OFC
subregion

Target regions were defined by the following steps: (1)
for each OFC subregion, we generated a binary mask
where the GMV of each voxel was significantly positively
covaried with the GMV of the subregion; (2) we merged
these covariance binary masks into a union mask, where
the GMV of each voxel was positively covaried with at
least one of these OFC subregions; (3) we identified the
intersection voxels between the union mask and each AAL
region (a total of 80 regions except for cerebellum and
OFC); (4) we calculated the overlapping ratio between the
number of the intersection voxels of each ALL region and
the total number of voxels of this ALL region; and (5) the
14 AAL regions with the highest overlapping ratio were
selected as target regions, which contained relatively more

voxels exhibiting GMV covariance with the OFC subre-
gions. These target regions were the bilateral Amygdala
(Amyg), anterior cingulate cortex (ACC), mid-cingulate
cortex (MCC), Insula (Ins), inferior frontal gyri (IFG), supe-
rior frontal gyri (SFG), and temporal pole (TP). We then
calculated the GMV correlation value between each OFC
subregion and each of the 14 target regions. We generated
fingerprints to demonstrate the covariance patterns of
these OFC subregions that were based on the GMV corre-
lation strengths between each OFC subregion and the 14
target regions. We compared differences in GMV correla-
tion between every pair of OFC subregions with each tar-
get region using a Williams t-test [Howell, 2010; Williams,
1959]. Multiple comparisons were corrected using the Bon-
ferroni method (P < 0.05, two tailed).

Laterality Differences in GMV Correlation of the
OFC Subregions

The GMV correlation strengths between the 14 target
brain regions with each bilateral OFC subregion were cal-
culated. Then, we used a Williams t-test to test the signifi-
cance of the laterality effect for each of these 14 GMV
correlations. Multiple comparisons were corrected using
the Bonferroni method (P < 0.05, two tailed).

Sex Differences in GMV Correlation of the OFC
Subregions

We divided subjects into males and females and then
generated sex-specific subgroups to test for a sex effect.
The GMV correlation between each OFC subregion and
the 14 target regions were calculated based on each sub-
group dataset. After the correlation coefficients were con-
verted into z-values using the Fisher r-to-z transformation,
a z-test was used to examine the significance of sex differ-
ences for each of these 14 GMV correlations. Multiple com-
parisons were corrected using the Bonferroni method
(P <0.05, two tailed).

RESULTS

Parcellation of the OFC Based on GMV
Covariance

It is important to select an optimal number of clusters
when using the spectral clustering method. Although there
is no gold standard for selecting the optimal cluster num-
ber, we selected a cluster number, that is, based on the
consistency of clustering results that are derived from
“leave-one-out” analyses. We tested 24 clustering schemes
with cluster number from 2 to 25. The parcellation results
are shown in Figure 1. The overlap ratio and coefficient of
variation for each cluster scheme are demonstrated in Fig-
ure 2. We found that a cluster number of 5 had the highest
mean overlap ratio (0.95) and lowest mean coefficient of
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Figure 4.
GMV covariance patterns of the bilateral five OFC subregions (P <0.0l, FWE correction, two
tailed). OFC, orbitofrontal cortex; OFCa, anterior subregion of the OFC; OFCm, medial subre-
gion of the OFC; OFCp, posterior subregion of the OFC; OFCi, intermediate subregion of the
OFC; OFCl|, lateral subregion of the OFC. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

variation (4.58; Fig. 2), which was used as the optimal
cluster number for parcellation.

Using the five-cluster scheme, the right OFC was parcellated
into the anterior (OFCa), medial (OFCm), posterior (OFCp),
intermediate (OFCi), and lateral (OFCI) subregions (Fig. 3A).
The parcellation results were validated by similar analyses of
the left OFC (Fig. 3A). The parcellation results of the bilateral
OFCs were very similar in females and males (Fig. 3A). The
centriod distribution of each OFC subregion across subject
subgroups is shown in Figure 3B. The averaged MNI coordi-
nates of the centriods of the five OFC subregions were as fol-
lows: the OFCa (left: —6, 40, —16; right: 6, 41, —13), OFCm
(left: —16, 58, —10; right: 14, 57, —11), OFCp (left: —28, 39,
—15; right: 28, 41, —16), OFCi (left: —42, 33, —10; right: 43, 35
—10); and OFCI (left: —15, 23, —21; right: 18, 23, —21).

GMYV Covariance Patterns of the OFC
Subregions

The whole-brain GMV covariance patterns of each OFC sub-
region is displayed on the Caret PALS template. Here, we
only found positive correlation under the FWE correction
(P<0.01, two tailed). We identified partly different GMV
covariance patterns of the five OFC subregions with the whole

brain. Brain regions covaried with OFC subregions were
mainly the dorsolateral and medial prefrontal cortex, insula
cortex, cingulate cortex, TP, medial temporal cortex, and
amygdala (Fig. 4). To visualize the differential GMV covari-
ance patterns of the five OFC subregions, we calculated the
GMV correlation fingerprints between each of the five OFC
subregions and the 14 predefined target regions (Fig. 5). The
OFCa exhibited strong GMV correlation with the bilateral
SFG; the OFCm showed great correlation with the bilateral
ACC and MCC; the OFCp exhibited high correlation with the
bilateral Amyg and TP; the OFCi had correlation with the
bilateral SFG, ACC, and TP; and the OFCI showed high GMV
correlation with the bilateral Insula and IFG.

GMYV Correlation Differences Across OFC
Subregions

A Williams t-test was used to compare differences in
GMV correlation between every two OFC subregions and
each target region. The GMV correlation coefficient differ-
ences (P <0.05, two tailed, Bonferroni-corrected) across the
five OFC subregions are shown in Figure 6.

Compared with OFCa, OFCm showed stronger GMV corre-
lation with the left Ins and bilateral ACC and MCC and
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GMV correlation fingerprints of the five OFC subregions. The OFC subregions are shown in different
colors. Abbreviations: Amyg, amygdala; ACC, anterior cingulate cortex; IFG, inferior frontal gyri; L, left;
MCC, mid-cingulate cortex; OFC, orbitofrontal cortex; R, right; SFG, superior frontal gyri; TP, temporal
pole. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

weaker GMV correlation with the right SFG; OFCp and OFCi
had weaker GMV correlation with the bilateral SFG; OFCl
exhibited greater GMV correlation with the right Ins and
weaker GMV correlation with the right SFG. Compared to
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Figure 6.

A matrix map exhibiting group differences in GMV covariance
between the OFC subregions and the 14 target regions. The x-
axis denotes the |4 target regions and the y-axis demonstrates
each pair of the OFC subregions. Abbreviations: Amyg, amygdala;
ACC, anterior cingulate cortex; IFG, inferior frontal gyri; MCC,
mid-cingulate cortex; OFC, orbitofrontal cortex; SFG, superior
frontal gyri; TP, temporal pole. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

OFCm, OFCi, OFCp, and OFCI had weaker GMV correlation
with the bilateral ACC and MCC. Compared to OFCp, OFCi
exhibited weaker GMV correlation with the right Amyg, Ins,
and TP; OFCl had stronger GMYV correlation with the bilateral
IFG. Compared to OFCi, OFCl had stronger GMV correlation
with the right Amyg and bilateral IFG and Ins.

Laterality Differences in GMV Correlation of the
OFC Subregions

We compared the interhemispheric differences in GMV
correlation coefficients between the OFC subregions and
the 14 target regions and found that most of the OFC sub-
regions exhibited symmetric GMV correlation patterns
between the left and right hemispheres (Bonferroni correc-
tion, P <0.05) (Fig. 7). Specifically, the right OFCI exhib-
ited a stronger GMV correlation with the right IFG
compared to the left OFCI (Fig. 7).

Sex Differences in GMV Correlation of the OFC
Subregions

We also compared sex differences in GMV covariance
coefficients between the OFC subregions and the 14 target
regions and did not find any significant differences (Bon-
ferroni correction, P < 0.05) between male and female indi-
viduals (Fig. 8).
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Laterality differences (P < 0.05, Bonferroni-corrected) in GMV correlation coefficients between
each OFC subregion and the 14 target regions. Abbreviations: Amyg, amygdala; ACC, anterior
cingulate cortex; IFG, inferior frontal gyri; MCC, mid-cingulate cortex; OFC, orbitofrontal cor-
tex; SFG, superior frontal gyri; TP, temporal pole.

DISCUSSION

To the best of our knowledge, this is the first study to
parcellate the human OFC based on GM structural covar-
iance. The results reveal that the human OFC can be par-
cellated in vivo into five subregions that approximately
correspond to the cytoarchitectural areas in both human
and monkey [Carmichael and Price, 1994; Mackey and
Petrides, 2010; Ongur et al., 2003; Petrides and Pandya,
1994]. Each OFC subregion exhibited unique GMV covari-
ance patterns that reflect anatomical and functional con-
nections. We also found laterality difference in the GMV
correlation patterns of the OFCl. These findings may
improve our understanding of the human OFC at subre-
gional levels.

The structural complexity and functional diversity of the
human OFC suggest the existence of subregions. Investiga-
tion of this complex and enigmatic brain region at subre-
gional levels may improve our understanding of the
human OFC. However, commonly used DTI- and fMRI-
based parcellation methods cannot yield convincing results
because the OFC is always subject to imaging artefacts

when the EPI sequence is used. Here, we parcellated the
human OFC based on GMV covariance that emerged from
high-resolution, artefact-free structural images. Voxel-wise
GMV covariance quantifies the extent to which GMVs
covary among different brain regions across individuals.
Although the biological meaning of this GMV covariance
remains controversial, it appears to reflect developmental
coordination or synchronized maturation between brain
areas [Alexander-Bloch et al., 2013a]. Structural covariance
networks exhibit strong correspondence with functional
networks that are derived from rsFC. More importantly,
the parcellation results of the human insula based on
GMV covariance are remarkably similar to those derived
from rsFC [Kelly et al., 2012]. These findings prompted us
to parcellate the human OFC based on GMV covariance
patterns.

The human OFC has also been parcellated into five subre-
gions based on cytoarchitectural analysis (areas 10, 11, 13, 14,
and 47/12); this parcellation scheme is consistent with that
of the monkey OFC despite size differences in subregions
across species [Carmichael and Price, 1994; Petrides and Pan-
dya, 1994]. Recently, based on cytoarchitectural
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Sex differences (P < 0.05, Bonferroni-uncorrected) in GMV correlation coefficients between each
OFC subregion and the 14 target regions. Abbreviations: Amyg, amygdala; ACC, anterior cingu-
late cortex; IFG, inferior frontal gyri; MCC, mid-cingulate cortex; OFC, orbitofrontal cortex;

SFG, superior frontal gyri; TP, temporal pole.

characteristics, the human OFC has been subdivided into
multiple smaller subregions [Mackey and Petrides, 2010;
Ongur et al, 2003]. However, these cytoarchitecture-based
subdivisions from different studies are not in perfect agree-
ment. Although there is not a direct one-to-one correspon-
dence between our scheme and any of the previously
proposed cytoarchitectural schemes, we really found certain
correspondence between ours and previous schemes. Specifi-
cally, the OFCp situated on the posterior part of the gyrus
rectus and medial orbital gyrus as well as the posterior
orbital gyrus, which appears to correspond to areas 14c, 14r,
and 13 in Mackey and Petrides [2010]. The OFCa is situated
at the frontal pole and extends posteriorly onto the anterior
parts of the gyrus rectus and medial orbital gyrus, corre-
sponding to area 10 and 11 m in Mackey and Petrides
[2010]. The OFCm corresponds to area 14 m in Mackey and
Petrides [2010]. The OFCi and OFCl corresponds to areas 11
and 47/12, respectively [Mackey and Petrides, 2010].
Compared with the standard practice of describing the
location of functional activity in terms of its morphological
position and then relating this to the cortical architecture,

our parcellation may help us to report activation clusters
in specific OFC subregions which contain both cytoarchi-
tectonic and structural covariance information. Our study
may also help us to get a clearer idea of how GMV covari-
ance patterns correspond to cytoarchitectonic mapping.
Moreover, our study may provide a research frame to use
GMV covariance information to parcellate brain regions
that cannot be reliably parcellated by DTI and fMRI meth-
ods due to signal dropout and geometric distortion.
Finally, the OFC subregions derived from our parcellation
may be used as seed regions to investigate GMV covari-
ance or connectivity changes in disorders with the OFC
impairment at the level of subregions.

In this study, we found that the OFC covaried mainly
with the dorsolateral and medial prefrontal cortex, insula
cortex, cingulate cortex, TP, medial temporal cortex, and
amygdala. This is consistent with previous tracing studies in
monkeys that showed anatomical connections between the
OFC and the dorsolateral and medial prefrontal cortex [Bar-
bas and Pandya, 1989; Cavada et al., 2000], insula [Mesulam
and Mufson, 1982a,b; Mufson and Mesulam, 1982], medial
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temporal lobe [Carmichael and Price, 1995; Ongur and Price,
2000], and amygdala [Carmichael and Price, 1995; Ghash-
ghaei et al.,, 2007]. The GMV covariance pattern of the OFC
is also partially consistent with the rsFC [Kahnt et al., 2012]
and coactivation [Zald et al., 2014] patterns of the region.
Although the biological meaning of the GM structural covar-
iance remains unclear [Alexander-Bloch et al.,, 2013a], the
overlap of patterns of structural covariance, anatomical con-
nection, functional connectivity, and coactivation may sup-
port the hypothesis that regions that covary in terms of GM
appear to have synchronized maturation [Alexander-Bloch
et al,, 2013a,b] or may be part of the same functional net-
work [Seeley et al., 2009; Zielinski et al., 2010].

We identified the specific GMV correlation pattern for
each OFC subregion in this article. The OFCa showed
GMV correlations primarily with the SFG and TP which
are involved in the integration of complex cognitive proc-
essing [Burgess et al., 2007]. The OFCm exhibit a stronger
GMYV correlation with the ACC, which is consistent with
previous studies that showed anatomical [Ongur and
Price, 2000] and functional connectivity [Yu, 2011] between
these areas. Neuroimaging and lesion studies have both
suggested that these brain regions are involved in inter-
nally focused tasks, such as contemplating the future and
processing information concerning rewards [Amodio and
Frith, 2006; Rolls, 2004]. The OFCp, approximately corre-
sponding to area 13, exhibited GMV correlation with mul-
tiple regions with similar strengths, supporting its role as
a transition region within the OFC. Besides, the OFCp
showed the strongest GMV correlation with Amyg and
TP, which is consistent with a previously reported ana-
tomical connection [Olson et al., 2007; Price et al., 1991;
Rolls, 2004] and functional association [Banks et al., 2007;
Ochsner et al.,, 2004] between these regions. The OFCl
exhibited greater GMV correlation with the IFG, Ins, and
TP, which are important nodes of salience network [He
et al., 2013; Seeley et al., 2007].

We demonstrate in this article for the first time that whether
there are laterality and sex differences in GMV correlation of
different subregions of the human OFC. Overall, sex exerted
little influence on GMYV correlation of OFC subregions reflect-
ing the mimic inter-regional GMV correlations in the male and
female adults. Although most of the OFC subregions exhibit
symmetric GMV correlation patterns between the left and right
hemispheres, the right OFCl showed a stronger GMV correla-
tion with the right inferior frontal gyrus than the left OFCL
Considering the overall rightward volumetric asymmetry in
the human OFC [Raz et al., 1997], our finding suggests a spe-
cific laterality effect on GMV correlation of the OFC subregion.
The biological significance of the laterality effect requires fur-
ther investigation.

CONCLUSION

On the basis of GMV covariance patterns, we parcellated
the human OFC into five subregions that approximately

correspond to cytoarchitectural areas. The in vivo maps
for each OFC subregion may guide future subregion-level
studies of the OFC. We also found specific GMV covari-
ance patterns and possible laterality differences in these
patterns, which may improve understanding of the func-
tionality of each OFC subregion.
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