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Abstract

The direct connections of the orbitofrontal cortex (OFC) were traced with diffusion tractography imaging and statistical
analysis in 50 humans, to help understand better its roles in emotion and its disorders. The medial OFC and ventromedial
prefrontal cortex have direct connections with the pregenual and subgenual parts of the anterior cingulate cortex; all of
which are reward-related areas. The lateral OFC (OFClat) and its closely connected right inferior frontal gyrus (rIFG) have
direct connections with the supracallosal anterior cingulate cortex; all of which are punishment or nonreward-related
areas. The OFClat and rIFG also have direct connections with the right supramarginal gyrus and inferior parietal cortex, and
with some premotor cortical areas, which may provide outputs for the OFClat and rIFG. Another key finding is that the
ventromedial prefrontal cortex shares with the medial OFC especially strong outputs to the nucleus accumbens and
olfactory tubercle, which comprise the ventral striatum, whereas the other regions have more widespread outputs to the
striatum. Direct connections of the OFC and IFG were with especially the temporal pole part of the temporal lobe. The left
IFG, which includes Broca’s area, has direct connections with the left angular and supramarginal gyri.
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Introduction

The orbitofrontal cortex (OFC) is a key brain region involved in
emotion (Rolls 2014, 2019b). Part of its importance in emotion
is that the human OFC encodes reward value and pleasantness
in the medial OFC, and punishment value, unpleasantness, and
nonreward in the lateral OFC (Rolls 2019c). The ventromedial
prefrontal cortex is also involved in emotion and may be
especially involved in emotion-related decision-making, based

on the activations in it during reward-related decision-
making (Rolls and Grabenhorst 2008; Rolls et al. 2010b, 2010a;
Grabenhorst and Rolls 2011) and the effects of damage to it
on decision-making (Hornak et al. 2004; Wheeler and Fellows
2008; Glascher et al. 2012). It is important to understand the
functioning of these regions better, for all are implicated,
in different ways, in depression by their altered functional
connectivity (Cheng et al. 2016; Cheng, Rolls, Qiu, Xie, Weli,
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et al. 2018b; Cheng, Rolls, Qiu, Yang, et al. 2018c; Cheng, Rolls,
Ruan, et al. 2018d; Rolls, Cheng, et al. 2020a). Furthermore,
in depression, at least the orbital part of the right inferior
frontal gyrus (rIFG) has similarly altered functional connec-
tivity to that of the immediately adjacent lateral OFC (Rolls,
Cheng, et al. 2020a).

To understand the functioning of a brain region, it is very
important to know where it receives its inputs from and where
it projects to (Rolls 2016a, 2021). There is a wealth of evidence
on this in nonhuman primates, in which anatomical pathways
can be traced (Carmichael and Price 1996; Price 2006; Price 2007;
Saleem et al. 2008; Saleem et al. 2014). However, these methods
cannotbe applied in humans, and there is a little evidence on the
direct connections of the OFC, ventromedial prefrontal cortex,
and inferior frontal gyrus in humans. Some of the evidence
available on the connectivity of these regions in humans comes
from studies of functional connectivity (Du et al. 2020). Func-
tional connectivity, measured by correlations in the BOLD signal
between pairs of brain regions, does reflect direct connections
as shown by combined anatomical and functional connectivity
studies in nonhuman primates but also reflects trans-synaptic
effects (Van Essen et al. 2019).

Given this background, the aim of the present investigation
was to use diffusion tractography imaging to investigate the
direct connections of the human OFC, ventromedial prefrontal
cortex, and inferior frontal gyrus. These three brain regions were
all included in this investigation because parts of all of them
are related to emotion and depression (Rolls 2019b, 2019¢; Rolls,
Cheng, et al. 2020a), and we wished to know to what extent dif-
ferent parts of these areas have related or different connectivity.
Diffusion tractography imaging, which is an MRI method that
can probe direction-dependent diffusivity of water molecules
in fiber bundles, can provide evidence on direct connections
between brain regions (Mori and van Zijl 2002; Johansen-Berg
et al. 2005; Donahue et al. 2016). Some previous studies have
used tractography to investigate the connectivity of some limbic
areas (Catani et al. 2013; Folloni et al. 2019) including the subgen-
ual cingulate cortex (Johansen-Berg et al. 2008), but this is the
first study we know to focus on the human OFC, ventromedial
prefrontal cortex, and inferior frontal gyrus; to include a large
number (N=50) of participants in such a study to allow sta-
tistical evaluation of the connections of these brain areas with
all other areas of the cerebrum; and to analyze the results in a
way that facilitates comparison with the functional connectivity
of the same brain areas (Du et al. 2020). We emphasize that
this is a voxel-level direct connectivity study, but a feature is
that the regions are identified by the automated anatomical
labelling atlas 3 (AAL3), which has a useful parcellation of both
the orbitofrontal and anterior cingulate cortices (Rolls et al. 2015;
Rolls, Huang, et al. 2020b).

Methods
Participants

Data from 50 healthy aging participants (M/F=19/31, mean
age=64.3+£6.0, education=14.6+2.8 year) from the Longitu-
dinal Aging Study of Taipei (LAST) were analyzed in this study.
LAST is a community-based aging cohort study conducted in
Taipei and new Taipei city of Taiwan. The inclusion criteria for
LAST participants were: 1) inhabitants of Taipei or new Taipei
city without a plan to move in the near future and 2) residents
aged 50 years or older. People with the following conditions

were excluded: 1) unable to communicate and complete an
interview; 2) unable to complete all tests due to poor functional
status; 3) those who had a limited life expectancy due to major
illnesses; and 4) those who were currently institutionalized.
All participants signed a written informed consent agreement
before they were enrolled for study. The study was approved
by the Institutional Review Board of the National Yang Ming
University, Taipei, Taiwan. All participants received the Montreal
Cognitive Assessment (MoCA) for the global cognitive functional
neuropsychological assessment, which is an alternative for the
Mini-Mental State Exam (MMSE) that better identifies cognitive
deficits in participants over 60 years old than MMSE (Nasreddine
et al. 2005). MoCA scores range between 0 and 30. A score of 26 or
over is considered to be normal. In this study, the participants’
average MoCA score was 27.64 +1.92 (+SD).

MRI Acquisition

All neuroimaging was performed on a 3 T MR scanner (Siemens
Magnetom Tim Trio, Erlangen, Germany) at the National
Yang-Ming University, using a 12-channel head array coil.
High-resolution T;-weighted (T1W) MR images were acquired
using a 3D Magnetization-Prepared Rapid Gradient Echo
sequence (TR/TE=2530/3.5 ms, TI=1100 ms, FOV=256 mm,
flip angle=7°, matrix size =256 x 256, 192 sagittal slices, slice
thickness =1 mm, no gap) for image segmentation, registration,
and brain mask extraction. Multishelled, multiband diffusion
weighted images (DWIs) were acquired using a single shot
spin-echo planar imaging sequence (monopolar scheme,
TR =3525 ms, TE=109.2 ms, Matrix size: 110 x 110, voxel size:
2 x 2 x 2 mm?, multiband factor =3, phase encoding: anterior
to posterior) with two b-values of 1000 s/mm? (30 diffusion
directions) and 3000 s/mm? (60 diffusion directions), in which
b0 images were interleaved in every six volumes. Each volume
consisted of 72 contiguous axial slices (thickness: 144 mm). Data
with the same DWI protocol using an opposite polarity (phase
encoding from posterior to anterior) were also acquired.

Diffusion MRI Preprocessing and Tractography

To correct for susceptibility-induced off-resonance field, image
distortion induced by the fast-switching gradient, and slight
head motion, FMRIB’s Software Library (FSL) functions: TOPUP
and EDDY were performed on DWIs with two opposite polarities
(anterior and posterior). To reconstruct white matter (WM)
tracts by using tractography imaging, first, TIW images were
segmented into five tissue types, using 5TT (MRtrix3 command:
Sttgen) including cortical gray matter (GM), subcortical GM,
WM, cerebrospinal fluid, and pathological tissue, in order to
anatomically constrain the tractography terminations in GM.
Whole brain tractography was reconstructed for each subject in
native space. A Multi-Shell Multi-Tissue Constrained Spherical
Deconvolution (MSMT-CSD) model with Imax=8 and prior co-
registered 5tt image was used on the preprocessed multishell
DWI data to obtain the fiber orientation density (FOD) function
(Smith 2002; Jeurissen et al. 2014). Based on the voxel-wise fiber
orientation distribution, anatomically constrained tractography
(ACT) using the iFOD2 algorithm was applied with random
seeding of all WM voxels (20 seeds per voxel) to explore all
possible connections without using a prior region of interest
(ROI) for a hypothesis (Tournier et al. 2010; Smith et al. 2012).
Placing seeds throughout the WM mask guaranteed that the
reconstructed fibers would cover the whole of WM and that
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Figure 1. The four ROIs and the AAL3 areas included in each. The ventromedial prefrontal cortex ROI (vmPFC) is AAL3 area FrontalMedOrb; the medial OFC ROI (medOFC)
consists of AAL3 areas gyrus rectus, OFCmed, OFCant, and OFCpost; the lateral OFC ROI (latOFC) consists of AAL3 OFClat and IFGorb; and the inferior frontal gyrus ROI
(IFG) consists of AAL3 areas IFGtri (BA45) and IFGoperc (BA44). There is a close relation of these AAL3 areas (Rolls et al. 2015; Rolls, Huang, et al. 2020b) to the underlying
cytoarchitecture (Ongiir et al. 2003), with gyrus rectus corresponding to 14r; OFCmed to 13m; OFC post to 13]; OFCant to 111; OFC lat to 12; OFGorb to the inferior frontal
convexity which joins the lateral OFC 12 to the inferior frontal gyrus, 45; IFGtri to area 45; and IFGoperc to area 44. There is also a good correspondence of the AAL3
areas to the divisions of the OFC based on the parcellation of the functional connectivity (Du et al. 2020).

WM seeding captures more underlying streamlines between
regions than seeding in a GM ROI (Zajac et al. 2017). To enhance
the validity of the reconstructed fibers, the aforementioned
STT was utilized as prior information during the tracking,
and six mandatory rules were applied: 1) a streamline was
terminated and accepted when it entered GM. 2) A streamline
was rejected if it entered CSF. 3) A streamline was terminated
and accepted if it left the FOV or user-defined brain mask. (This
is necessary to permit tracts to include the spinal column.)
4) A streamline was terminated and rejected when it reached
a voxel with a very low FOD amplitude or showed excessive
curving angle in the WM (with default threshold: FOD amplitude
0.05 and curve angle 45°). 5) A streamline was accepted when
rule (4) applied within subcortical regions. 6) A streamline was
not allowed to exit subcortical GM and was truncated when
it reached a minimum FOD amplitude within voxels of the
subcortical GM (Smith et al. 2012). Whole-brain tractography was
used for connectome reconstruction. To show the connectivity
pattern of an ROI based on this voxel-to-voxel level connectivity,
we included all voxel-to-voxel streamlines that terminated
in the ROL

In this study, we used the AAL3 (Rolls, Huang, et al. 2020b)
(see Supplementary Tables S1 and S2 for description and
abbreviations) to delineate individual brain areas of interest,
because it has several divisions of the anterior cingulate cortex,

as well as of the OFC areas introduced in AAL2 (Rolls et al. 2015).
To transform the AAL3 atlas from MNI standard space to the
individual native space, TIW images were first co-registered
with null diffusion images (b=0) using boundary-based regis-
tration to generate the transformation matrix from DWI-space
to Ty-space (Greve and Fischl 2009). Second, TIW images were
then spatially normalized to the MNI152 T1 template in standard
space via linear affine transformation (FLIRT) and nonlinear
registration (FNIRT) (Jenkinson and Smith 2001; Jenkinson
et al. 2002). By combining the two transformation matrices (DWI
to T1 and T1 to MNI), we then applied the inverse transformation
matrix to obtain the AAL3 volumes in each individual’s native
DWI space with nearest neighbor interpolation. All the spatial
registration and normalization procedures were implemented
in FSL (http://www.fmrib.ox.ac.uk/fsl). In this study, we focused
on the connectivity of eight ROIs which were defined by 18
AAL3 areas as shown in Figure 1 as follows, separately for the
left and right: the ventromedial prefrontal cortex (vmPFC, AAL3
FrontalMedOrb); medial OFC (medOFC, AAL3 OFCpost, OFCant,
OFCmed, and rectus); lateral OFC (latOFC, AAL3 OFClat, and
IFGorb); and inferior frontal gyrus (IFG, IFGtri, and IFGoperc).
The left and right were analyzed separately, because there
is evidence supporting the asymmetry of the connectivity
in the left and right IFG (Du et al. 2020), and to provide
evidence on the extent to which each of the ROIs has bilateral
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connections. To reduce potential false positive tracts generated
by seeding in only a few specific regions, whole-brain tractog-
raphy was performed and the connectivity profiles of the ROIs
were then extracted. With the native-space AAL3 atlas, we used
the tck2connectome command to generate the connectivity
matrix for whole-brain tractography, in which a 2-mm radial
search was applied to each streamline endpoint to locate the
nearest node. The number of streamline fibers between pairs
of AAL3 brain regions was measured across the 140 brain
regions (the 26 regions of the cerebellum were omitted from the
analyses). The number of streamlines between brain regions was
then normalized by the average size (number of voxels) of each
ROI pair to reduce the bias toward capturing more streamlines
between large ROI pairs. Thus, the connectivity for different ROI
pairs was evaluated by the normalized number of streamlines
(fibers per voxel). This enabled us to produce a matrix of the
connectivity between each of the OFC/inferior frontal gyrus
ROIs and every other AAL3 area. (An example is in Figure 4).

To establish the termination map of streamline tracts
throughout the brain for individual subjects, we extracted the
coordinates of every fiber termination identified for each of
the eight ROIs and recorded the number of connections to
obtain the voxel-wise connection patterns in native space.
The native termination maps were than warped into the
MNI standard space for further representation and statistical
analyses. (Examples of such maps are shown in Fig.2 and
Supplementary Fig. S1).

Statistics

To investigate the connectivity patterns of fiber projections
between each of the 18 AAL3 areas in the eight ROIs (left
and right: vmPFC [AAL3 FrontalMedOrb], medial OFC [Rectus,
OFCmed, OFCant, and OFCpost], lateral OFC [OFClat and IFGorb],
and Inferior Frontal Gyrus [[FGoperc and IFGtri]) and each AAL3
region throughout the brain, the following statistical analysis
was performed. For each of the 50 participants, the background
level of normalized streamlines between each of the 18 AAL3
areas and each of the early visual cortical areas was measured.
The early visual areas, Calcarine to Occipitallnf in the AAL3
atlas (AAL3 47-58), were used as control regions, because based
on known anatomy in macaques (Carmichael and Price 1996;
Price 2006, 2007; Saleem et al. 2008, 2014), there are unlikely
to be direct connections between these OFC ROIs and early
visual cortical areas. The mean background level across visual
cortical areas provided a background measure for each of the
18 AAL3 areas for each participant. Then, a paired t-test was
performed across the 50 subjects for each link between AAL3
regions and the 18 AAL3 areas in the four ROIs to test whether
the normalized number of streamlines was greater than the
baseline background measure, using Bonferroni correction
(corrected P-value < 0.05) for multiple comparisons across all
AAL3 areas (140). (This resulted in an analysis of the type
illustrated in Fig. 4 and Supplementary Fig. S2).

To show the voxel-level connectivity patterns of the eight
ROIs across the 50 participants, a paired t-test was also used
to examine whether the number of streamline terminations
in each voxel was significantly greater than the mean num-
ber of terminations for the baseline background. Termination
t maps in MNI standard space were generated for the voxel-
wise connectivity of the eight ROIs, using a threshold t value for
P <0.001 uncorrected, to produce analyses of the type illustrated
in Figure 3.

Results

Connectivity of Different Regions of the OFC and
Nearby Areas for a Typical Single Subject

We start by showing in Figure 2 and Supplementary Figure S1 for
two single subjects the streamline terminations throughout the
brain for five different ROIs, the right ventromedial prefrontal
cortex, right medial OFC, right lateral OFC, and left and right IFG.
Separate diagrams are provided for the left and right IFG because
the connectivity of the IFG was asymmetric between the right
and left hemispheres, whereas for the other brain regions, the
connectivity was symmetric. The connectivity for each of these
five brain regions is described next. We emphasize that this is
a voxel-level connectivity study. The AAL3 atlas is used only
to delineate areas to which we wish to refer. The AAL3 regions
that were the origin/termination of the streamlines in the ROIs
are shown in Figure 1. The streamlines for the second typical
subject are shown in Supplementary Figure S1 to indicate the
robustness even at the single subject level, are shown with more
coronal slices, and are drawn on for the following description.

Ventromedial Prefrontal Cortex

Figure 2A and Supplementary Figure S1A show the streamline
terminations for the ventromedial prefrontal cortex. Termina-
tions are evident in the frontal pole, lateral OFC, medial OFC,
striatum (ventral striatum and parts of the caudate and puta-
men), temporal pole, dorsolateral amygdala (with the stream-
line terminations there at Y=0 probably indicating where the
following of the streamlines terminates as bundles enter the
amygdala), inferior temporal cortex (with sparse connectivity
illustrated), and the posterior cingulate cortex (at Y=-42). We
note that it is typically not possible to easily follow the stream-
line tracts from the WM into the GM of the cortex itself because
there are so many axons running tangentially just below layer
6 of the cortex, connecting to other cortical regions. These
tangential fibers produce difficulty in following the diffusion-
based process that is present in the streamlined fibers being
traced (Van Essen, personal communication, 2019).

Medial OFC

Figure 2B and Supplementary Figure S1B show the streamline
terminations for the medial OFC. Terminations are evident in
the frontal pole, lateral OFC, pregenual cingulate cortex (with
less connectivity to the supracallosal anterior cingulate cortex),
striatum (ventral striatum, caudate, and putamen), temporal
pole, dorsolateral amygdala, middle and inferior temporal gyrus,
the posterior cingulate cortex (at Y=-36 to Y=-48), and pre-
cuneus (Y=-48 to Y=-66). Interestingly, some connectivity to
contralateral OFC areas is evident.

Lateral OFC

Figure 2C and Supplementary Figure S1C show the streamline
terminations for the lateral OFC. Terminations are evident in
the frontal pole and dorsolateral prefrontal cortex, medial OFC,
inferior frontal gyrus, supracallosal anterior cingulate cortex
(Y=12 to Y=18, with less connectivity to the pregenual cingu-
late cortex), anterior insula (Y=12 to Y=18), premotor cortex
(Y=0 to Y=6), striatum (ventral striatum, caudate, and puta-
men), temporal pole, dorsolateral amygdala, inferior temporal
cortex, the posterior cingulate cortex (at Y=-36 to Y=-48),
precuneus (Y = —48 to Y = —66), the angular gyrus (at Y = —36), and
the MDm (the magnocellular part of the mediodorsal nucleus of
the thalamus).
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Figure 2. The regions with streamline terminations for the connectivity of different regions of the OFC and nearby areas for a typical single subject shown in MNI
space. Separate subdiagrams are provided for the (A) right ventromedial prefrontal cortex, (B) right medial OFC, (C) right lateral OFC, and (D) left and (E) right IFG.

Left Inferior Frontal Gyrus

Figure 2D and Supplementary Figure S1D show the streamline
terminations for the left inferior frontal gyrus. Terminations
are evident in the frontal pole and superior, and middle frontal
gyri, supracallosal anterior cingulate cortex (Y =12 to Y =18, with
little connectivity to the pregenual cingulate cortex), anterior
insula (Y =12 to Y=18), premotor cortex (Y =0 to Y =6), striatum

(caudate, putamen, and ventral striatum), temporal pole, dor-
solateral amygdala, inferior temporal (visual) cortex, superior
temporal (auditory) cortex (Y=-12 to Y=-24), the posterior
cingulate cortex (at Y=-36 to Y=-48), precuneus (Y=-48 to
Y =-66), the left supramarginal gyrus area 40 (at Y=-36), the
left angular gyrus area 39 (at Y=—60 to Y=—66), parietal area
7 (at Y=-36), and the thalamus. It is notable that there was
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Figure 3.t maps from all 50 subjects to illustrate the strength of the connectivity of the OFC and related areas with other brain regions. Termination maps were examined
by a voxel-wise paired t test using the mean termination numbers in the primary visual cortex as a baseline background measure with a statistical threshold of P < 0.001
uncorrected. Separate subdiagrams are provided for (A) the ventromedial prefrontal cortex, (B) medial OFC, (C) lateral OFC, and (D) left and (E) right IFG.

little connectivity with the medial OFC, ventromedial prefrontal
cortex, and pregenual cingulate cortex.

Right Inferior Frontal Gyrus
Figure 2E and Supplementary Figure S1E show the streamline
terminations for the rIFG. Terminations are evident in the frontal

pole and superior, and middle frontal gyri, lateral OFC (Y =30),
supracallosal anterior cingulate cortex (Y=12 to Y=30, with
little connectivity to the pregenual cingulate cortex), anterior
insula (Y=12 to Y=18), premotor cortex (Y=0 to Y=6), stria-
tum (caudate, putamen, and ventral striatum), temporal pole,
dorsolateral amygdala, inferior temporal (visual) cortex, middle
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temporal gyrus, superior temporal (auditory) cortex (Y=-12 to
Y =—24), the posterior cingulate cortex (at Y=-36 to Y=-48),
precuneus (Y=-48 to Y=-66), the right supramarginal gyrus
area 40 (at Y=-36), the right angular gyrus area 39 (at Y=-60
to Y=-66), parietal area 7 (at Y=-36), and the thalamus. It is
notable that there was a little connectivity with the medial OFC,
ventromedial prefrontal cortex, and pregenual cingulate cortex.

The Statistics of the Connectivity of the OFC and
Related ROIs with Voxels in Other Brain Regions
Analyzed Across 50 Participants

Figure 3 shows t maps from all 50 subjects to illustrate the
strength of the connectivity of the OFC and related areas with
other brain regions, as described in Materials and Methods.
Termination maps were examined using a one-sample t test
with a statistical threshold of P < 0.001 uncorrected as described
in Materials and Methods.

Ventromedial Prefrontal Cortex

Figure 3A shows the t maps for the streamline terminations for
the ventromedial prefrontal cortex. The terminations are most
significant in the frontal pole, lateral and medial OFC, pregenual
and subgenual cingulate cortex, striatum (ventral striatum, cau-
date, and putamen), temporal pole, dorsolateral amygdala, and
the MDm (the magnocellular part of the mediodorsal nucleus of
the thalamus).

Medial OFC

Figure 3B shows the t maps for the streamline terminations
for the medial OFC. The terminations are most significant in
the frontal pole, lateral OFC, pregenual cingulate cortex (Y =30,
with less connectivity to the supracallosal anterior cingulate
cortex), striatum (ventral striatum, caudate, and putamen), tem-
poral pole and inferior temporal cortex, dorsolateral amygdala,
aregion close to where connections may enter the hippocampal
formation (Y = —12), and the MDm (the magnocellular part of the
mediodorsal nucleus of the thalamus).

Lateral OFC

Figure 3C shows the t maps for the streamline terminations for
the lateral OFC. The terminations are most significant in the
frontal pole, medial OFC, anterior insula (Y =12 to Y =18), stria-
tum (caudate, putamen, and ventral striatum), temporal pole
and inferior temporal cortex, dorsolateral amygdala, the supra-
marginal gyrus (at Y=-36), and the MDm (the magnocellular
part of the mediodorsal nucleus of the thalamus).

Left Inferior Frontal Gyrus

Figure 3D shows the z maps for the streamline terminations
for the left inferior frontal gyrus. The terminations are most
significant in the frontal pole and superior and middle frontal
gyri, supracallosal anterior cingulate cortex (Y =12 to Y =18, with
little connectivity to the pregenual cingulate cortex), anterior
insula (Y =12 to Y=18), premotor cortex (Y =0 to Y =6), striatum
(caudate, putamen, and ventral striatum), temporal pole, dorso-
lateral amygdala, inferior temporal (visual) cortex, superior tem-
poral (auditory) cortex (Y=-12 to —24), the left supramarginal
gyrus area 40 (at Y=-36), the left angular gyrus area 39 (at
Y =—60to —66), parietal area 7 (at Y = —36), and the thalamus. It is
notable that there was a little connectivity with the medial OFC,
ventromedial prefrontal cortex, and pregenual cingulate cortex.

Right Inferior Frontal Gyrus

Figure 3E shows the z maps for the streamline terminations for
the rIFG. The terminations are most significant in the frontal
pole and superior and middle frontal gyri, right lateral OFC
(Y =30), supracallosal anterior cingulate cortex (Y=12 to Y=18,
with little connectivity to the pregenual cingulate cortex), ante-
rior insula (Y =12 to Y =18), premotor cortex (Y =0 to Y =6), stria-
tum (caudate, putamen, and ventral striatum), temporal pole,
right inferior temporal (visual) cortex, middle temporal gyrus,
superior temporal (auditory) cortex (Y = —12 to Y = —24), the right
supramarginal gyrus area 40 (at Y = —36), the right angular gyrus
area 39 (at Y=-60 to —66), parietal area 7 (at Y=-36), and the
thalamus. It is notable that there was a little connectivity with
the medial OFC, ventromedial prefrontal cortex, and pregenual
cingulate cortex.

The Matrix of the Connectivity of the Eight OFC and
Related Areas

Figure 4 shows a matrix of the connectivity measured across
the 50 participants for the 18 AAL3 regions in the 8 ROIs (left
and right vmPFC [FrontalMedOrb], medOFC [Rectus, OFCmed,
OFCant, and OFCpost], latOFClat [OFClat and IFGorb], and IFG
[IFGoperc and IFGtri]) with other ipsilateral AAL3 brain regions.
The connectivity of these 18 ROIs is typically greater ipsilaterally
than contralaterally (with the contralateral connectivity shown
in Supplementary Fig. S2), and for most ROIs apart from the
IFG, the connectivity is approximately symmetric in the two
hemispheres.

Figure 4 (top row for the left and right connectivity matrices)
shows that the ventromedial prefrontal cortex has strong direct
connectivity with medial OFC areas (especially with OFCmed
and OFCpost), the caudate and putamen, the subgenual anterior
cingulate cortex, temporal cortical areas, and some connectivity
with superior and middle frontal gyri, the orbital part of the
inferior frontal gyrus and lateral OFC, and the insula.

The medial OFC (AAL3 areas rectus, OFCmed, OFCant, and
OFCpost) have strong direct connectivity with the ventromedial
prefrontal cortex, striatum especially the ventral striatum, the
anterior cingulate cortex especially the subgenual part, temporal
cortical areas, and some connectivity with superior and middle
frontal gyri and the orbital part of the inferior frontal gyrus.
Differences between these AAL3 areas are that the OFCpost has
especially strong connections with other parts of the medial OFC
(including rectus, OFCmed, and OFC ant), with the vmPFC, with
the orbital part of the inferior frontal gyrus (and the connected
OFClat), and with the superior and middle frontal gyri. The post-
OFC is thus notable as being highly connected, like a hub. The
rectus and OFCmed have especially strong connections with the
nucleus accumbens and olfactory tubercle, which comprise the
ventral striatum.

The lateral OFC (AAL3 areas OFClat and IFGorb) has direct
connectivity with the inferior frontal gyrus, superior, middle,
and medial superior prefrontal areas, the posterior OFC, insula,
caudate and putamen with less connectivity with the ventral
striatum, temporal cortex, and supramarginal and inferior pari-
etal cortical areas. The IFGorb has a stronger connectivity with
parietal areas than OFClat.

The 1IFG (AAL3 areas R.IFGoperc and R.IFGtri) has direct
connections with many right prefrontal cortical areas, right pre-
motor (precentral gyrus and supplementary motor area), post-
central cortex and midcingulate cortex, supracallosal anterior
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Figure 4. Matrix of connectivity across the 50 participants for each of the 18 AAL3 areas in the 8 ROIs, (left and right) ventromedial prefrontal cortex (FrontalMedOrb),
medial OFC (rectus, OFCmed, OFCant, and OFCpost), lateral OFC (OFClat and IFGorb), and inferior frontal gyrus (IFGtri and IFGoperc) with each ipsilateral AAL3 area.
Only significant connections are shown, tested as described in Materials and Methods. The connectivity matrix shows the 140 areas in the AAL3 atlas excluding the
cerebellar areas. The names of the AAL3 areas are shown in Supplementary Tables S1 and S2. The contralateral connectivity is shown in Figure S2.

cingulate cortex, and right supramarginal, angular, and inferior
parietal cortical areas.

The left inferior frontal gyrus has direct connections with
many left prefrontal cortical areas; left premotor, postcentral
cortex, and midcingulate cortex; supracallosal anterior cingulate
cortex; and left supramarginal, angular, and inferior parietal
cortical areas.

The connections shown in Figure 4 can be summarized in
another way, by considering the connectivities of OFC/IFG subre-
gions with different brain systems. The temporal cortical areas
are connected with all of these OFC/IFG regions. The parietal
areas including the supramarginal and angular gyri are con-
nected especially with the inferior frontal gyri, and not with the
OFC and vmPFC. The IFGorb appears to have similarities with the
other IFG areas and with the OFClat and may be an intermediate
area. The subgenual and pregenual anterior cingulate cortex
tend to be connected with the medial OFC and vmPFC areas,
whereas the supracallosal anterior cingulate cortex tends to be
more connected with the inferior frontal gyrus areas including
IFGorb. The posterior cingulate cortex and precuneus are espe-
cially connected with the vmPFC and the gyrus rectus. Motor
areas, such as the precentral gyrus, supplementary motor area,

rolandic operculum, and midcingulate cortex, are connected
with the IFG but much less with the OFC and vmPFC. The
ventral striatum (NAcc and olfactory tubercle) are connected
especially with the medial OFC and vmPFC. The superior and
middle frontal gyri appear to be connected with all OFC, vmPEC,
and IFG areas.

Figure 5 shows the correlation between the connectivity of
each of the 18 AAL3 areas with all ipsilateral AAL3 brain areas
across 50 participants. The medial orbitofrontal areas rectus,
OFCmed and OFCant, and the vmPFC form one group that have
high correlations with each other. They have moderately high
correlations with the pregenual and subgenual anterior cingu-
late cortex. Within this group, the vmPFC and gyrus rectus have
especially strong correlations with the anterior cingulate cortex.
The OFCpost forms a second group, and stands out as having
connectivity that is different from most of these OFC, IFG, and
vmPFC areas, perhaps because it is a hub region. The OFClat
and IFGorb form a third group, with connectivity correlated
with that of medial OFC areas, which is not the case for the
fourth group, IFGtri and IFGoperc. The fourth group, IFGtri and
IFGoperc, have similar connectivity to parietal areas including
the supramarginal and angular gyri and precuneus; to temporal
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Figure 5. The Pearson correlation matrix between the connectivity of each of the 18 AAL3 areas in the 8 ROIs with all ipsilateral AAL3 brain areas across 50 participants.

lobe areas; to prefrontal areas including the superior and middle
frontal gyri; and to some motor areas, including the precen-
tral gyrus, supplementary motor area, Rolandic operculum, and
mid-cingulate cortex. The connectivity of the lateral OFC is
correlated with that of the inferior frontal gyrus on the same
side of the brain, and interestingly, these connectivities had low
correlations between the two hemispheres. This is an indication
that the left and right lateral orbitofrontal may have different
functions (Supplementary Fig. S3). These groups defined by the
correlations shown in Figure 5 are of interest, for they help
to define anatomical networks with similar connectivity (and
implied interconnectivity within a network) in the human brain.

Figure 6 shows a multidimensional scaling (MDS) space for
the 18 AAL3 areas, based on their anatomical connectivity with
AAL3 brain areas from Supplementary Figure S2. Figure 6 is for
when the AAL3 areas are from both hemispheres, and very
similar results were found when the AAL3 areas were only from
the ipsilateral hemisphere. Figure 6 shows that the OFCmed,
OFCant, gyrus rectus, and vmPFC are relatively close together in
one part of the space, reflecting their similar connectivity with
all AAL3 areas. The OFClat and IFGorb are relatively close to each
other, indicating their similar connectivity to each other. Their
position in the space is intermediate between the medial OFC
areas and the IFG areas, which form a third part of the space.
The OFCpost is separate in the space. This supports the points

made when considering the results in Figure 5 that there are four
main groups of regions among the 18 AAL3 areas considered.
The pattern of left and right anatomical connectivities is similar,
as shown by the closeness of the right and left corresponding
AAL3 areas in this space.

Tractography

We provide tractography diagrams for five ROIs in the OFC
(Supplementary Fig. S4), ventromedial prefrontal cortex, and
inferior frontal gyrus of one representative participant. The
overall pattern shows prominent interhemispheric connections
of the five regions. The tractography for both the right and left
IFG shows connections with the superior and middle temporal
regions via the arcuate fasciculus.

Discussion

One key finding is that the human medial and lateral OFC have
different direct connections with other parts of the brain. The
medial OFC has direct connections with the anterior cingulate
cortex including the pregenual and subgenual parts (Fig. 4); all of
which are reward-related areas (Rolls 2019b, 2019c). The lateral
OFC has fewer connections with these parts of the anterior
cingulate cortex, but the inferior frontal gyrus (which especially
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on the right is related to the lateral OFC) has direct connections
with the supracallosal anterior cingulate cortex (Fig. 4); all of
which are punishment or nonreward-related areas (Rolls 2019b,
2019c). This extends the evidence from functional connectivity
about the relations between these different parts of the medial
OFC versus lateral OFC and its closely related rIFG (Rolls et al.
2019; Du et al. 2020), by adding evidence about direct con-
nections. This is consistent with the hypotheses that the OFC
computes reward value and thereby is related to emotion and
that the anterior cingulate cortex provides a route to goal-related
actions (Rolls 2019a).

A second key finding is that the lateral OFC and rIFG direct
connections are somewhat similar to each other and some-
what different from medial OFC areas, in terms of their direct
connections with right hemisphere parietal areas, such as the
supramarginal gyrus and inferior parietal cortex (Fig.4), and
also some movement-related areas, such as the supplementary
motor cortex. This is consistent with the hypothesis that the
lateral OFC and the associated rIFG provide routes to behav-
ioral output for the OFC (Du et al. 2020) which have greater
functional connectivity in depression (Rolls, Cheng, et al. 2020a).
This extends the nonreward attractor theory of depression (Rolls
2016b) beyond the lateral OFC to include at least parts of the rIFG.
A concept here is that with the involvement of the left inferior
frontal gyrus in language (as Broca’s area (Amunts and Zilles
2012; Clos et al. 2013)), the left OFC becomes constrained in size,
whereas the 1IFG can be more involved in the functions of the
right OFC, for which the right IFG may provide a route to output
(Rolls, Cheng, et al. 2020a).

Another key finding is that the ventromedial prefrontal
cortex shares with the medial OFC especially strong outputs
to the nucleus accumbens and olfactory tubercle, which
comprise the ventral striatum, whereas the other ROIs have
more widespread outputs to the striatum (Fig. 4). In macaques,
the OFC also projects to the ventral striatum (Selemon and
Goldman-Rakic 1985; Yeterian and Pandya 1991; Haber et al.
1995; Haber 2016) (which helps to validate the current findings),

but what is shown in Figure 4 provides quantitative evidence
for humans how this is especially the case for the vmPFC
and medial OFC, whereas the lateral OFC and inferior frontal
gyrus have relatively stronger connections with the caudate
nucleus and putamen. The ventromedial prefrontal cortex such
as the medial OFC also has strong direct connections with the
anterior cingulate cortex, and indeed, the connections with the
subgenual and pregenual cingulate cortices distinguish these
areas from the other ROIs.

As shown in Figure 4 and summarized in the Results, the
connections of the different OFC/IFG AAL3 areas form interest-
ing anatomical groupings. We now show how these anatomical
groupings have functional relevance. First, the medial OFC has
strong direct connectivity with the pregenual and subgenual
anterior cingulate cortex, and both are implicated in reward
processing (Grabenhorst and Rolls 2011; Rolls 2019b, 2019c).
Conversely, the lateral OFC has strong direct connectivity with
the supracallosal anterior cingulate cortex (Fig. 4), and both are
implicated in punishment and nonreward processing (Graben-
horst and Rolls 2011; Rolls 2019b, 2019c¢). This may be a network
in which reward and punishment value is computed in the OFC,
and this information is sent to the anterior cingulate cortex for
action to reward outcome learning (Rolls 2019a). The orbital part
of the inferior frontal gyrus (IFGorb) appears to have similarities
with both OFClat and the other IFG areas. On the right (ie.,
contralateral to the language hemisphere), the orbital part of
the inferior frontal gyrus appears to be functionally especially
related to increased functional connectivity in depression and
may provide a route from the lateral OFC to premotor areas
(Cheng et al. 2016; Rolls, Cheng, et al. 2020a).

Second, the posterior cingulate cortex and precuneus are
especially connected with the vmPFC and the gyrus rectus.
This is especially interesting as both are related to memory,
including autobiographical memory (Bonnici and Maguire 2018;
McCormick et al. 2018). Consistent with this, the parahippocam-
pal cortex, also with the hippocampus involved in memory (Rolls
2018), is especially connected with the vmPFC and gyrus rectus.
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Thus, the vimPFC and gyrus rectus have connections in humans
that relate them to memory functions, and this may be a distinct
system from the medial and lateral OFC.

Third, the parietal areas including the supramarginal (BA40)
and angular gyri (BA39) are connected especially with the infe-
rior frontal gyri, and not with the OFC and vmPFC. On the left,
these are key areas involved with language, with the inferior
frontal gyrus pars triangularis (BA45) and pars opercularis (BA44)
forming Broca’s area, and at least the angular gyri and related
parieto-temporal areas involved in language and related pro-
cessing (Amunts and Zilles 2012; DeWitt and Rauschecker 2013;
Binder 2015; Campbell and Tyler 2018).

Fourth, motor areas, such as the precentral gyrus, supple-
mentary motor area, Rolandic operculum, and midcingulate
cortex, are connected with the IFG but much less with the OFC
and vmPFC. The ventral striatum (NAcc and olfactory tubercle)
are connected especially with the medial OFC and vmPFC.

Fifth, the temporal cortical areas lobe had connections with
all OFC, vmPFC, and IFG areas. What was especially interest-
ing, as shown in Figure 2 and Supplementary Figure S1, is that
the connections were especially strong with the temporal pole,
though connections were also found less anteriorly. These tem-
poral lobe regions are involved in visual (including face expres-
sion), auditory, and semantic functions (Patterson et al. 2007;
Cheng et al. 2015; Rolls 2021). Consistent with the findings
presented here for humans, in macaques, the medial OFC areas
do have strong connectivity with the temporal pole (Corcoles—
Parada et al. 2019), and the middle part of the superior temporal
gyrus connects to the lateral OFC area 12 and more laterally
(Petrides and Pandya 1988). The superior and middle frontal gyri
appear to be connected at all OFC, vimPFC, and IFG areas, and
these connections may be involved in working memory and
executive function (Passingham and Wise 2012).

Sixth, as shown in Figure 4 and supported by Figures 5 and
6, the OFCpost is somewhat more connected than OFCant and
other parts of the OFC and appears to be a hub region. Dif-
ferences are found in the architecture which, for the posterior
OFC, is less elaborated than more anteriorly (Beck 1949; Barbas
and Pandya 1989; Hof et al. 1995) and, in macaques, is related
to different patterns of connections with anterior cingulate
(Garcia-Cabezas and Barbas 2017) and other areas (Barbas 1993).

There is an interesting similarity between the direct connec-
tions of these ROIs (Figs 2 and 3) and their functional connec-
tivity shown in Figure 2 of Du et al. (2020). Connectivity revealed
by the functional connectivity but not by the direct connections
includes the angular gyrus with ventromedial prefrontal cortex,
medial OFC, and lateral OFC (Du et al. 2020), and these therefore
may be trans-synaptic connections. On the other hand, there
is a strong functional connectivity of the inferior frontal gyrus
with the supramarginal gyrus (Fig. 2 of Du et al. (2020)), and that
may be mediated by direct connectivity as shown in Figure 4. In
addition, it is interesting to compare Figure 4 with a correspond-
ing figure based on the functional connectivity of parcels within
the OFC and related ventromedial and inferior frontal gyrus
brain areas (Fig. 4 of (Du et al. 2020)). Both figures emphasize the
differences of the connectivity of the vmPFC, medial OFC, lateral
OFC, and inferior frontal gyrus.

An important guide to the connectivity of the human OFC
is the wealth of evidence available about the macaque OFC
(Carmichael and Price 1996; Price 2006, 2007; Barbas 2007;
Saleem et al. 2008, 2014; Barbas et al. 2011). However, the
findings described here while generally consistent go beyond
those studies by providing evidence about the asymmetry of the

human right and left lateral OFC and inferior frontal gyri; by
highlighting the connections of the human OFC with parietal
cortical areas some of which are involved in functions related
to language; and in revealing the connectivity of the human
medial OFC with the pregenual cingulate cortex, and the lateral
OFC with the supracallosal anterior cingulate cortex, areas
involved in humans, respectively, in reward versus punishment
and nonreward processing (Rolls 2019a, 2019b, 2019c).

In relation to macaque anatomical studies, the connections
shown in Figure 4 are of interest, because they are based on
a statistical analysis. This is in contrast to most anatomical
studies in macaques, which are based essentially on several
single case studies, in which particular case studies of injec-
tions into individual receiving areas (identified with retrograde
tracers such as HRP) or sending areas (using anterograde tracers
injected into a particular region) are performed. In contrast,
in the present approach, and potentially in future approaches
in humans, the anatomical connectivity can be based on the
statistical analyses of connectivity between voxels throughout
the brain, which is essentially what happened in the present
investigation, which then allows networks of connectivity to be
defined, identified by statistical analysis, such as correlation as
used here (Fig. 5), or potentially further approaches.

In order to obtain more precise fiber orientation estimates
and more reliable tractography, the MSMT-CSD algorithm com-
bined with ACT was used in this study (Smith et al. 2012;
Jeurissen et al. 2014). However, there are still some limitations
that may result in failing to identify particular connections. One
limitation can arise for example when there are many tangential
fibers to a pathway as described in Introduction, as occurs for
example in the dense WM zone where axons run parallel to the
cortical surface beneath the infragranular layer (Reveley et al.
2015; Donahue et al. 2016). Because much of the diffusion is
in the tangential direction, it is difficult to follow orthogonal
streamlines across this region penetrating into the cortex. A
similar issue may apply to OFC connections with the amyg-
dala, partly because there are many tangential fibers where
the streamlines enter the amygdala, and partly because there
may be a sharp turn in the streamlines at the entrance to the
amygdala (Solano-Castiella et al. 2010), whereas most tracking
algorithms favor the straight option (turning through an angle of
less than 60°) (Jeurissen et al. 2019). Thus, while the connectivity
between the OFC and amygdala has been well documented in
functional connectivity and tracer studies (Carmichael and Price
1995; Ghashghaei and Barbas 2002; Barbas 2007; Garcia-Cabezas
and Barbas 2017; Cheng, Rolls, Qiu, Xie, Lyu, et al. 2018a), it
was hard to follow the streamlines into the amygdala in this
study and in previous diffusion studies (Eden et al. 2015; Gibbard
et al. 2018; Rizzo et al. 2018) (though streamlines terminating
at the entrance to the amygdala are shown in Figs 2 and 3).
Nevertheless, although tractography needs to be treated with
caution because of possible false negatives and positives, it has
been the only methodology for noninvasively delineating the
WM pathways in the human brain. In this study, our purpose
was not to provide a novel method to improve the tractography
algorithm.

Instead, this study takes the OFC and its related areas, parts
of the brain important in emotion and in emotional disorders
such as depression, and shows how these areas connect to other
key brain regions, adding importantly to what can be assessed by
anatomical path tracing studies in nonhuman primates, partly
because some of the areas involved are much more developed
in humans, including parts of the inferior frontal gyrus and the
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angular and supramarginal gyri. The present study also provides
interesting evidence on the differences of connectivity of these
brain regions, as described above. Moreover, this study provides
a foundation for future longitudinal studies and for studies in
patients with disorders.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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