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Systems/Circuits

The Human Ventromedial Prefrontal Cortex: Sulcal
Morphology and Its Influence on Functional Organization

X Alizée Lopez-Persem,1 X Lennart Verhagen,1 X Céline Amiez,2 Michael Petrides,3 and X Jérôme Sallet1

1Wellcome Integrative Neuroimaging Centre, Department of Experimental Psychology, University of Oxford, Oxford OX1 3SR, United Kingdom, 2University

of Lyon, Université Lyon 1, INSERM, Stem Cell and Brain Research Institute U1208, 69500 Bron, France, and 3Montreal Neurological Institute, McGill

University, Montreal, Quebec H3A2B4, Canada

The ventromedial prefrontal cortex (vmPFC), which comprises several distinct cytoarchitectonic areas, is a key brain region supporting

decision-making processes, and it has been shown to be one of the main hubs of the Default Mode Network, a network classically activated

during resting state. We here examined the interindividual variability in the vmPFC sulcal morphology in 57 humans (37 females) and

demonstrated that the presence/absence of the inferior rostral sulcus and the subgenual intralimbic sulcus influences significantly the

sulcal organization of this region. Furthermore, the sulcal organization influences the location of the vmPFC peak of the Default Mode

Network, demonstrating that the location of functional activity can be affected by local sulcal patterns. These results are critical for the

investigation of the function of the vmPFC and show that taking into account the sulcal variability might be essential to guide the

interpretation of neuroimaging studies.
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Introduction
The ventromedial prefrontal cortex (vmPFC) is a key region for
decision-making and subjective valuation processes (Lebreton et

al., 2009; Noonan et al., 2010; Lopez-Persem et al., 2016). This
brain region is not only involved in reward and value processing
but also in emotional regulation (Hänsel and von Känel, 2008)
and memory representation (Bonnici et al., 2012), and is a main
hub of the Default Mode Network (DMN; Raichle, 2015), a net-
work classically observed during resting state (rs) and mind wan-
dering. Thus, vmPFC function is now the focus of many studies.

Defining the functional contributions of a cortical territory
first requires an understanding of its anatomical organization.
The cytoarchitectonic areas found in a region have been shown to
have distinct connectional profiles with other cortical and sub-
cortical areas and also to relate to separate functional processes
(Petrides, 1996, 2002). Indeed, the functional contributions of
brain areas are constrained by their inputs and outputs (i.e., their
connectivity patterns; Passingham et al., 2002; Petrides, 2002).
These cytoarchitectonic areas often relate to sulcal patterns that
can be clearly visualized in functional imaging studies.

Characterizing the functions of the vmPFC is challenging for
two reasons. First, the term “vmPFC” does not refer to a specific
anatomically delineated brain area. In functional neuroimaging
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Significance Statement

The ventromedial prefrontal cortex (vmPFC) is one of the main hubs of the Default Mode Network and plays a central role in value

coding and decision-making. The present study provides a complete description of the interindividual variability of anatomical

morphology of this large portion of prefrontal cortex and its relation to functional organization. We have shown that two supple-

mentary medial sulci predominantly determine the organization of the vmPFC, which in turn affects the location of the functional

peak of activity in this region. Those results show that taking into account the variability in sulcal patterns might be essential to

guide the interpretation of neuroimaging studies of the human brain and of the vmPFC in particular.
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studies that are based on the average brain
activity of a group, the term vmPFC has
been used to label a large portion of the
prefrontal cortex (Bartra et al., 2013) that
includes several cytoarchitectonic areas
(i.e., areas 10, 14, 25, and 32; Fig. 1), and
vmPFC boundaries are debated (Wallis,
2011). The second challenge in assigning a
function to the different subdivisions of
the vmPFC comes from the fact that the
classic neuroimaging approach is to aver-
age results across subjects in the Montreal
Neurological Institute (MNI) stereotactic
space (Evans et al., 1993). This approach
ignores the considerable interindividual
variability in the morphological sulcal
patterns of the vmPFC (Chiavaras and
Petrides, 2000; Mackey and Petrides,
2014). It should be emphasized here that
there is evidence in the vmPFC that cyto-
architectonic areas relate well to particu-
lar sulci (Mackey and Petrides, 2014).

Sulcal patterns could indeed vary ei-
ther in terms of the presence/absence of
certain sulci or in terms of the shape/rela-
tive position of sulci. Importantly, it has
been shown that the locations of distinct
experienced value signals could be pre-
dicted from the organization of the sulci
in the orbitofrontal cortex (Li et al., 2015).
Moreover, taking into account the vari-
ability in sulcal patterns has proven to be essential to the inter-
pretation of neuroimaging studies in the lateral prefrontal cortex
and the cingulate cortex (Amiez et al., 2006, 2013). Thus, differ-
ences in functional properties in the vmPFC could also be related
to morphological heterogeneity across individuals.

In the present study, we first provide a precise description of
the sulci of the vmPFC, and we then show that distinct morpho-
logical patterns exist between individuals, preventing exact mor-
phological alignment across individuals, and how those patterns
affect the sulcal organization of the vmPFC. Finally, we show that
this information is relevant to the study of the function of the
vmPFC through a link between sulcal anatomy and the local
response of the Default Mode Network.

Materials and Methods
Subjects. The data used in this study are released as part of the Human
Connectome Project (HCP; Washington University-University of
Minnesota Consortium of the Human Connectome Project; RRID:
SCR_008749; http://db.humanconnectome.org; Van Essen et al., 2012).
We selected the S900 subjects release with 7 T structural and resting-state
fMRI data. The data were preprocessed according to the HCP pipeline
(Glasser et al., 2013). All analyses were conducted on the data aligned
using areal feature-based registration (called “MSMAll” for “Multimodal
Surface Matching”; Glasser et al., 2016). This procedure aligns vertices on
the cortical surface across subjects not only according to gross folding
morphology, but also taking into account the subject-specific functional
features, such as the location and distribution of resting-state networks.
The MSMAll approach dramatically improves the functional alignment
of cortical areas over and above registration based solely on volumetric or
surface-based morphological registration. This type of registration is re-
ferred to as “area-based” registration and is sometimes considered a near
optimal functional alignment (Glasser et al., 2016). Here we test whether
considering detailed interindividual variability in sulcal patterns can ex-

plain functional organization even beyond this state-of-the-art area-
based alignment approach. Of the 73 subjects in this specific HCP release,
16 subjects were excluded because of family ties with other subjects in the
database. The data analysis was therefore based on 114 hemispheres of 57
subjects (37 females).

Sulcal identification. The analyses were restricted to the ventral part of
the medial wall of the prefrontal cortex, delineated by an arbitrary hori-
zontal line that runs from the front of the brain to the genu of the corpus
callosum. This delineation allowed us to define a broad anatomical mask
used in the resting-state analysis. Following Mackey and Petrides (2014),
we identified the following two main sulci in this region: the suprarostral
sulcus (SU-ROS) and the superior rostral sulcus (ROS-S). An additional
sulcus, ventral to the ROS-S, was observed in several subjects, and was
labeled the inferior rostral sulcus (ROS-I).

Frontopolar sulci, identified as medial polar sulci (MPS) in the study
by Mackey and Petrides (2014), were dissociated into the following three
potential sulci: accessory supraorbital sulcus (ASOS), MPS, and supraor-
bital sulcus (SOS; see also Petrides, 2018). We distinguished them as
follows: the MPS is formed by a fold in the frontopolar cortex creating a
sulcus on the medial wall, while ASOS and SOS were defined as folds on
the medial wall itself. SOS was more dorsal than ASOS and polar medial
sulcus (PMS). An additional ventral medial polar sulcus (VMPS) was
identified by the fact that it is the most ventral and directed toward the
orbital part of the cortex, dorsal to the olfactory sulcus.

Although the cingulate cortex was not the focus of the present study,
the cingulate sulci were also identified because they are necessary to
define the morphological patterns of the ventromedial sulci. The main
cingulate sulcus (CGS) was identified in all subjects, but the para-CGS
(PCGS), a secondary sulcus, was sometimes observed either as a well
marked sulcus or as a trace of it, which we labeled as spur-PCGS. Finally,
we identify the subgenual intralimbic sulcus (SILS). This sulcus lies be-
low the genu, hence the term “subgenual,” and is located between the
SU-ROS and the corpus callosum.

The cortical surface renderings were generated using the Connectome
Workbench viewer (RRID:SCR_008750; http://www.humanconnectome.

Figure 1. The ventromedial prefrontal cortex sulci. The sulci of the vmPFC were identified using the following three image

renderings: T1w volumes (first column); mid-thickness surface (second column); and inflated surface with the curvature value

(third column). First row, The two principal sulci, the SU-ROS and the ROS-S. Second row, The ROS-I and the SILS are supplementary

sulci. Third row, The SOS, the ASOS, the PMS, and the VMPS constituted the polar and supraorbital sulci. Proportions of subjects

exhibiting each sulcus are displayed in the fourth column for left (light colors) and right (dark colors) hemispheres. The CGS and the

PCGS are displayed for comparison purposes. Stars indicate significant differences between left and right hemispheres. On the

volumes, solid lines represent the sulci of interest targeted in the fourth column. The dashed lines represent sulci identified in

the preceding rows.
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org/connectome/connectome-workbench.html; Marcus et al., 2011). To
label each sulcus observed in the region of interest in every hemisphere,
we examined the following three types of renderings of the medial wall:
the volume (T1w); the mid-thickness surface; and the dilated surface
with a projection of the curvature (Fig. 1). We then manually drew the
sulcus on the dilated surface following the curvature projection.

Morphological analysis. All analyses and statistics were conducted in
Matlab 2017a (MATLAB and Statistics Toolbox Release 2017a, Math-
Works; RRID:SCR_001622; http://www.mathworks.com/products/
matlab/) with in-house bespoke scripts using Workbench executables.
To compute the statistics and get information on each type of sulcus,
regions of interest were created from the manual drawing explained
above for every hemisphere. MNI coordinates (bic-mni-models, Mon-
treal Neurological Institute; RRID:SCR_014087) were accessible in all of
the surface files provided in the HCP dataset. For display purposes (see
Figure 4E), we used a dilated version of the sulci (5 mm larger) for the
analysis on the normalized length to increase the number of points en-
tered in the analysis. The results did not change when the original sulcus
was used as a region of interest (posterior vs anterior part weight com-
parison, t(113) � �3.98, p � 1.10 �4).

To compute the probability of observing one sulcus on one side given
its presence on the other side, we used the following equation:

P�SB�S1� �

P�S1�SB� � P�SB�

P�S1�
�

P�SB�

P�S1�
,

with P(SB) the probability of sulcus on both sides, P(S1) the probability of
sulcus on only one side; and P(S1�SB) � 1.

If not specified in the text, all comparisons were assessed by two-tailed
t tests. Analysis on volumes were conducted using the FMRIB (Func-
tional MRI of the Brain) Software Library (FSL; RRID:SCR_002823).

Resting-state analysis. The rs-fMRI acquisitions (including the use of
leading-edge, customized MRI hardware and acquisition software) and
image processing are covered in detail in the studies by Glasser et al.
(2013), Smith et al. (2013), and Uğurbil et al., 2013. After image prepro-
cessing [primarily using the FSL (RRID:SCR_002823; Jenkinson et al.,
2012); FreeSurfer (RRID:SCR_001847; Fischl, 2012), and Connectome
Workbench (Marcus et al., 2013) software packages], the functional time
series are filtered and artifacts are removed using an automated data-
driven approach that relies on independent component analysis (ICA)
decomposition and hand-trained hierarchical classification [FMRIB
ICA-based X-noisifier (FIX); Smith et al., 2013].

After these image preprocessing and time series cleaning steps, the
rs-fMRI data enter a probabilistic independent component analysis
(MELODIC; Beckmann and Smith, 2004) to identify statistically inde-
pendent spatial component maps and their accompanying time series.
These spatial maps are not binary and can be overlapping: the value at
each point in the brain can be considered a “weight” reflecting how
strongly this point contributes to a given component. As a whole, each
signal component map can be considered as a statistically independent
probabilistic parcel reflecting a specific brain network. As such, the com-
ponent weight maps are not the same as a seed-based correlation map,
but are often interpreted in analogous ways.

To identify the component capturing the Default Mode Network, we
examined them one by one for every subject and, for each session, we
extracted the component that had the highest weights in the precuneus
and posterior cingulate cortex (PCC), in bilateral posterior parietal cor-
tex, and in bilateral temporal association cortex, following the definition
provided by Raichle (2015). Weights correspond to the probability of
each vertex belonging to a specific independent component. Note that to
avoid any bias in our results, we ignored the weights on the medial wall of
the prefrontal cortex (both the vmPFC and the dorsomedial prefrontal
cortex). When several components were matching those criteria, we se-
lected the one that was most bilateral. Components identified as DMN
were finally averaged across sessions to obtain one DMN per subject.

Definition of the regions of interest. In the last section of the Results, we
compare four ways of selecting a region of interest (ROI) in the vmPFC.

In the first method, called “a priori,” the ROI was defined from a
meta-analysis performed using Neurosynth (www.neurosynth.org;

RRID:SCR_006798) with the term “Default Mode Network” as a search
term. The MNI coordinates of the peak of the Default Mode Network in
the vmPFC were used to define the region of interest on each subject as a
disc of diameter 10 mm around it. This ROI is an MNI-based ROI:
vertices on MSMAll surfaces are different across subjects, but the MNI
coordinates are the same.

The second and the third methods are labeled “circular inference”
methods because they are selected on the basis of the group result and
then tested (they will provide positive results by definition). The group
ROI was defined according to the averaged DMN weight map across the
group of subjects. We set an arbitrary threshold of weights to obtain a
clear cluster in the vmPFC and then select this cluster as an ROI. This ROI
is a vertex-based ROI (MNI coordinates are different across subjects).

The “peaks” ROI was based on the same map as the previous ROI but
instead of selecting a cluster, the 10 vertices with the highest DMN
weights were selected. MNI coordinates of those vertices were extracted
and back-projected on each subject to extract the DMN weights at the
subject level. This ROI is an MNI-based ROI.

Finally, the anatomical ROI, called the anterior ROS-S (aROS-S), was
determined at the subject level based on the ROS-S drawn in the previous
analysis. For each subject, we extracted the DMN weights within the
anterior half of the ROS-S. This ROI is an anatomy-based ROI (MNI and
vertices will be different across subjects).

For every subject, the DMN weights were extracted within each ROI
and averaged across the ROI to get one value per ROI and per subject.
Then, the significance of the differences between ROIs at the group level
was assessed with paired t tests.

To compare the quality of DMN identified with the “a priori” method
and with the anatomical method, we defined three regions of interest
representative of the DMN, as follows: the PCC, the anterior superior
temporal sulcus (aSTS), and the temporoparietal junction (TPJ). We
drew them manually on the map of averaged DMN weights (based on a
threshold of 20 arbitrary units of weight).

Signal consistency corresponds to 1/STD_ROI, with STD_ROI corre-
sponding to the SD of the time series across vertices within each ROI. A
low SD indicates small differences of the signal across vertices of an ROI.
We represented 1/STD_ROI in Figure 7.

Results
Description of the sulci
Using a subset of 57 subjects (i.e., 114 hemispheres) from the
Human Connectome Project (see Materials and Methods), we
identified all the possible sulci within the left and right hemi-
spheres of the ventral part of the medial wall of the prefrontal
cortex (i.e., the vmPFC). The following three categories of sulci
were observed: the principal medial sulci; the supplementary me-
dial sulci; and the polar/supraorbital sulci (Fig. 1, Table 1).

Principal medial sulci
The SU-ROS and the ROS-S were identified in all hemispheres.
The mean average length of the SU-ROS was 36.87 � 0.73 mm
with no significant difference between the left and right hemi-
spheres (left, 36.71 � 0.94 mm; right, 37.03 � 1.13 mm; left vs
right: t(112) � �0.21, p � 0.83, unpaired t test). The ROS-S had an
average length of 28.78 � 0.95 mm with a significant difference
between the left and right hemispheres (ROS-S: left, 25.29 � 1.46
mm; right, 32.27 � 1.02 mm; left vs right: t(112) � �3.92, p �
2.10�4, unpaired t test). We did not find any significant correla-
tion between the length of the sulci on the two hemispheres
across subjects (SU-ROS: r � �0.13, p � 0.35; ROS-S: r � 0.20,
p � 0.13).

At the group level, we observed an overlap in the MNI loca-
tions of the center of gravity of those two sulci. The ROS-S aver-
age location was y � 48.20 � 0.61, z � �15.84 � 0.34 on the left
side, and y � 46.68 � 0.49, z � �14.84 � 0.29 on the right side;
the SU-ROS average location was y � 44.86 � 0.42, z � �8.78 �
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Table 1. Summary description of the vmPFC sulci

Sulcus ROS-I ROS-S SU-ROS SILS ASOS SOS VMPS PMS CGS PCGS PCGS-spur

MNI coordinates

Barycenters

Left

x �8.53 �7.15 �6.57 �4.26 �9.20 �9.26 �9.73 �10.55 �6.24 �7.02 �7.46

0.12 0.12 0.12 0.10 0.13 0.12 0.16 0.19 0.11 0.15 0.20

y 54.60 48.20 44.86 39.09 61.81 62.35 58.34 65.61 33.71 46.52 53.13

0.40 0.61 0.42 0.45 0.28 0.30 0.37 0.28 0.61 0.94 0.71

z �17.18 �15.84 �8.78 �3.19 �6.96 5.02 �16.42 �0.51 27.89 27.15 22.26

0.28 0.34 0.46 0.82 0.56 0.67 0.43 0.51 0.50 1.06 1.16

Right

x 8.61 6.72 6.16 4.11 9.43 9.37 10.47 10.80 7.01 7.61 7.17

0.17 0.13 0.12 0.09 0.13 0.12 0.19 0.23 0.13 0.09 0.16

y 54.67 46.68 44.37 38.34 61.75 61.46 58.84 65.40 31.15 47.23 49.02

0.53 0.49 0.37 0.38 0.31 0.37 0.28 0.34 0.80 0.95 1.07

z �17.23 �14.84 �6.45 �0.48 �5.98 7.28 �17.29 1.53 30.32 25.94 30.21

0.26 0.29 0.32 1.06 0.52 0.73 0.21 0.66 0.45 0.85 1.09

Top extremity

Left

x �9.48 �8.33 �8.50 �4.98 �10.18 �9.78 �9.62 �11.34 �5.94 �5.71 �6.21

0.14 0.14 0.13 0.15 0.16 0.15 0.21 0.24 0.15 0.11 0.27

y 59.16 57.55 56.51 44.73 64.75 64.78 58.97 67.06 7.51 30.12 42.96

0.27 0.47 0.41 0.75 0.26 0.36 0.40 0.27 1.35 1.87 2.01

z �14.85 �11.39 0.21 4.74 �4.91 7.66 �15.37 1.29 47.55 45.78 35.89

0.38 0.60 0.67 0.99 0.61 0.69 0.46 0.53 0.70 1.28 2.05

Right

x 9.51 8.53 8.71 5.39 10.22 9.86 10.65 11.55 6.78 6.48 6.46

0.19 0.14 0.14 0.19 0.18 0.16 0.24 0.27 0.21 0.11 0.17

y 58.87 58.14 54.77 43.00 64.12 64.04 59.86 67.09 2.43 29.86 34.37

0.43 0.34 0.49 0.98 0.35 0.41 0.30 0.28 1.81 2.16 2.08

z �14.92 �9.15 3.63 8.68 �4.22 9.52 �16.41 3.33 48.96 45.38 44.31

0.36 0.44 0.57 1.19 0.60 0.77 0.23 0.66 0.58 1.06 1.61

Bottom extremity

Left

x �7.80 �6.02 �4.78 �3.56 �8.41 �8.79 �9.22 �9.49 �6.61 �8.24 �8.43

0.14 0.15 0.12 0.10 0.12 0.11 0.18 0.16 0.19 0.18 0.16

y 49.54 38.07 32.06 30.09 58.12 58.77 56.81 63.05 49.44 55.18 58.84

0.68 1.06 0.66 0.69 0.42 0.40 0.41 0.44 0.53 0.58 0.35

z �19.43 �19.05 �14.96 �8.71 �8.96 2.42 �17.07 �2.12 4.64 4.52 5.81

0.24 0.25 0.40 1.20 0.56 0.69 0.41 0.52 0.72 1.29 0.62

Right

x 7.76 5.18 3.89 2.85 8.59 9.01 9.79 9.64 7.53 8.70 8.37

0.17 0.14 0.12 0.10 0.13 0.12 0.19 0.20 0.19 0.11 0.16

y 49.96 34.64 31.83 28.86 58.27 57.73 57.21 62.51 49.82 55.54 59.22

0.78 0.82 0.62 0.47 0.44 0.45 0.36 0.54 0.49 0.45 0.49

z �19.26 �18.80 �13.55 �6.26 �7.59 5.44 �18.01 0.12 6.01 2.93 12.88

0.24 0.28 0.36 1.54 0.51 0.74 0.21 0.73 0.58 0.66 1.22

Characteristics (in mm, MNI space)

Length

Left

Mean 13.05 25.30 36.72 26.93 10.34 11.54 5.88 9.40 82.14 68.05 26.61

SEM 0.78 1.46 0.94 1.08 0.57 0.58 0.32 0.57 2.73 2.28 3.60

Right

Mean 12.54 32.28 37.03 30.78 10.61 11.36 5.69 8.78 88.32 66.41 43.09

SEM 0.81 1.02 1.13 0.93 0.62 0.58 0.37 0.47 3.01 2.46 3.57

Depth

Left

Mean �0.09 �0.13 �0.15 �0.07 �0.10 �0.12 �0.05 �0.09 �0.15 �0.14 �0.11

SEM 0.008 0.008 0.004 0.008 0.007 0.006 0.011 0.011 0.003 0.003 0.005

Right

Mean �0.10 �0.16 �0.14 �0.10 �0.11 �0.13 �0.06 �0.10 �0.14 �0.13 �0.09

SEM 0.007 0.004 0.003 0.005 0.008 0.005 0.011 0.009 0.003 0.003 0.004

% of presence

Left 52.63 100 100 64.91 91.23 100 31.58 91.23 100 61.40 10.53

Right 75.44 100 100 22.81 96.49 100 47.37 94.74 100 54.39 22.81

All 64.04 100 100 43.86 93.86 100 39.47 92.98 100 57.89 16.67

Average (gray highlighted) and SEM (italic) MNI coordinates of the barycenter, top extremity, and bottom extremity of each vmPFC sulcus on each hemisphere across subjects. Length, depth, and percentage of presence are also reported.

Top corresponds to the location of the most anterodorsal (posterodorsal for cingulate sulci) extremity of each sulcus. Bottom corresponds to the location of the most ventroposterior (anteroventral for cingulate sulci) extremity of each sulcus.

PCGS-spur: spur paracingulate sulcus.
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0.46 on the left side, and y � 44.37 � 0.37, z � �6.45 � 0.32 on
the right side. However, on the dorsoventral axis, the range of
location of the ROS-S on the left side varied from z � �21 to �9
mm and from z � �16 to 4 mm for the SU-ROS, indicating that,
at the group level, there is an overlap in the MNI coordinates of
these two sulci, notably between z � �16 and �9 mm. This result
was also observed in the right hemisphere with a ROS-S range
from z � �20 to �7 mm and an SU-ROS range from z � �12 to
0 mm.

Supplementary medial sulci
The ROS-I was present in 64.04% of the hemispheres, with
52.63% and 75.44% in the left and right hemispheres, respec-
tively. The ROS-I was significantly more frequent in the right
hemisphere compared with the left hemisphere (t(112) � �2.59,
p � 0.01, unpaired t test). The ROS-I average location was y �
54.60 � 0.40, z � �17.18 � 0.28 on the left side, and y � 54.67 �
0.53, z � �17.23 � 0.26 on the right side. The probability of
having an ROS-I on both sides, given its presence on one side or
the other, was estimated at 52.08%, suggesting a relative indepen-
dence of the two hemispheres regarding this sulcus.

The length of the ROS-I was on average 12.74 � 0.70 mm with
no difference between the two hemispheres (left, 13.04 � 1.07
mm; right, 12.54 � 0.93 mm; left vs right: t(71) � 0.35, p � 0.72,
unpaired t test). There was no correlation of length between the
two hemispheres when it was present on both sides (r � 0.11, p �
0.59).

The SILS was identified in 43.86% of the hemispheres, with
64.91% and 22.81% of the left and right hemispheres, respec-
tively. The difference between hemispheres was significant [t(112)

� 4.96, p � 3 � 10�6, unpaired t test; i.e., it was more probable to
find this sulcus in only one hemisphere compared with the two
hemispheres (the probability that SILS is on both sides given its
presence on one side was 19.05%)]. The average location of SILS
was y � 39.09 � 0.45, z � �3.19 � 0.82 on the left side, and y �
38.34 � 0.38, z � �0.48 � 1.06 on the right side. With an average
length of 27.93 � 1.13 mm, there was no significant difference of
the SILS length between the two hemispheres (t(48) � �1.51, p �
0.14) and no correlation of length for the cases in which SILS was
found in both hemisphere (r � 0.27, p � 0.52).

Polar and supraorbital sulci
The SOS was found in all hemispheres. The ASOS was present in
93.86% of the hemispheres with no over-representation in the
right hemisphere: 96.49% in the right hemisphere and 91.23% in
the left hemisphere (t(112) � �1.17, p � 0.25, unpaired t test). Its
existence on one side was predictive at 91.07% of its presence on
both sides. The SOS average location was y � 62.35 � 0.30, z �
5.02 � 0.67 on the left side, and y � 61.46 � 0.37, z � 7.28 � 0.73
on the right side. The ASOS average location was y � 61.81 �
0.28, z � �6.96 � 0.56 on the left side, and y � 61.75 � 0.31, z �
�5.98 � 0.52 on the right side.

The PMS, found in 92.98% of the hemispheres, was not more
frequent in one hemisphere compared with the other (left,
91.23%; right, 94.74%; t(112) � �0.73, p � 0.47, unpaired t test).
Its existence on one side was predicted by its existence on the
other side (85.96%). The PMS average location was y � 65.61 �
0.28, z � �0.51 � 0.51 on the left side and y � 65.40 � 0.34, z �
1.53 � 0.66 on the right side.

Finally, we identified in some subjects a small sickle-shaped
sulcus just dorsal to the olfactory sulcus in the anterior ventral
polar region. This VMPS was observed in 39.47% of the hemi-

spheres with a trend for a difference between the two hemispheres
(left, 31.58%; right, 49.12%; left vs right: t(112) � �1.73, p � 0.09,
unpaired t test). The probability of having this sulcus in both
hemispheres given its presence on one of the hemispheres was
36.36%, suggesting that it is common to have this sulcus in only
one hemisphere. The VMPS average center of gravity was y �
58.34 � 0.37, z � �16.42 � 0.43 on the left side, and y � 58.84 �
0.28, z � �17.29 � 0.21 on the right side.

Description of patterns
We next examined the interactions between the different sulci. In
agreement with Mackey and Petrides (2014), several interaction
patterns between the SU-ROS and other sulci were identified. A
fourth kind was also noted, but it represented �5% of the sub-
jects. We subdivided each group based on the presence or absence
of a PCGS.

Type 1 corresponds to a merging of the SU-ROS with the CGS
(subtype 1a) or with the PCGS (subtype 1b). In type 2, the SU-
ROS merges with one or more polar sulci but not with the cingu-
late or paracingulate sulci. Subtypes were defined on the basis of
the polar sulcus with which the SU-ROS merges (subtype 2a,
SOS; subtype 2b, ASOS; subtype 2c, PMS; subtype 2d, merges
with more than one polar sulcus). Type 3 refers to a merging of
the SU-ROS with both the cingulate sulcus and a polar/supraor-
bital sulcus. Similar to subtypes identified in type 2, subtype 3a
merges with the cingulate sulcus while subtype 3b merges with
the paracingulate sulcus. These subtypes could also be separated
in groups according to which polar sulcus the SU-ROS merges
with (subtype 3a1: SOS; subtype 3a2, ASOS; subtype 3a3, PMS;
subtype 3a4, two polar sulci; Fig. 2A). Type 4 corresponds to a
merging with both cingulate and paracingulate sulci (subtype
4a). It could also merge with polar sulci (subtype 4b; Fig. 2B).

In agreement with Mackey and Petrides (2014), we found that
19.3% of all hemispheres belong to type 1, 17.5% to type 2, and
60.5% to type 3. Type 4 was the smallest group with only 2.6% of
hemispheres showing this pattern (Fig. 2C,D).

Morphological deformation associated with sulcal
pattern variability
On the dorsoventral axis, we observed that the barycenters of the
ROS-S and SU-ROS in the left hemisphere spread over 11 and 8
mm, respectively (13 and 12 mm in the right hemisphere). To
capture better how the interindividual variability in sulcal pat-
terns impacts the organization of the vmPFC, we extracted for
each subject the anteroposterior and dorsoventral MNI coordi-
nates of the barycenter, the anterodorsal top extremity, the pos-
teroventral bottom extremity, and the length of the ROS-S and
the SU-ROS. We computed the partial correlation coefficients
between the 14 variables (z and y MNI for barycenter, top extrem-
ity, bottom extremity, and sulcal length for each sulcus) and the
following six factors: absence or presence of the SILS, ROS-I, and
PCGS; and the assignment to pattern 1, 2, or 3. Significant influ-
ences were observed that were related to the presence of the SILS
and ROS-I but not to the presence of the PCGS (all p 	 0.05). An
effect of patterns 2 and 3 was also observed but nothing for pat-
tern 1 (all p 	 0.05; Fig. 3A). We describe the significant results in
the following sections.

SILS
The presence of the SILS had a strong influence of the MNI loca-
tion of the SU-ROS because it induced a global mean shift of 3.1
mm (MNI space) of the SU-ROS toward the anteroventral direc-
tion. Indeed, the MNI y and z coordinates of the SU-ROS were
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shifted for the barycenter ( y: shift � 2.5 mm, � � 0.35, p � 2 �
10�4; z: shift � 1.8 mm, � � �0.21, p � 0.03) and the top
extremity ( y: � � 0.28, p � 3 � 10�3; z: � � �0.29, p � 2 �
10�3). The bottom extremity was also shifted toward the anterior
direction ( y: � � 0.30, p � 1 � 10�3). Additionally, the ROS-S
length was shorter when SILS was present (� � �0.19, p � 0.04;
Fig. 3B).

ROS-I
The presence of ROS-I had a strong impact on the MNI location
of both principal sulci: the presence of ROS-I was dorsally shift-
ing the barycenter of the ROS-S (z: shift � 2.2 mm, � � 0.39, p �
3 � 10�5) and the SU-ROS (z: shift � 2.7, � � 0.34, p � 3 �
10�4). This dorsal shift could also be seen in a drift of the bottom
and top extremities of both sulci (top: SU-ROS: � � 0.24, p �
0.01; ROS-S: � � 0.46, p � 4 � 10�7; bottom: SU-ROS: � � 0.30,
p � 2 � 10�3; ROS-S: � � 0.21, p � 0.03). An additional effect of
the presence of ROS-I was found on the ROS-S length: it was
longer in hemispheres with ROS-I compared with hemispheres
without it (� � 0.29, p � 2 � 10�3). This was also observed in a
significant effect on the anterior location of the ROS-S top ex-
tremity (� � 0.20, p � 0.03; Fig. 3C).

As the presence or absence of ROS-I and SILS had opposite
effects, we checked to what extent a hemisphere with ROS-I but
without SILS would have a shift in its ROS-S and SU-ROS loca-
tions compared with a hemisphere without ROS-I but with SILS.
The average anteroventral shift in MNI space was 3.5 and 4.2 mm
for the ROS-S and the SU-ROS, respectively. The maximal dor-
soventral distance observed between such two opposite hemi-
spheres was 16.3 mm (9.3 mm for the anteroposterior direction).
This result shows that the deformations associated with sulcal
morphology can be critical for the interpretation of activity based
solely on MNI coordinates compared with an anatomical
referential.

Patterns
We did not observe a significant effect of the PCGS on the ROS-S
or the SU-ROS morphology. We therefore merged the different
subgroups of patterns based on the presence or absence of a
PCGS to test for an effect of patterns on ROS-S and SU-ROS
morphology. We only observed an effect on the SU-ROS antero-
posterior location. Indeed, the SU-ROS in pattern 2 was more
anterior (barycenter: shift � 2.4 mm, � � 0.24, p � 0.01; top
extremity: � � 0.23, p � 0.02). Pattern 3 also induced an anterior

Figure 2. vmPFC anatomical patterns. A, Examples of the three common types of sulcal patterns in the vmPFC. The patterns depend on how the SU-ROS merges with other sulci (white circles) and

the absence (first row) or presence (second row) of a PCGS. In type 1, the SU-ROS merges with either the CGS (1a) or the PCGS (1b). In type 2, the SU-ROS merges with one or more polar/supraorbital

sulci but not with the CGS (2a) or the PCGS (2d). In type 3, the SU-ROS merges with both polar/supraorbital sulcus and CGS (3a1) or PCGS (3b1). B, In the rare type 4, the SU-ROS merges with both

CGS and PCGS, without a merging (4a) or with (4b) a merging with a polar/supraorbital sulcus. n indicates the number of hemispheres exhibiting each pattern. C, D, Percentage of left (black) and

right (white) hemispheres displaying each pattern and subtype of patterns. 1a, only CGS (left, 5.3%; right, 28.1%); 1b, only PCGS (left, 5.3%; right, 0%); 2a, only SOS (left, 3.5%; right, 5.3%); 2b, only

ASOS (left, 3.5%; right, 0%); 2c, only PMS (left, 0%; right, 5.3%); 2d, two polar/supraorbital sulci (left, 12.3%; right, 5.3%); 3a, with CGS and with SOS (3a1: left, 26.3%; right, 29.8%), or ASOS (3a2:

left, 1.8%; right, 0%), or PMS (3a3: left, 0%; right, 1.8%), or with two polar/supraorbital sulci (3a4: left, 3.5%; right, 1.8%); 3b, with PCGS and with SOS (3b1: left, 26.3%; right, 14.0%), or ASOS (3b2:

left, 7.0%; right, 7.0%), or PMS (3b3: left, 1.8%; right, 0%), or two polar/supraorbital sulci (3b4: left, 0%; right, 0%); 4a, CGS and PCGS (left, 1.8%; right, 0%); and 4b, CGS, PCGS, and polar/

supraorbital sulcus (left, 1.8%; right, 1.8%).
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shift of the barycenter of the SU-ROS (shift � 2.0 mm, � � 0.23,
p � 0.02; Fig. 3D).

To characterize further the feature that had the greatest influ-
ence on the sulcal morphological variability in the vmPFC, we
performed a principal component analysis on the 14 variables

collected for every hemisphere. The first three components ex-
plained 84.1% of the variance in the data (47.4%, 24.8%, and
11.9% for the first, second and third components). We extracted
those three first components and ran again the partial correlation
analysis against the six features of interest. The results demon-

Figure 3. Morphological deformation associated with the presence of supplementary sulci and patterns. A, Partial correlation coefficients between each measure of interest of the ROS-S and

SU-ROS, and the presence of SILS, ROS-I, PCGS, and patterns 1–3. y and z correspond to the anteroposterior and dorsoventral MNI coordinates, respectively. “Top” corresponds to the location of the

most anterodorsal extremity of each sulcus. “Bottom” corresponds to the location of the most ventroposterior extremity of each sulcus. “Length” is the length of each sulcus. Only significant partial

correlation coefficients are displayed ( p � 0.05). Hot colors indicate a positive influence of having a supplementary sulcus or a specific pattern. Cold colors indicate negative effects. B, Schematic

representation of the significant influence of the presence of SILS (left), the presence of ROS-I (middle), and patterns 2 and 3 (P2 and P3, right) on the SU-ROS and ROS-S locations. Arrows attached

to white circles indicate an influence on the circled extremity of the sulci; arrows with colored bordures indicating an influence on the barycenters of the sulci; double arrows indicate a positive effect

on length while two facing arrows indicate a negative effect on length. C, Left, Projection of all the left SU-ROS for subjects with and without SILS. Middle, Projection of all the left ROS-S for subjects

with and without ROS-I. Right, Projection of all the left SU-ROS for subjects with pattern 1 and subjects with pattern 2. n indicates the number of subjects displayed on the surface. D, vmPFC sulci in

the MNI152 template. On the left hemisphere, the sulci observed on the MNI152 template correspond to an overlap of several sulci. Percentages were computed from our sample of subjects. This

overlap is induced by the morphological deformation caused by supplementary sulci. The right hemisphere of the MNI152 template does not present such overlaps because of the high presence of

ROS-I. This absence of overlap does not mean that supplementary sulci do not induce morphological deformation on the right side; it indicates that the average template has sulci in the right

hemisphere that globally correspond to the same right hemisphere sulci across subjects.
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strated that the ROS-I was the only feature significantly affecting
the first component (� � 0.31, p � 9 � 10�4) and the SILS was
the only feature affecting significantly the second component
(� � �0.27, p � 5 � 10�3). The third component was signifi-
cantly affected by the ROS-I presence (� � 0.29, p � 2 � 10�3)
but not by any other features (despite trends for pattern 2 and
pattern 3, with � � 0.18, p � 0.058 and � � 0.17, p � 0.077,
respectively). This result suggests that the ROS-I presence or ab-
sence can explain 	59.3% of the variability in the data compared
with at least 24.8% for the SILS presence.

As a control analysis, we checked whether hemispheres with
and without ROS-I had undergone different deformation during
the normalization procedure of the brain volumes. We computed
the deformation (curvature extracted from T1w undistorted im-
ages vs curvature extracted from T1w but resampled on MSMAll
normalized) for each hemisphere and then compared it between
hemispheres with and without ROS-I. No significant difference
was observed, suggesting that the MSMAll normalization proce-
dure did not affect differentially subjects with and without ROS-I.
Consequently, morphological deformation induced by ROS-I
presence cannot be attributed to higher artifactual deformation
induced by volume normalization.

Finally, to illustrate the impact of our result, we investigated
how the principal and supplementary sulci were represented in
the MNI152 template (Fonov et al., 2009), conventionally ad-
opted in FSL (Jenkinson et al., 2012) and SPM (Friston, 2007).

We registered original T1w volumes of our group of subjects on
the MNI template (nonlinear registration), grouped subjects ac-
cording to the presence or absence of ROS-I and SILS, and ob-
served that the sulci observed on the right hemispheres
corresponded to SU-ROS and ROS-S. However, on the left hemi-
sphere of the template, the sulci do not correspond to a unique
sulcus but to a mixture of sulci across individuals. Indeed, the
first subgenual sulcus corresponds to an overlap of the SILS, the
CGS, and the SU-ROS; the sulcus below this one corresponds to
an overlap of the SU-ROS and the ROS-S; and the more ventral
sulcus corresponds to an overlap between the ROS-S and the
ROS-I (Fig. 3D). This phenomenon is primarily driven by the
presence of ROS-I and SILS, which are close to 50% in the left
hemisphere. Therefore, interpreting the location of activity in the
left vmPFC with regard to the sulci of the MNI template might be
misleading and careful conclusions should be drawn.

Peak of default mode network related to sulcus location
Finally, we tested whether the interindividual variability of the
vmPFC sulcal pattern could have an impact on its functional
organization. This analysis was based on rs-fMRI and more spe-
cifically on a network associated with the vmPFC, the DMN. The
DMN is mainly composed of the vmPFC, the posterior cingulate
cortex, and the lateral parietal cortex (Raichle, 2015). It can be
easily identified during rs-fMRI by applying ICA. In the HCP
dataset used in the present study, for each subject, the ICA com-

Figure 4. Default Mode Network weights and their dependence on the superior rostral sulcus. A, Default Mode Network weights averaged across subjects on each hemisphere. B, DMN weights

are negatively correlated with the cortical curvature within the vmPFC (anatomical mask shown in the insert) for left (black) and right (white) hemispheres (squares represent binned data across

hemispheres). Positive curvature corresponds to gyri, while negative curvature corresponds to sulci. C, Averaged DMN weights across subjects in the SU-ROS, the ROS-S, and the ROS-I in left (black) and right

(white) sides. D, Averaged DMN weights (left) and z MNI location (right) in the ROS-S across subjects without ROS-I (red) and with ROS-I (orange) for left (dark color) and right (light color). Error bars represent the

SEM. E, Matrix of all ROS-S aligned on their normalized length and sorted according to their y MNI location. Hot colors indicate high DMN weights. F, Subject example of DMN with sulci. Insert is a zoom image of

the vmPFC with an arbitrary threshold of the DMN weights. The strongest DMN weights are located on the anterior part of the ROS-S (red). Stars indicate significance ( p � 0.05).
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ponent corresponding to the DMN was identified (see Materials
and Methods). We then obtained for each subject a brain map of
the DMN component. Each vertex of this map is associated with
a weight, which corresponds to the probability of each vertex
belonging to the DMN (Beckmann and Smith, 2004). An average
of those weights is displayed in Figure 4A.

First, we determined whether vmPFC sulci-based ROIs would
be relevant for the rs-fMRI analysis. We extracted the curvature
(depth of the sulcus and gyrus) within a broad vmPFC mask (see
methods). We regressed the DMN weights against the curvature
within the vmPFC mask and found a strong negative effect across
subjects (left: mean � �19.1, SD � 2.12, t(56) � �8.10, p � 5 �
10�11; right: mean � �20.5, SD � 1.96, t(56) � �8.54, p � 1 �
10�11; Fig. 4B), indicating that the DMN weights were stronger
in deep areas, i.e., in sulci. Critically, this result indicates that the
sulci within the vmPFC contribute more to the Default Mode
Network than the gyri. In other words, a lack of correlation be-
tween a vmPFC sulcus-based ROI and DMN weights cannot be
attributed to a poor sulcal MRI signal as opposed the one re-
corded on the gyrus.

We then extracted the DMN weights from the principal me-
dial sulci (SU-ROS and ROS-S) and the ROS-I and tested for a
difference between them. We found an effect of sulcus in a one-
way ANOVA (F(2,297) � 18.7, p � 2 � 10�8). Pairwise compari-
sons indicated that the ROS-S had significantly stronger weights
than the SU-ROS (t(226) � 5.1, p � 8 � 10�7, unpaired t test) and

than the ROS-I (t(184) � 4.9, p � 2 � 10�6, unpaired t test). No

effect of side was observed (all p 	 0.05). Thus, at the group level,

the ROS-S was identified as the main hub of the vmPFC for the

Default Mode Network (Fig. 4C).

Given that the ROS-I had a strong influence on the location of

the ROS-S, we checked the validity of the previous result with a

complementary ANOVA including the following two factors:

“group” and “sulcus.” The group factor was defined as subjects

with and without ROS-I (1/0), and the sulcus was defined as

ROS-S and ROS-I (1/2). Again, we found a strong effect of sulcus

(F(1,183) � 20.11, p � 1 � 10�5) but no effect of group (F(1,183) �

0.04, p � 0.85; Fig. 4D). This finding confirms the previous result

showing that the ROS-S is a critical hub of the DMN indepen-

dently of the existence of the secondary ROS-I sulcus.

Finally, we extracted the DMN weights within the ROS-S and

sorted each vertex according to the y-axis. Given that each ROS-S

across hemispheres had a different length, we normalized the

length of the sorted vector to fit a 100 point vector. We then

merged all the normalized vectors in a single matrix and observed

that the strongest DMN weights were located in the anterior part

of the ROS-S, starting at 
50% of the ROS-S length (Fig. 4E). A

simple comparison between the first half of the sulcus and the

second half confirmed this observation (t(113) � �8.13, p � 6 �

10�13, paired t test). A representative hemisphere of this result is

depicted in Figure 4F. Thus, we identified that the ROS-S, and its

Figure 5. Default Mode Network weights in hemispheres with and without ROS-I. Default Mode Network (positive) weights averaged across subjects on each hemisphere for hemispheres with

(top) and without (middle) ROS-I. n indicates the number of hemispheres in each averaged map. The contrasts of the two groups for each hemisphere are displayed at bottom. Red (blue) clusters

indicate higher (lower) weights for hemispheres with ROS-I compared with hemispheres without ROS-I. Clusters with a t value 	2.7 and t values less than �2.7 and 	20 mm 2 are depicted.

Lopez-Persem et al. • vmPFC Morphology and Functional Organization J. Neurosci., May 8, 2019 • 39(19):3627–3639 • 3635



anterior part in particular, is the hub of the vmPFC subcompo-
nent of the DMN.

Given that ROS-I has a strong influence on the location of the
ROS-S, one prediction following this result is that the DMN con-
nectivity between subjects with and without ROS-I would be
slightly different, especially in the vmPFC region. Indeed, if the
vmPFC hub of the DMN is in the ROS-S, subjects with a ROS-I
should have a stronger connectivity in the dorsal vmPFC. We

averaged the DMN weights of subjects with and without ROS-I
separately and then contrasted those maps (Fig. 5). We could
observe that this prediction was confirmed in the vmPFC in
which we found significant clusters (	20 mm 2 and with t values
	2.7) in both left and right hemispheres. Moreover, a cluster also
appeared in the PCC, suggesting that morphological variability in
the vmPFC might also induce functional variability in distant
regions such as the PCC.

Figure 6. Default Mode Network weights in four vmPFC ROIs. DMN results from ROIs defined according to four different methods: a priori MNI method (green, Prior), circular inference method,

based on group results (cluster, yellow; peaks, blue), and anatomical method (aROS-S, red). A, Average ROI location across subjects on the MSMAll surfaces (top row) and in the MNI referential

(bottom row). Colored rectangles indicate the referential of each ROI: MNI for Prior and Group peaks, vertices for Group cluster. There is no rectangle for the aROS-S because its referential is

anatomical. B, Default Mode Network weights averaged across all hemispheres for each ROI. Error bars represent the SEM. Stars indicate significance. C, Mean functional connectivity map across left

hemispheres for each ROI. Colors indicate average correlation coefficients. Right hemispheres have a similar profile and are not displayed for illustrative purposes. D, Overlap of the maps displayed in C but

thresholded at 0.05. Maps were superimposed according to the extent of the cluster (smaller above). The maps are displayed for left and right hemispheres with anterior, lateral, and medial perspectives.
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Comparison of ROI definition methods to investigate
the DMN
As we intend here to show that taking into account morpholog-
ical features such as sulcal location might help the investigation of
specific functions of the vmPFC, we tested whether using a region
of interest defined according to sulcal morphology was better
than using a sphere around specific MNI coordinates. We com-
pared four ways of selecting an ROI. The first way is an a priori
ROI defined according to the peak of activity corresponding to
the Default Mode Network term search in neurosynth.com ( y �
50, z � �10): we labeled it “Prior.” The second and the third ways
were defined from the average map of the Default Mode Network
on the dataset used in our study and are depicted in Figure 4A.
The second way corresponds to the cluster found on the average
maps (Group cluster), and the third way corresponds to the 10
vertices with the highest DMN weights in the group (Group
peaks). This procedure would be classically labeled as “double
dipping” or “circular inference” since it is a selection of region
following a positive result. It would bias the result in favor of a
positive result. The fourth way is an anatomically based ROI: for
each subject, we extracted the DMN weights of the aROS-S. A
more detailed description of the ROI definition and weights ex-
traction is included in the Materials and Methods. All four ROIs
had significant DMN weights (all p 	 0.05). Not surprisingly, the
Group ROIs showed a significantly stronger effect than the Prior
ROI (Prior vs Cluster: t(113) � �6.43, p � 3 � 10�9; Prior vs

Peaks: t(113) � 4.52, p � 2 � 10�6, paired
t tests). Interestingly we found that the an-
atomically defined ROI aROS-S had a sig-
nificantly stronger effect than the three
other ROIs (paired t tests against the
ROS-S ROI: Prior: t(113) � 6.72, p � 8 �
10�10; Cluster: t(113) � 2.74, p � 7 �
10�4; Peaks: t(113) � 3.57, p � 5 � 10�4;
Fig. 6). This result shows that using the
anterior part of the ROS-S as a region of
interest is more efficient at the group level
than using MNI coordinates based on
previous studies or on the group result.
Thus, even when positively biasing an
ROI selection, we have demonstrated that
using anatomical information to select the
ROI provides stronger results than using
MNI coordinates as a reference.

Finally, we evaluated the extent to
which selecting the aROS-S as a region of
interest was advantageous. First, we used
the four previously described vmPFC
ROIs as seeds to compute the functional
connectivity of each region with the rest of
the brain. We observed a very similar pat-
tern of connectivity for all of them. How-
ever, when those maps are thresholded at
0.05 and overlapped, we can observe dif-
ferences. The DMN observed with the
Prior ROI is the smallest, and the right
PCC does not survive the thresholding.
The Peaks and Cluster ROIs shared a very
similar large network, while the DMN ob-
served with the aROS-S ROI was more re-
stricted even when covering the same
brain region. Thus, the DMN elicited by
the aROS-S ROI has the best specificity

among the four ROIs, allowing a clear separation of functional
areas with the strongest evidence.

Then, we quantified the advantage of using aROS-S as a vmPFC
ROI compared with an a priori ROI for the investigation of func-
tional networks (Fig. 7). We computed the average strength of con-
nectivity of aROS-S and Prior with the main other components of
the DMN (TPJ, PCC, and aSTS; see Materials and Methods for ROI
definition) and compared them. We found that the functional con-
nectivity of the aROS-S with the three components was stronger
than the connectivity of the Prior ROI (PCC: t(113) � 6.62, p � 1 �
10�9; TPJ: t(113) � 7.76, p � 4 � 10�12; aSTS: t(113) � 7.02, p � 2 �
10�10, paired t tests). We then assessed the consistency of the re-
corded signal in the vmPFC ROI across the different vertices of each
ROI. For each time point of the time series extracted from the
aROS-S and the Prior, we computed the SD across all vertices form-
ing each ROI and then averaged it across time and hemispheres. The
signal consistency, corresponding to the inverse of this measure, was
much stronger in the aROS-S (mean � 12.2; SD � 0.11) compared
with the Prior ROI (mean�6.7; SD�0.07; t(113) ��20.66, p�4�
10�40, paired t test). Thus, by using the aROS-S as an anatomical
ROI, we can have access to a more consistent signal in the vmPFC,
but also to a well and clearly defined DMN.

Discussion
The present study examined the sulcal morphology of the vmPFC
and its relation to functional organization as reflected in resting-

Figure 7. Default Mode Network components comparison between prior and anatomical ROI. Top, Signal consistency within aROS-S

and Prior ROI. Signal consistency is the inverse of the SD of the raw signal across vertices averaged across time. Middle, Average Default

Mode Network weights across left hemispheres (right hemisphere not shown for illustrative purposes). The map was used to draw the PCC,

aSTS,andTPJregionsof interest.Bottom,AveragefunctionalconnectivityacrossallhemispheresbetweenthevmPFCseed(aROS-SorPrior)

and the PCC (left), the aSTS (middle), and the TPJ (right). Stars indicate significance ( p � 0.05).

Lopez-Persem et al. • vmPFC Morphology and Functional Organization J. Neurosci., May 8, 2019 • 39(19):3627–3639 • 3637



state connectivity. We established that the ROS-S and the SU-
ROS can be found in all hemispheres and can thus be considered
as the two principal sulci of the vmPFC. Organized around these
two principal sulci of the vmPFC, we identified the probability of
the presence of the supplementary medial sulci, such as the
ROS-I, the SILS, and the polar/supraorbital sulci (MPS, VMPS,
SOS, ASOS). We then demonstrated that the presence or absence
of three supplementary sulci, namely the SILS, the ROS-I, and
PCGS, had a major impact on the morphology of the vmPFC.
First, the presence of a SILS induces an anteroventral shift in the
location of the SU-ROS. Second, the presence of ROS-I induces a
dorsal shift of both the ROS-S and the SU-ROS. Third, the SU-
ROS merges with the PCGS, or with the CGS when the PCGS is
not present, and this pattern has an impact on the location of the
SU-ROS, although the shifts associated with the presence of SILS
and ROS-I were greater than those induced by the presence of the
PCGS. Moreover, the transformations applied to the brain vol-
ume images for registration to the MNI152 template and to
surface-based maps for MSMAll registration (functional and sul-
cal surface registration) can be affected by the interindividual
variability in sulcal pattern. For example, we have shown that
vmPFC sulci on the left hemisphere of brains registered to the
MNI152 template do not correspond to the same sulci across
subjects. This observation is of importance when considering
interpreting the location of peaks of activity within the vmPFC.

The present results are consistent with those by Mackey and
Petrides (2014), who examined cadaver brains in a smaller pool
of subjects (n � 13). In our study, the suprarostral sulcus was
observed in all hemispheres, while Mackey and Petrides (2014)
identified it in 91.3% of the hemispheres. This difference can be
explained by a quite rare yet observed merging between the su-
perior rostral sulcus and the suprarostral sulcus. This merging
can be observed either on the whole length of both sulci, resulting
in a long and deep principal medial sulcus, or on a continuous
merging between the anterodorsal extremity of the ROS-S and
the ventroposterior extremity of the SU-ROS, resulting in an
extremely long sulcus. Another noticeable difference is related to
the SILS. We strictly used the SILS label only when no gyrus could
be observed between the sulcus and the corpus callosum, and we
report a higher proportion of the presence of SILS than Mackey
and Petrides (2014) do (44% against 30%). MPS, SOS, and ASOS
were observed in a high percentage of hemispheres, but we were
able to identify an additional polar sulcus in 40% of the studied
hemispheres. This sickle-shaped sulcus that occupies the most
ventral part of the vmPFC is labeled as the VMPS. On average, its
barycenter coordinates were y � 58, z � �16. It is located just
dorsal to the olfactory sulcus, and rostral to the ROS-I if an ROS-I
is present.

Having determined the interindividual variability in sulcal
patterns and its impact on the vmPFC morphology, we then as-
sessed whether sulcal morphology could influence the functional
organization of the vmPFC and whether it could be used to im-
prove the characterization of functional activity observed in the
vmPFC. For this purpose, we selected the Default Mode Network
activation as a tool since the cluster of activity observed at the
group level is covering a large part of the vmPFC. Importantly, we
observed that the main hub of the Default Mode Network in the
vmPFC is located in the anterior part of the ROS-S, regardless of
the presence or absence of the secondary medial sulcus ROS-I.
Note that the presence/absence of the ROS-I is variable across
subjects and has a strong influence on the ROS-S location. In
other words, the vmPFC peak of the functional DMN network is
not optimally defined by stereotaxic MNI coordinates or by any

other volumetric or surface-based group-averaged template. In-
stead, importantly, we have shown that the vmPFC peak of the
Default Mode Network is best defined by an anatomical sulcal
feature identified on an individual-by-individual basis.

The present results also raise methodological issues with re-
gard to the investigation of the Default Mode Network, and to a
greater extent of the function of the vmPFC. Indeed, as in the
interpretation of the location of activity in the MNI space, using a
region of interest based on MNI coordinates or on vertices can
influence the results. Sulcal features might be more accurate and
our results call for the development of tools allowing an auto-
matic detection of such features to characterize better functional
subdivisions of the vmPFC.

Previous studies had shown that the location of functional
activity in fMRI can often be predicted by the local morphology
of the sulci in the frontal cortex (Amiez et al., 2006, 2013; Amiez
and Petrides, 2014, 2018; Li et al., 2015). Morphological features
not only explain cross-subject variability in functional connectiv-
ity but also explain behavioral measures (Bijsterbosch et al.,
2018). However, to the best of our knowledge, this is the first time
that it is shown that the functional organization of the vmPFC in
resting state can be predicted by its local sulcal morphology. It
should be noted that Mackey and Petrides (2014) have examined
the sulcal patterns of the vmPFC in relation to cytoarchitecture
and demonstrated that there is a good relationship between the
sulci and particular cytoarchitectonic areas. Based on the location
of the DMN peak in the rostral part of the ROS-S, it is therefore
likely that the core node of the DMN in the medial prefrontal
cortex is associated with a granular cortex area 14 m or area 10 m
(Bludau et al., 2014; Mackey and Petrides, 2014). Supporting this
anatomical correspondence between the vmPFC DMN node and
area 10 m is the fact that both have been functionally associated
with supporting sociocognitive functions (Mars et al., 2012). An-
terior cingulate cortex (ACC) contributions to the DMN have
also been reported in the literature (Vincent et al., 2007; Mantini
et al., 2011; Qin and Northoff, 2011). However, our results would
suggest that the implication of the ACC to the DMN is related to
the strong monosynaptic connections of cingulate 24 and 32 with
the frontopolar cortex (Petrides and Pandya, 2007). Future inves-
tigation should now be directed to extending this finding to other
task-related functional activity in other subdivisions of the
vmPFC, such as in tasks examining responses to decision vari-
ables (Lopez-Persem et al., 2016) or subjective valuation (Lebre-
ton et al., 2009).

In conclusion, the present study provides a description of the
variability of the vmPFC sulcal morphology across individuals
and demonstrates that this variability might reduce the anatom-
ical precision of group average analyses. Thus, taking into ac-
count the local morphology of the vmPFC at the individual level
to define regions of interest might be considered when assessing
the multiple functions of this heterogeneous brain region.
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