N

N

Medial to lateral frontal functional connectivity mapping
reveals the organization of cingulate cortex
Marion Ducret, Camille Giacometti, Manon Dirheimer, Audrey Dureux, Delphine
Autran-Clavagnier, Fadila Hadj-Bouziane, Charles Verstraete, Franck Lamberton,

Charles Wilson, Céline Amiez, et al.

» To cite this version:

Marion Ducret, Camille Giacometti, Manon Dirheimer, Audrey Dureux, Delphine Autran-Clavagnier, et al..
Medial to lateral frontal functional connectivity mapping reveals the organization of cingulate cortex. Cere-
bral Cortex, 2024, 34 (8), pp.bhae322. {10.1093/cercor/bhae322). <hal-04671739)

HAL Id: hal-04671739
https://hal.science/hal-04671739v1

Submitted on 16 Aug 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-04671739v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Medial to lateral frontal functional connectivity
mapping reveals the organization of cingulate
cortex

Authors: Ducret Marion?, Giacometti Camille?, Dirheimer Manon?, Dureux Audrey?, Autran-
Clavagnier Delphine®, Hadj-Bouziane Fadila?, Verstraete Charles'#, Lamberton Frank >¢,
Wilson Charles R.E.%, Amiez Céline'", Procyk Emmanuel'*

1 Université Lyon 1, Inserm, Stem Cell and Brain Research Institute, INSERM U1208, 69500 Bron, France.

2 Integrative Multisensory Perception Action and Cognition Team (ImpAct), INSERM U1028, CNRS UMR5292, Lyon
Neuroscience Research Center (CRNL), Lyon, France; University of Lyon 1, Lyon, France.

3 Inovarion, 75005 Paris, France

4 Institut de neuromodulation, GHU Paris psychiatrie et neurosciences, Centre Hospitalier Sainte-Anne, pdle hospitalo-
universitaire 15, Université Paris Cité, Paris, France

5 CERMEP-Imaging Platform, Bron, France.

& SFR Lyon-Est, Université Lyon 1, CNRS UAR3453, INSERM US7, U69500, Lyon, France.
* The authors contributed equally to the article

Corresponding authors : marion.ducret@inserm.fr ; celine.amiez@inserm.fr ;
emmanuel.procyk@inserm.fr

Abstract

The functional organization of the frontal lobe is a source of debate, focusing on broad
functional subdivisions, large-scale networks, or local refined specificities. Multiple
neurocognitive models have tried to explain how functional interactions between cingulate
and lateral frontal regions contribute to decision making and cognitive control, but their
neuroanatomical bases remain unclear. We provide a detailed description of the functional
connectivity (FC) between cingulate and lateral frontal regions using resting-state functional
MRI in rhesus macaques. The analysis focuses on the FC of the rostral part of the cingulate
sulcus with the lateral frontal cortex. Data-driven and seed-based analysis revealed 3 clusters
within the cingulate sulcus organized along the rostro-caudal axis: the anterior, mid, and
posterior cluster display increased FC with, respectively, the anterior lateral prefrontal
regions, face-eye lateral frontal motor cortical areas, and hand lateral frontal motor cortex.
The location of these clusters can be predicted in individual subjects thanks to morphological
landmarks. These results suggest that the anterior cluster corresponds to the anterior
cingulate cortex, whereas the posterior clusters correspond to the face-eye and hand
cingulate motor areas within the anterior midcingulate cortex. These data provide a
comprehensive framework to identify cingulate subregions based on FC and local
organization.
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Introduction

The dynamics of cognitive processes rely both on intrinsic specificities of local neural
microcircuits and on the structural properties of large-scale brain networks (Chaudhuri et al.
2015; Fontanier et al. 2022). While research has often focused on one aspect or the other,
both contribute to functional dynamics. In this context we studied the organizational
principles of frontal brain networks devoted to action and cognitive control.

There are multiple hypotheses on how the functional organization of frontal networks and
areal specificities contribute to the neurobiological bases of cognitive control (Dixon et al.
2014). While some propose that a large-scale network encompassing fronto-parietal and
latero-medial (cingulate) frontal cortical areas are recruited as a non-specific network
supporting ongoing task demands, others propose a rostro-caudal anatomo-functional
organization contributing to a hierarchy of cognitive-motor controls (e.g. (Badre and
D’Esposito 2009; Kouneiher et al. 2009; Duncan et al. 2020). These models are not exclusive,
and both assign important functional roles to the anterior cingulate and/or anterior
midcingulate cortex (ACC and/or aMCC) and to its interaction with the lateral prefrontal cortex
(LPFC). Several human functional brain imaging studies support a rostro-caudal functional
organization of the lateral frontal cortex, but whether the cingulate cortex follows a similar
principle remains unclear (Bush et al. 2000; Kouneiher et al. 2009).

Anatomically in primates, the most rostral region of the cingulate sulcus is subdivided in 2
parts: 1) the aMCC, the region extending from about the level of the anterior commissure to
near the level of the rostral limit of the genu of the corpus callosum, and more anterior 2) the
dorsal region of the Anterior Cingulate Cortex (ACC), the region located between the aMCC
and the rostral end of the cingulate sulcus (CgS) (Vogt 2016; Amiez et al. 2019). The functional
boundary between the ACC and the MCC remains unclear (Vogt 2016). Moreover, whereas
the aMCC shows clear anatomo-functional homologies between humans and macaques
(Amiez and Petrides 2014; Procyk et al. 2016; Amiez et al. 2019), this question is still
unresolved for the ACC (Palomero-Gallagher et al. 2009; Amiez et al. 2019). The goal of the
present paper is to shed new light on the functional organization of regions forming the rostral
part of the CgS in the macaque brain by analyzing their connectivity with lateral frontal
regions.

A primary characteristic of the aMCC is that it contains, within the CgS, the rostral Cingulate
Motor Area (the so-called CMAr in macaques, and anterior Rostral Cingulate Zone -RCZa- in
humans) which is somatotopically organized (i.e. it contains limb and face premotor
representations) and projects weakly but directly to the spinal cord and primary motor
cortices (for review see (Picard and Strick 1996; Dum and Strick 2002). Second, some neurons
in the most rostral part of the CgS project to the dorsolateral prefrontal cortex (Borra et al.
2017). These anatomical specificities, including connectivity with the frontal lobe, potentially
confer to the aMCC a role in interfacing motor and cognitive controls (Paus 2001). Yet, the
precise extent of CMAr across animals, its somatotopic organization, its precise interplay with
the dorsolateral prefrontal cortex, and how it segregates from ACC remain to be elucidated.

Previous parcellations of the cingulate region in humans, macaques and marmosets have
used either diffusion tractography or resting-state fMRI (rs-fMRI) (Beckmann et al. 2009;
Hutchison et al. 2012). Most studies provided grand average mappings that provide important
information and broad views of cingulate functional contributions but that might be difficult
to use at the individual level, and hence to decipher precise anatomical and functional
landmarks. So, because cingulate interactions with lateral frontal appear to be particularly



relevant, we tested whether the connectivity between the two regions might enable
identification of functional cingulate subdivisions even at the single subject level, hence
revealing reliable principles of frontal cortex functional organization.

In the present investigation we first attempted to localize CMA subdivisions in macaque
anterior regions of CgS at the single individual level. Second, we described the organization of
functional connectivity (FC) between these cingulate regions and the lateral frontal cortex. We
analyzed anesthetized rs-fMRI data from 15 rhesus macaques, to characterize the FC patterns
of the aMCC and ACC regions with the lateral frontal cortex based on individual subject
analysis allowing us to relate anatomical to functional features. Compared to previous studies
we focused on the cortex lining the CgS, which has been the focus of most past recordings,
and which contains CMAs. We also primarily restricted regions of interest to a finite list of
frontal regions of interest considering regions with hand versus eye or face related functions,
but confirmed our results using a non-supervised whole-brain analysis. Our results revealed
that the CgS running anterior to the anterior commissure is composed of 3 main subregions
aligned on the caudo-rostral axis: the hand motor/premotor field of CMAr, a face/eye
premotor field, both putatively located in aMCC, and rostrally a subregion functionally
connected to lateral prefrontal areas 46 and 10.

Materials and Methods

Subjects. Eighteen rhesus monkeys (macaca mulatta) were assessed in this study: 13 females
(5-19 years old) and 5 males (10-17 years old) weighing from 5 to 13 kg. Three (2 females and
1 male, 11-12 years old) were excluded in the final analysis because of an unexplained lack of
negative correlations in the functional connectivity data. All procedures followed the
European Community Council Directive (directive 2010/63/UE) (Ministere de I’Agriculture et
de la Forét, Commission nationale de I'expérimentation animale) and were approved by the
local ethical committee (Comité d’Ethique Lyonnais pour les Neurosciences Expérimentales,
CELYNE, C2EA #42).

Animal preparation. Before anesthesia, monkeys were administered glycopyrrolate (Robinul:
0.06 mg/kg), an anticholinergic agent. After a 20-minute interval, anesthesia was induced with
an intramuscular injection of tiletamine and zolazepam (Zoletil: 7 mg/kg). Subsequently, the
animals were intubated and ventilated with oxygen-enriched air and different % Isoflurane
depending on the monkeys (Table 1) throughout the entire scanning session. To minimize
variability in measurements, an MRI-compatible stereotaxic frame (Kopf, CA, USA) secured
the monkeys' heads in a sphinx position facing the back of the scanner. Breathing volume and
frequency were adjusted based on the animals' weights. Physiological parameters, including
heart rate and ventilation parameters (spO2 and CO2), were continuously monitored during
the scan. Body temperature was maintained using warm air circulating blankets. Rs-fMRI data
acquisitions were performed approximately 2 hours after anesthesia induction and at least 1
hour after the initial inhalation of isoflurane.

Monkey % isoflurane n slices TR (s) Spatial resolution nb RUN
P 1% 28 1.8 1.7mm"3 5
K 1% 31 2 1.8mm~3 6
H 0.8% 31 1.9 1.7mm~"3 5



(o) 1% 31 2 1.8mm"3 6

Po 1% 31 2 1.8mm"3 6
Y 1.2% 31 2 1.8mm"3 6
S 1% 25 1.7 1.7mm"3 5
Vv 0.8% 28 1.8 1.7mm"3 5
D 0.8% 28 1.8 1.7mm"3 5
A 1% 31 2.108 1.8mm"3 6
Ce 1.5% 31 2.108 1.8mm"3 6
Ci 1% 31 2.108 1.8mm"3 6
E 1% 31 2.108 1.8mm"3 6
Ge 1% 31 2.108 1.8mm"3 6
Gu 1% 31 2.108 1.8mm"3 6

Table 1. fMRI acquisition and anesthesia parameters for each monkey.

rs-fRMI data acquisition.

rs-fMRI data were acquired in anesthetized monkeys from a 3T Siemens Magnetom Prisma
MRI scanner (Siemens Healthcare, Erlangen, Germany). Three Siemens loop coils were used:
two L11 ring coils on each side of the monkey's head and one L7 above the monkey's head. A
high-resolution T1-weighted anatomical scan (MPRAGE, 0.5mm*3 isotropic voxels, 144 slices,
TR=3000ms, TE=366ms) was acquired for each of the 18 monkeys. rs-fMRI images covering
the entire brain were obtained using a T2*-weighted gradient echo planar imaging (EPI)
sequence. The acquisition parameters varied slightly for different groups of monkeys (Table
1). For each of the macaques, five or six runs of 400 volumes each were collected. Anatomical
and functional data of each animal were acquired during the same session.

rs-fMRI data analysis. rs-fMRI scans were preprocessed using SPM 12,

The initial 5 volumes of each run were excluded to account for T1 equilibrium effects. Slice
timing correction was performed with the time center of the volume as a reference, followed
by rigid body realignment for head motion correction. Skull-stripping was executed using the
bet tool from FSL software (Jenkinson et al. 2012). AFNI software (Cox 1996) was then
employed for brain segmentation in both anesthetized and awake sessions on the previously
skull-stripped brains. Temporal filtering extracted spontaneous slow fluctuating brain activity
within the 0.01-0.1 Hz range. Linear regression removed nuisance variables, including
cerebrospinal fluid and white matter signals from segmentation, as well as volumes with
detected artifacts using the ART toolbox (https://www.nitrc.org/projects/artifact_detect/).
The final step involved spatial smoothing with a 4-mm FWHM Gaussian kernel applied to the
regression output.

Location of seeds in the prefrontal cingulate cortex.

In each hemisphere of each monkey brain, we positioned spherical 2.5mm radius seeds in the
dorsal bank, fundus, and ventral bank of the CgS from the anterior commissure (i.e. caudal
limit of the aMCC, see (Amiez et al. 2019) to the rostral end of the CgS (i.e. the rostral end of



the ACC, see (Amiez et al. 2019) with a spacing of 2.5mm between each seed (Fig. 1). The seed
radius was chosen to achieve the finest-grained analysis possible, constrained by our data’s
spatial resolution (voxels of 1.8mm3”) and spatial smoothing (4mm). This radius has been
previously validated for assessing functional connectivity in the MCC-lateral frontal and MCC-
amygdala networks (Giacometti et al. 2023, 2024). Due to interindividual variability, the
number of seeds differs across monkeys (see details in Table 2).

Sulcus parts Frontal ROIs Midcingulate seeds

Figure 1. Position of ROIs and seeds in monkey Na in the right hemisphere. ROls are located in the in frontal and prefrontal
areas and seeds in the MCC. They are positioned in the principalis for the former and cingulate sulcus for the later and divided
in three sub-regions located in the dorsal bank, the ventral bank and the fundus of their respective sulci. M1h: M1 hand, M1f:
M1 face, FEF: frontal eye field, SEF: supplementary eye field, BAC: Broca’s area complex.

Location of Regions of Interest (ROIs) in the lateral frontal cortex.

We first aimed to identify the hand and the face premotor representations of CMAr. We
expected a stronger FC between the hand premotor representation of CMAr with the primary
hand motor cortex (M1Hand). By contrast, we anticipated a stronger FC between CMAr face
representation and face/oculomotor-related areas (M1Face) in the lateral frontal cortex,
which includes the primary face motor cortex, the Frontal (FEF) and Supplementary (SEF) Eye
Fields, and Broca’s area complex (BAC). We thus positioned the following ROIs based on local
sulcal morphology in each hemisphere of individual subjects (Fig. 1):

- M1Hand and M1Face positioned in the dorsal and the ventral part of the posterior part
of the precentral gyrus respectively (He et al. 1993; Rizzolatti and Luppino 2001; Graziano et
al. 2002; Giacometti et al. 2023).

- The FEF localized within the rostral bank of the genu of the arcuate sulcus (Bruce et al.
1985; Amiez and Petrides 2009).

- The SEF placed dorsally and caudally to the rostral limit of the superior part of the
arcuate sulcus (Schlag and Schlag-Rey 1987).

- BAC within the fundus of the ventral part of the arcuate sulcus (Petrides et al. 2005).

Then, we aimed to examine the precise functional dialogue between the cingulate and the
principal sulcus. We positioned ROIs along the entire principal sulcus, in its fundus as well as
dorsal and ventral banks (Fig. 1). These ROIs correspond to 2.5mm radius spheres, spaced by
2.5mm. Due to interindividual variability, the number of principal sulcus ROIs differs across
monkeys (see details in Table 2) All the other lateral frontal ROIls were 5mm radius spheres.
We also identified morphological changes in the principal sulcus at 2 antero-posterior Y levels:
the landmark 1 that corresponds to the rostral limit of the genu of the corpus callosum and
the landmark 2 that corresponds to the fork at the end of the cingulate sulcus or to the rostral
end if there is no fork. Interestingly, we show that these 2 landmarks delimitate anatomo-
functional territories that correspond to, on the postero-anterior axis, the dorsolateral
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prefrontal area 9/46, area 46, and the frontopolar area 10 (Amiez, Sallet, et al. 2023). We thus
also merged the ROIs described above in each of these territories to obtain a9/46, a46, and
al0 ROls.

In the dorsolateral prefrontal cortex (dIPFC):

- Area 9/46 (a9/46) corresponds to ROIs located in the posterior part of the principal
sulcus, posterior to the first morphological change in this sulcus (Landmark 1), which also
appears to be at the antero-posterior Y level whereof the rostral part of the genu of the
corpus callosum is observed (Amiez, Sallet, et al. 2023).

- Area 46 (a46) corresponds to ROIs located in the middle part of the principal sulcus,
between Landmark 1 the level of the rostral part of the genu of the corpus callosum and
the second morphological change in this sulcus (Landmark 2), which also appears to occur
at the antero-posterior Y level where the rostral end of the CgS is found (Amiez, Sallet, et
al. 2023).

- Area 10 (a10) corresponds to ROIs located in the rostral part of the principal sulcus,
rostrally to the anteroposterior level where the rostral end of the CgS is found (Amiez,
Sallet, et al. 2023).

Monkey Seeds in CgS ROIls in principal sulcus

P 10 7

K 11 10

H 10 7

(o} 10 7

Po 10 6

Y 10 7

S 10 5

v 10 5 Table 2. Number of seeds in Cgs and

D 10 6 ROIs in principal sulcus for each

A 10 7 monkey. Tht'ase numbers are identical
in both hemispheres.

Ce 9 6

Ci 10 5

E 10 6

Ge 10 6 Individual subject analyses.

Gu 10 6 For each hemisphere of each

animal, Pearson correlation coefficients between the filtered BOLD signal in the seeds with
the filtered BOLD signal in the ROIs were computed and normalized using the Fisher’s r-to-Z
transform formula. The significant threshold at the individual subject level was set to Z = 0.1
(p < 0.05). These normalized correlation coefficients,

which correspond to the FC strength between each seed and each ROI in individual brains,
were subsequently processed with R software. Then, to assess the location in the CgS where
the strongest FC is observed, we extracted the peaks of correlation (positive and negative) for
each monkey and hemisphere (Fig. 2A).

Group analyses.
The following analyses were realized with R software.
ROI re-alignment



Because of the strong inter-hemispheric and inter-subject variabilities of the posterior
extent of the prefrontal cortex (PFC) as marked by the genu of the arcuate sulcus on the lateral
surface (Amiez, Sallet, et al. 2023), the antero-posterior Y values of the cingulate seeds were
first all realigned on the antero-posterior Y values of the genu of the arcuate sulcus in each
hemisphere of each individual. We chose this landmark as it was the one leading to the lowest
inter-individual variance for each frontal ROl compared to the anterior commissure, the
caudal and rostral limits of the genu of the corpus callosum and the fork at the rostral end of
the cingulate sulcus (composed of the suprarostral sulcus ventrally and the sus-orbitalis sulcus
dorsally, see Amiez et al. 2019). In addition, we spatially remapped all the seeds in the CgS
according to 3 specific landmarks: 1) the anterior commissure (i.e., anteroposterior level in
the caudal limit of aMCC), the genu of the arcuate sulcus, 2) the caudal (i.e., antero-posterior
level of the caudal limit of the principal sulcus) and rostral genu of the corpus callosum and 3)
the rostral end of the CgS (Amiez et al. 2019). To do so, we calculated the mean y axis
coordinate for each landmark and scaled the seeds coordinates points to ensure consistency
across all monkeys. We then performed a linear model (model: CgS y coordinates ~ lateral
frontal ROIs) and extracted the r-squared value to describe the CgS FC peaks organization.

Parcellation

To test whether peaks of FC between cingulate seeds and ROlIs in frontal areas were
clustered in subregions of the cingulate cortex we computed a similarity matrix using the
Gower distance via the ‘'daisy' function from the 'cluster' library (https://cran.r-
project.org/web/packages/cluster/index.html) to capture intricate relationships between
observations. We then performed a hierarchical clustering using the “Ward.D2” method. To
determine the optimal number of clusters, we applied K-means models with varying values of
k and computed the within-cluster sum of squares (WCSS) to identify the point where the
acceleration of successive differences in WCSS was maximal. Then we assigned clusters to the
data using the 'cutree' function.

The seed based parcellation described above identified that the best number of clusters in the
cingulate sulcus was 3 (see results). To identify whether this parcellation stood when assessing
the whole-brain FC of the cingulate sulcus, we performed a data-driven parcellation of the
cingulate sulcus using a clustering algorithm on the 3D matrix of FC to classify voxels
composing the gray matter of the entire brain depending on their z score (see Amiez et al.
2023). We expected that voxels of the cingulate sulcus mask displaying similar connectivity
profiles would be clustered together revealing a sulcal subregion associated with a specific
whole-brain connectivity profile. To optimize inter-subject comparisons, we reprocessed the
data after registration of anatomical and functional images to the CHARM common atlas space
(Seidlitz et al. 2018; Jung et al. 2021). We applied spectral clustering algorithms (Cheng et al.
2021). From the 2D matrix representing the whole-brain connectivity profile of each voxel of
the cingulate sulcus mask, we computed the adjacency matrix (correlation between rows) and
used the k-nearest neighbor to extract the similarity matrix. From the latter, the Laplacian
matrix and its spectral decomposition were computed, and a K-means algorithm on the
eigenvalues matrix provided the clusters (von Luxburg 2007). Clustering procedures were run
under Python 3.8.10 using scikit-learn (Pedregosa et al.), pandas (McKinney 2010), numpy
(Harris et al. 2020) and nibabel (Fanton and Thompson 2023). To select an optimal number of
clusters we used silhouette index scores (ratio of the sum of between-cluster and within-
cluster dispersions for all clusters (dispersion is the sum of distances squared).



Statistical analysis

To capture characteristics of the functional connectivity patterns between seeds and
ROIs, we performed a general linear mixed-effect models: (gi/mm: Z score ~ ROl + seed +
hemisphere + interaction , with subject as random factor) followed by post-hoc Tukey tests.
To precise this pattern, we further ran one-sample student tests to calculate the difference to
zero and extract the p-value on which we applied a false discovery rate correction.
Finally, to assess the proportion of negative and positive Z score value between seeds and
ROIs, we first used a Wilcoxon test and then performed Dunn post-hoc tests to highlight
specificities between seeds and ROls.
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Figure 2. FC profiles between the cingulate seeds located in the dorsal bank, fundus and dorsal banks of the cingulate sulcus
and lateral frontal ROlIs in the left hemisphere. A. Heatmap displaying z-scores between lateral ROls and cingulate seeds in
2 monkey subjects (top: monkey A and bottom: monkey E). In abscissa is represented the antero-posterior Y coordinate level
of the cingulate seeds with the relative ant-posterior levels of key landmarks (AC = anterior commissure, ArcG = genu of the
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arcuate sulcus, cgCC/rgCC = caudal/rostral limits of genu of corpus callosum, rCGS = rostral end of cingulate sulcus) and in
ordinate is represented the lateral ROIs. Within the tiles, Z score correlations between both are scaled from negative (blue)
to positive (red). In all examples, on the caudo-rostral axis of cingulate seeds, we observed 1) a maxima of FC with the primary
hand motor ROI (M1Hand) for seeds located posterior to the genu of the arcuate sulcus (ArcG), 2) a maxima of FC with the
face premotor and motor ROIs (M1Face, FEF, BAC, SEF) for seeds located 5-10 mm anterior to the genu of the arcuate sulcus,
and 3) increasing FC with the dorsolateral (a9/46, a46) and the frontopolar (a10) ROIs for the seeds located rostral to the
cingulate face motor area. B. Pie charts representing the percentages of cases where negative (left) and positive (right) peaks
of FC between seeds and ROIs are located in the dorsal bank, the fundus and the ventral bank in our population (15 subjects).

Results

General FC pattern between the aMCC/ACC seeds and lateral frontal ROIs

We first sought to identify whether aMCC subregions displayed a FC pattern suggesting the
presence of a somatotopy as described for cingulate motor areas (Dum and Strick 2002; Procyk
et al. 2016). We thus extracted a global map of FC (as assessed by the Z values, see Materials
and Methods) between the seeds located along the CgS, and the different lateral frontal
cortical ROIs (Fig. 1). Figure 2 shows the resulting FC pattern in 2 example subjects (Fig. 2A),
where the x-axis has been re-scaled because of the different lengths of CgS in different
subjects. These examples reveal important common properties across subjects. First, at the
level of the genu of the arcuate sulcus, the cingulate FC with the M1hand region presents a
peak located posteriorly to those observed with other ROIs. Anterior to this region displaying
increased FC with the primary hand cortex, a peak of FC is observed with the primary face area
(M1Face), FEF, SEF, BAC and 9/46. Third, from this latter region to the rostral end of the CgS,
the more anterior the seed is in the CgS, the stronger its FC with the SEF and the lateral
dorsolateral prefrontal and frontopolar regions (a9/46, a46, al0) is. Fourth, these FC peaks
are also observed in different zones of the CgS (dorsal bank, ventral bank, fundus. Fig. 2B),
with the positive and negative FC peaks predominantly detected in the fundus/dorsal bank
and the dorsal/ventral banks of the CgS respectively.

Altogether, these individual data revealed the presence of a CMA containing hand and face
motor representations and showed that the cortex lying in the CgS is organized along a rostro-
caudal anatomo-functional organization captured at single subject level, with more rostral
(putative ACC) seeds displaying stronger FC with anterior lateral frontal ROls than posterior
(putative aMCC) seeds.

The caudo-rostral cingulate organization.

A clear spatial distribution pattern of FC peaks was observed only for positive peaks of FC
with the lateral frontal ROIls in both hemispheres (left hemisphere: R2=0.42, p=0.001, right
hemisphere: R2=0.45, p=0.0015) but not for negative peaks of FC (left hemisphere: R2=0.2,
p=0.65, right hemisphere: R2=0.21, p=0.67). (Fig. 3A). This confirms at the population level
that anterior-to-posterior lateral frontal ROls are positively correlated with anterior-to-
posterior parts of the CgS cortex. It also confirms the presence of a rostral hand motor
representation located posterior to a face motor representation (including FC connectivity
with M1face, BAC, SEF, FEF). Specifically, the hand motor representation (connected with
M1hand) appears to be, at the population level, located posterior to the level of the genu of
the arcuate sulcus (Y median = -2.5 / interquartile range (IQR) = 3.75 in the left and Y median
= -3 / IQR = 4.25 in the right hemisphere in 18 subjects), whereas the face motor
representation is located anterior to it (Y median = 6.5 / IQR = 4.75 in the left and Y median =
6/ 1QR =5 in the right hemisphere).



Interestingly, positive FC peaks were more often located in the fundus for connections with
M1face, a9/46, a46 and al0 areas, and in the dorsal bank for M1 hand and FEF, BAC and SEF
(Fig. 3B). Regarding M1face these results corroborate with previous anatomical and functional
studies (Morecraft et al. 2007; Cléry et al. 2018). Negative peaks were more often located in
the dorsal bank for connectivity with M1 hand, a9-46, SEF, a46 and al0, and in the ventral
bank for M1face and FEF. For BAC the proportions are equal in the dorsal and ventral banks.
Overall, the rostro-caudal FC organization was more pronounced for positive correlations with
a significant slope (Fisher test, p<0.01) than for the negative ones, and the distinction between
cingulate sub-regions was sharper.
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Figure 3. Rostro-caudal FC organization between the cingulate sulcal cortex and the lateral frontal ROls. A. Antero-posterior
locations of the cingulate region displaying the positive and negative FC peaks (top and bottom diagrams, respectively) with
the lateral frontal ROIs in all individuals in the left hemisphere. ROls are ordered based on their average Y coordinate. Each
point represents the location of the FC peak in a given monkey. In each boxplot, the lower and upper hinges of the box
correspond to the first and third quartiles respectively. Upper and lower whiskers extent from their corresponding hinges to
the largest and lowest value respectively define as 1.5 x of the interquartile range. Individual data points are also represented
for each boxplot. Colored lines represent the hierarchical clustering (see methods). M1h = M1 hand, M1f = M1 face. B. Bar
plots representing the percentage of cases where the positive and negative FC peaks are located in the ventral or dorsal
banks, or in the fundus of the cingulate sulcus. The 2 hemispheres are combined to have a global view of this distribution.

CMAr somatomotor representations are likely to be within the aMCC region but the position
of the face field and its relationship or limit with ACC is still unresolved (Vogt 2016). Figure 3
shows that positive FC peaks related to the M1face overlap at the population level with peaks
linked to FEF, SEF, BAC, and a9/46, i.e., functional areas related to face, oculomotor controls,
and working memory (Constantinidis and Qi 2018). The overlap thus seems to reflect the
presence of a functionally specific field that we named: the face field. One hypothesis is that
the limit between aMCC and ACC within the cingulate sulcus is found around the level of the
genu of the corpus callosum (CC). Although the FC peak data do not show a clear limit between
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the face field and a more rostral region, potentially ACC, it suggests that the rostral region
displaying stronger FC with a46 and a10 is anatomically and functionally differentiated.

The dispersion of FC peaks along the CgS thus suggests partitions of the cingulate region of
interest into multiple functional subdivisions. The positive FC peaks across monkeys could be
clustered in 4 groups of connectivity with lateral frontal ROIs (Fig. 3A). Cluster 1, characterized
by its FC with M1hand, is found posterior to the level of the genu of the arcuate sulcus. More
anteriorly we can observe cluster 2 (M1 face, FEF, BAC, SEF), cluster 3 (a9/46) and cluster 4
(a46, a10).

A. 3 clusters

B. 4 clusters

Figure 4. Whole brain data driven clustering. Clusters are defined on the group data (all monkeys). Data are displayed on the
average T1 MRI volume. A. 3 cluster outcome. B. 4 cluster outcome. Note that morphological landmarks (white and yellow
lines) provide indications about the relative position of clusters (as observed for each hemisphere in supplementary figure 1
and 2). White line: antero-posterior level of the genu of the arcuate sulcus. Yellow line: antero posterior level of the rostral
limit of the corpus callosum.

We confirmed clustering of the cingulate region of interest with an unsupervised approach
applied on each run for each hemisphere of each brain and based on the whole brain
connectivity matrices. The optimal number of clusters was 3 in 62 and 68 % of cases (for left
and right hemispheres respectively) cases, and 4 in 27% and 17% of cases. The reconstruction
of clusters on each MRI relative to key morphological landmarks (genu of the arcuate sulcus,
and anterior end of the genu of the corpus callosum) revealed a first cluster located posterior
to or around the genu of the arcuate (white line in Fig. 4A). The most anterior cluster was
anterior to the level of the genu of the corpus callosum (yellow line). Note that 3 and 4 cluster
parcellations provided very coherent maps across monkeys in terms of cluster position relative
to morphological landmarks (Supplementary Fig. 1 & 2). In the 4-parcels schema (Fig 4B, the
mid subdivision is dissociated in 2 subdivisions. Note also that no clustering led to divisions of
the dorsal versus ventral banks of the cingulate sulcus. Thus, the cingulate region of interest
is parceled in 3 or 4 functional subregions that are found in each hemisphere at reliable
positions relative to brain morphological landmarks. Remarkably the whole-brain FC analysis
showed clear dissociations between the cingulate subdivisions in terms of large-scale
connectivity. In the 3-parcel schema of the cingulate sulcus (Fig 5), we first observed a caudo-
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rostral dissociation in which the i) posterior, ii) mid, and iii) anterior subdivision displays FC,
respectively, with i) hand motor/premotor cortex (i.e. M1 Hand, PMd) and putamen, ii)
face/eye motor/premotor (M1Face, BAC, FEF), caudal prefrontal cortex (a9/46, SEF), as well
as putamen/caudate nucleus, and iii) anterior prefrontal cortex (a46, al10), the anterior insula,
the amygdala, the caudate nucleus, the Posterior Cingulate Cortex (PCC), and the superior
temporal sulcus (STS). In addition, we observed that the posterior and mid subdivisions share
FC with the posterior parietal cortex (PPC), posterior insula, precuneus (PRC) and temporal
cortex (TpT, and superior temporal gyrus - STG). Thus, the whole brain analysis revealed clear
anatomo-functionnal dissociations between the large-scale networks centered on the
different cingulate subdivisions.

A. Positive correlations B. Negative correlations

Figure 5. Whole-brain functional connectivity of the cingulate sulcus. A. Positive correlations. B. Negative correlations. The
green line indicates the location of the coronal section in green box. STS: superior temporal sulcus, STG: superior temporal
gyrus, TpT: temporo-parietal cortex, PMd: dorsal premotor area, PRC: precuneus, PCC: posterior cingulate cortex, PPC:
posterior parietal cortex, AMG: amygdala., Ant and Post Insula: anterior and posterior insula.

FC organization between the cingulate and principal sulci

Recordings in monkeys but also functional brain imaging studies in humans suggest that the
aMCC and subregions of the dIPFC are co-activated for cognitive control regulation (Shenhav
et al. 2013; Kolling et al. 2018). Whether such co-activations relate to specific anatomo-
functional organizations is thus a central question. We assessed the fine-grained organization
of the FC between seeds located in the various subdivisions and along the CgS and the ROls
located along the principal sulcus (in dorsal and ventral banks and fundus subdivisions). The
analyses provided 2D maps of FC between these different subdivisions (Fig. 6).
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Figure 6. Rostro-caudal organization of the FC between the ventral bank, fundus et dorsal bank of the principal and the
cingulate sulci in the left and right hemispheres across the population. Correlation map of the FC between principalis sulcus
and cingulate sulcus, represented by the Z-value (red to blue gradient for positive to negative correlations respectively). Data
are realigned on specific landmarks for each monkey. AC = anterior commissure, ArcG = genu of the arcuate sulcus, cgCC/rgCC
= caudal/rostral limits of genu of corpus callosum, rCGS = rostral end of cingulate sulcus.

The pattern of FC followed a rostro-caudal organization with stronger positive correlations
between the BOLD signals in the rostral part of the CgS and the anterior most part of the
principal sulcus (Fig. 6). The increased FC involved more reliably the dorsal bank and the
fundus, and less the ventral bank, of the sulcus principalis located anterior to landmark 2 in
both hemispheres (i.e., anterior to the level of the rostral end of the CgS. See Materiel and
Methods, student test, p<0.001. Supplementary Fig.3). This is of great interest because
previous studies have shown that morphological landmarks within the principal sulcus could
be landmarks of cytoarchitectonic areas, landmark 2 noted here being related to the transition
between area 46 and area 10 (Amiez, Sallet, et al. 2023). Note, however, that the FC pattern
between the cingulate and the principal sulci differed significantly between the 2 hemispheres
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(see model in methods, Main effect of Principal-Sulcus_ROI: p<2.2e-16, Main effect of
Cingulate-Sulcus_SEED: p<2.2e-16; Main effect of Hemisphere: p<2.2e-16). The FC pattern
varied also according to the sulcus subdivisions - dorsal, ventral and fundus. In the left
hemisphere, the patterns of FC differed between all cingulate parts (Tukey multiple
comparisons test: p<0.0001) and all principal sulcus parts (Tukey multiple comparisons test:
p<0.0001). In the right hemisphere, the FC patterns differed when comparing data for the
dorsal bank and the fundus of the principal sulcus (Tukey multiple comparisons test: p<0.002).
From the point of view of the CgS, the FC patterns differed between the dorsal and the ventral
banks (Tukey multiple comparisons test: p<0.04) and between the fundus and ventral bank
(Tukey multiple comparisons test: p<0.004). Supplementary figure 3 shows at what level, and
for which sulci parts, the cingulate-principalis connectivity differed from 0. It shows that the
FC between Cgs and PS was more pronounced between the fundus parts in both hemispheres.

Finally, negative correlations were more pronounced in the left hemisphere than in the right
hemisphere (Wilcoxon test, p<0.005) and more specifically in the ventral bank of the principal
sulcus (Dunn tests, p<0.00001).

Discussion

The present study revealed that cingulo-lateral frontal cortical networks in the macaque
brain are organized along a caudo-rostral axis. Using precise and reliable anatomical
landmarks, we described a fine-grained anatomo-functional organization. Specifically, in the
caudal most CgS seeds, we identified across individual subjects that the hand-related
premotor representations of CMAr were located more often in the dorsal bank of the CgS and
caudal to the level of the genu of the arcuate sulcus, whereas the face-related representation
were located more often in the fundus of the CgS and rostral to the genu of the arcuate. In
addition, more rostral parts of the CgS were more strongly functionally connected with more
rostral parts of the principal sulcus. Overall, the study revealed a tripartition of the CgS in the
frontal lobe shedding new light on the organization of the cingulo-lateral frontal network in
non-human primates (Fig. 5).

Our results also revealed the presence of a rostro-caudal FC organization between the CgS
and the principal sulcus. Although this organization involves the dorsal/ventral banks and
fundus of sulci, it appears stronger when considering the fundus of the principal sulcus in both
hemispheres (Fig. 3). These results fit with the known tract-tracing data between these two
regions (Barbas and Pandya 1989; Joyce et al. 2020). By contrast, the most caudal part of the
CgS studied here, that includes a CMAr hand motor representation, appears mostly negatively
correlated with the principal sulcus, thus reinforcing the existence of anticorrelated networks,
here between a motor and a cognitive network.

Somatotopy in CMAr and cingulate functional organization

The respective locations of CMAr hand- and face-related fields in the CgS, detected with FC
peaks with M1, are consistent with the literature. Anatomical and functional studies showed
that these fields are respectively located in the dorsal bank and fundus of the CgS, with the
face-related field located rostral to the hand-related one (Fig. 2) (Dum and Strick 2002;
Morecraft et al. 2007; Procyk et al. 2016; Cléry et al. 2018). The hand-related subdivision (as
represented by FC peaks, Fig. 2) was located in the CgS between the level of the anterior
commissure and the level of the genu of the arcuate sulcus (ArcG). The core of the face-related
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representation was located on average 6mm anterior to the level of ArcG. The known
cytoarchitectonic organization suggests that both the hand and face fields of CMAr belong to
the aMCC region (Vogt 2005; Amiez et al. 2019). The caudal and rostral limits of aMCC are
presumably at the level of, respectively, the anterior commissure and the rostral limit of the
genu of the corpus callosum (rgCC) (Vogt et al. 2003; Vogt et al. 2006; Palomero-Gallagher et
al. 2009; Amiez et al. 2019).

The data suggest that more caudal versus rostral cingulate seeds displayed positive FC with
respectively more caudal versus rostral frontal ROIs (Fig. 2). This aligns with previous studies
in human and non-human primates (Loh et al. 2018; Giacometti et al. 2022). However, our
study reveals a more intricate relationship. Indeed, our clustering suggests that the CgS part
under study is subdivided in 3 or in some cases 4 functional sectors: a caudal sector involved
with hand-related motor and premotor regions, a middle sector displaying functional
connectivity with frontal areas involved with oral and oculomotor/attentional functions
(M1face, BAC, FEF, SEF, a9/46), and a more rostral sector connected to anterior prefrontal
areas (a46 and al10). The middle face field sector supposedly corresponds to the region the
most recorded in neurophysiological studies displaying neural activity related to outcome
processing, behavioral shifting, and exploratory decisions (Procyk et al. 2016). This region
might even be subdivided in two parts, one related to the oral domain and one to the
oculomotor domain. This additional subdivision would further explain why 4 cluster
subdivisions was observed in more than 15% of cases among our monkey population.
However, the limited spatial resolution of our fMRI data prevents us from clarifying any
further. The rostral limit of the face field sector within the CgS is located at the rostro-caudal
level of the genu of the corpus callosum. This might represent the limit between aMCC and
ACCin the cingulate sulcus, which is also suggested by the clustering method. The whole-brain
FC is also showing a shift in large scale connectivity between the 2 posterior and the most
anterior cingulate subregion, the anterior part of the CgS being more functionally connected
with limbic regions (amygdala and anterior insula) and anterior lateral prefrontal regions (a46,
al0) (Fig. 5). However, a definitive description of this aMCC-ACC limit will require a devoted
cytoarchitectonic and connectivity analysis.

Importantly, the parcellation results, whether the whole-brain data-driven parcellation or
the unsupervised clustering within our network of interest, fit perfectly with previous analyses
in macaques showing 3 sectors in the cingulate cortex associated with somato-motor (CMAr
hand), attention-orienting (face/eye) and executive networks (Hutchison et al. 2012). The
network embedding the attention-orienting sector delineated by Hutchison and colleagues
overlaps with a similar frontal anatomical network encompassing regions involved with
oral/face motor control and proposed to play a role in communication/emotions and reward
processing (Ferrari et al. 2017). We proposed that the mere existence of a CMAr face-related
network involved in information-/reward- seeking, shifting and decision making reflects a
principle by which such functions are embodied, i.e. that their root mechanisms, and
potentially computational principle, are intimately related to effector specificities, the
functions being ecologically bounded to these effectors (Procyk et al. 2016).

Parcellations of the cingulate cortex in humans based on connectivity have shown multiple
clusters that, for the most anterior ones at least, fit with our observations in macaques in
terms of rostro-caudal organization (Beckmann et al. 2009). Beckman and colleagues, using
diffusion tractography, found that a caudal cingulate cluster had major premotor connectivity
while a more rostral cluster had more prefrontal connectivity. Comparative functional
network analyses between humans and macaques have shown good homologies between
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cingulate subdivisions (Neubert et al. 2015). Interestingly, functional connectivity clustering
of the homolog cingulate region in marmosets led to a clear separation at the level of the genu
of the corpus callosum, the more caudal cluster being connected to premotor regions, and the
anterior ones to prefrontal regions (Schaeffer et al. 2018). Finally, human and marmoset
cingulate parcellations showed important similarity regarding their functional connectivity
with lateral frontal regions (Schaeffer et al. 2020). Human, macaque and marmoset have thus
very conserved subdivisions of the cingulate region although no direct comparisons have been
done between the three species.

Brain morphology landmarks and functional connectivity

Cingulate subregions were consistently observed in particular locations relative to
morphological landmarks. This converges with a growing body of evidence suggesting tight
relationships between gross morphology, sulcal organization, cytoarchitectonic organization,
functional organization, and behavior in macaques (Morecraft et al. 2007; Garcia-Cabezas and
Barbas 2014; Procyk et al. 2016; Cléry et al. 2018), chimpanzees (Keller et al. 2009; Amiez et
al. 2021), in humans (Vogt et al. 1995; White 1997; Amiez et al. 2006; Amiez and Petrides
2007; Amiez et al. 2013; Loh et al. 2018; Lopez-Persem et al. 2019; Loh et al. 2020) and even
in primate comparatives studies (Amiez et al. 2019; Amiez, Sallet, et al. 2023; Amiez,
Verstraete, et al. 2023). Such relationships are to be expected given that the cytoarchitectonic
organization might constrain the connectivity of a given area (Passingham et al. 2002) and that
the protomap tightly links sulcal pits with cytoarchitectonic organization (Rakic 1988; Régis et
al. 2005; Fischl et al. 2008), see also (Amiez, Sallet, et al. 2023) for more details about the
possible foundations of such relationships). Anatomo-functional maps and morphological
landmarks may thus serve as additional indices to locate specific functional subregions. This
would be particularly relevant for targeted approaches such as anatomical tracer injections,
electrophysiological recordings, or transcranial ultrasound stimulation. Complemented with
human-macaque comparative studies of frontal sulcal organizations, these maps could be
transposed to humans.

From a clinical point of view, prefrontal to cingulate networks are proposed to play a role in
the etiology and manifestations of various neurological and psychiatric disorders.
Dysfunctional connectivity between these regions have been observed in a range of conditions
including attention deficit hyperactivity disorder (Bush et al. 2005), obsessive-compulsive
disorder (Menzies et al. 2008), schizophrenia (Fornito et al. 2009), and mood disorders (Phillips
et al. 2003). Thus, characterizing the precise functional connectivity patterns between
cingulate and lateral frontal areas could provide markers to quantify pathological connectivity
as well as to define targets for potential focused treatments.

Dorso-ventral heterogeneity in the principal sulcus

In our study, we focused on the functional connectivity and data-driven parcellation of the
principal sulcus, which revealed a clear rostro-caudal segmentation into three distinct regions.
However, we acknowledge the existing evidence for dorsoventral heterogeneity in this area,
as detailed by Barbas and Pandya (1989), Morecraft et al. (2015), and Rapan et al. (2023).
These studies underscore cytoarchitectonic differences between the dorsal and ventral banks
of the principal sulcus, which our approach did not detect. There are several reasons for this
discrepancy. First, our whole-brain functional connectivity analysis might lack the sensitivity
to detect subtle dorsoventral differences. Such differences could be specific to particular
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networks and not broadly reflected across the entire brain, making them challenging to
identify with the broad scope of our analysis. Second, the limitations of rsfMRI may also play
a role. While rsfMRI is a powerful tool for mapping functional connectivity, its spatial
resolution might not be fine enough to capture the detailed cytoarchitectonic distinctions
between the dorsal and ventral banks of the principal sulcus. These subtle differences likely
require more precise imaging techniques or targeted, high-resolution analyses beyond the
capabilities of conventional rsfMRI. Furthermore, a comprehensive cytoarchitectonic study
that maps the precise boundaries between Areas 10, 46, and 9/46 along the entire extent of
the principal sulcus is essential for future research. Such a study would provide a definitive
anatomical framework to complement and refine our functional connectivity findings,
ensuring that both the functional and structural nuances of this region are thoroughly
understood.

Negative functional connectivity

Interestingly, a marginal (non-significant) reverse rostro-caudal organization was captured
by the distribution of negative FC peaks (more caudal cingulate seeds display a negative FC
peak with more rostral frontal ROIs; Fig. 2). For example, the FC between the CgS and M1hand
is characterized by a positive FC peak located in the posterior part of aMCC and a negative FC
peak in the ACC (Fig 2). The interpretation and relevance of negative correlations in BOLD
signal in general is still misunderstood and disputed (Biswal et al. 1995; Chang and Glover
2009; Giove et al. 2009; Murphy et al. 2009; Weissenbacher et al. 2009) and often neglected
(Chen and Calhoun 2011). However, recent hypotheses suggest that two anticorrelated
systems such as the Default Mode Network (DMN, involved in some introspection activity at
rest, see (Gusnard et al. 2001; Raichle et al. 2001) and the Dorsal Attentional Network (DAN,
involved in the performance of cognitive tasks, are competitive networks that cannot act at
the same time and are thus “inhibiting” each other depending on the context (Fransson 2005;
Kelly et al. 2008; Chai et al. 2012; Chai et al. 2014). Such a process appears critical to obtain a
dynamic but stable system (Saberi et al. 2021), its disruption being observed in numerous
neurological and psychiatric disorders (Wang and Fan 2007; Sun et al. 2012; Patriat et al. 2016;
Posner et al. 2016; Whitfield-Gabrieli et al. 2018). Anterior versus posterior subdivisions of the
cingulate region devoted to respectively emotional and cognitive processing have been
proposed in humans, with a putative reciprocal suppression (Bush et al. 2000). Based on this
literature, our results might suggest that the recruitment of CMAr, which is located in the
aMCQC, is associated with the deactivation of ACC regions, or rather that regions involved with
motor control (through links with the primary motor cortex) are naturally in opposition with
regions involved with the lateral prefrontal regions. Note however that our data were
obtained from anesthetized states (see Limitations).

Limitation

Our results were fairly reliable across our 15 monkeys despite the fact that they were
acquired under isoflurane anesthesia, which is known to affect FC (Hutchison et al. 2014;
Barttfeld et al. 2015; Lv et al. 2016) In particular, anesthesia reduces FC strength in general
and reduces negative correlations (at least in frontal networks) (Hori et al. 2020; Giacometti
et al. 2022). We have also shown that it prevents the assessment of posterior cingulate motor
areas (CMAc) as they are strongly connected with the primary motor areas (as opposed to
CMAr) and these latter regions are shut down by anesthesia (Giacometti et al. 2022). However,
we excluded here the assessment of the FC of CMAc. Thus, although anesthesia decreases
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globally the FC strength in our network of interest, it does not change its overall pattern
(Giacometti et al. 2022). Furthermore, it allowed us to perform our subject-by-subject analysis
in a larger dataset (18 monkeys), and importantly our results demonstrated the reliability of
the use of sulcal individual morphological patterns to extract fine-grained FC patterns in the
frontal cortex.

Conclusion

The present study revealed that the cingulate organization can be captured in individual
monkey brains based on the functional connectivity pattern of the CgS and the lateral frontal
cortex. We identified the fine-grained FC interplay between the cingulate and the principal
sulci that might sustain the functional dialogue between these regions. Importantly, this
organization can also be predicted from local morphological features that all individuals
possess, thus providing a framework usable with short resting-state MRI scans to precisely
target cingulate or lateral frontal cortical regions. Finally, subdivisions of the cingulate region
of interest are characterized by their embedding in dissociated functional networks, whose
specificity should be considered in order to understand the computational bases of cingulate
functions.
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