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Abstract Three large-scale networks are considered essential to cognitive flexibility: the ventral
and dorsal attention (VANet and DANet) and salience (SNet) networks. The ventrolateral prefrontal
cortex (VIPFC) is a known component of the VANet and DANet, but there is a gap in the current
knowledge regarding its involvement in the SNet. Herein, we used a translational and multimodal
approach to demonstrate the existence of a SNet node within the vIPFC. First, we used tract-tracing
methods in non-human primates (NHP) to quantify the anatomical connectivity strength between
different vIPFC areas and the frontal and insular cortices. The strongest connections were with the
dorsal anterior cingulate cortex (dACC) and anterior insula (Al) - the main cortical SNet nodes.
These inputs converged in the caudal area 47/12, an area that has strong projections to subcortical
structures associated with the SNet. Second, we used resting-state functional MRI (rsfMRI) in NHP
data to validate this SNet node. Third, we used rsfMRI in the human to identify a homologous caudal
47/12 region that also showed strong connections with the SNet cortical nodes. Taken together,
these data confirm a SNet node in the vIPFC, demonstrating that the vIPFC contains nodes for

all three cognitive networks: VANet, DANet, and SNet. Thus, the vIPFC is in a position to switch
between these three networks, pointing to its key role as an attentional hub. Its additional connec-
tions to the orbitofrontal, dorsolateral, and premotor cortices, place the vIPFC at the center for
switching behaviors based on environmental stimuli, computing value, and cognitive control.

Editor's evaluation

This is an interesting quantitative study of the anatomical connections of a region of prefrontal
cortex that has often been overlooked because it is at the border of what is typically called ventro-
lateral prefrontal cortex and orbitofrontal prefrontal cortex. Sometimes it is included as part of
ventrolateral prefrontal cortex, sometimes as part of orbitofrontal cortex and sometimes it is simply
given little attention because ventrolateral studies focus on the inferior convexity and orbital studies
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focus on the region between the orbitofrontal sulci. The idea that this is a special region that is
different from both the rest of ventrolateral prefrontal cortex and probably the rest of orbitofrontal
cortex is important because it helps us understand some otherwise puzzling results. The quantitative
analysis of connections was an unusual strength of the study as was the comparison of tracer data in
macaques, TMRI connectivity data in macaques, and human fMRI connectivity data.

Introduction

Three distributed attentional networks, the dorsal and ventral attention (DANet and VANet) and
salience (SNet) networks, play key roles in switching actions based on environmental stimuli (Knudsen,
2007, Corbetta et al., 2008; Seeley et al., 2007). The DANet is a top-down bilateral fronto-parietal
network, responsible for selecting stimuli and responses (Corbetta et al., 2008; Corbetta and
Shulman, 2002). The VANet is a bottom-up ventral fronto-parieto-temporal network, responsible for
detecting outstanding stimuli and reorienting ongoing activity (Corbetta et al., 2008; Corbetta and
Shulman, 2002). The salience network (SNet) (Seeley et al., 2007, Uddin, 2016), cortically anchored
in the anterior insula (Al) and the dorsal anterior cingulate cortex (dACC), adds value to external and
internal stimuli, driving attention to rapidly modify behaviors (Seeley, 2019). The SNet works closely
with the VANet, to ‘pull’ attention to valued stimuli, based on a combination of previous experi-
ence and motivation. However, all three networks must operate together for rapid environmental
responses. The ventrolateral prefrontal cortex (vVIPFC) lies at the junction between the DANet (areas
44 and 45) (Rossi et al., 2007; Wardak et al., 2010; Kadohisa et al., 2015; Bichot et al., 2015; Bichot
et al., 2019; Hartwigsen et al., 2019, Buckner et al., 2011) and VANet (area 47/12) (Hartwigsen
et al., 2019; Buckner et al., 2011; Romanski, 2007; Kar and DiCarlo, 2021; Romanski and Chafee,
2021). In contrast, based on imaging studies, the key nodes of the SNet are ACC and Al, and not
the vIPFC. Yet, the vIPFC, particularly area 47/12, is central for assessing value and, along with the
ACC drives information seeking, to provide value-related discriminations (Monosov and Rushworth,
2022). Indeed, it is the orbito-lateral portion of area 47/12 that is involved in stimulus-outcome predic-
tions (Rudebeck et al., 2017; Grohn et al., 2020; Jezzini et al., 2021), and, when lesioned, interferes
with choices based on outcome availability (Rudebeck et al., 2017). Area 47/12 is tightly connected
to both the ACC and the adjacent Al (Petrides and Pandya, 2002). However, area 47/12 is large
and connected to a wide range of cortical regions. We posit that embedded within this large area is
a separate SNet node that links the ACC and Al with the vIPFC that has not been evident due to the
technical limitation of functional MRI (Seeley et al., 2007, Seeley, 2019, Sridharan et al., 2008). We
demonstrate here, that, based on its anatomic organization and connections to the two central nodes
of the SNet (dACC and Al) the vIPFC is a distinct node in the SNet, separate from the adjacent Al.
We also show that, with anatomic guidance, this separate node can be identified using fMRI in the
human brain. A SNet component within area 47/12 brings unique information about stimulus value
to this network, through its connections with the orbitofrontal cortex and thus complementary to the
roles of the Al and dACC in information integration and information seeking, respectively. Given the
high interconnectivity of areas 44, 45, and 47/12, a SNet node within the vIPFC places it in a central
hub-like position to integrate information across the three main attention networks, supporting the
region'’s central role in modulating behavioral flexibility (Dajani and Uddin, 2015; Badre and Wagner,
2006; Waegeman et al., 2014).

We used a cross-species and cross-modality approach to determine the relative strengths of
connections of subregions of the vIPFC with the two SNet cortical nodes, the Al and ACC, compared
to other frontal regions: tract-tracing methods in macaque monkeys, followed by a seed-based fMRI
approach to determine connectivity strength first in the NHP then in humans. We first quantified the
anatomic connectivity strength between the different vIPFC subregions and the frontal and insular
cortices. We found that the strongest connections with the dACC and Al were with the caudal area
47/12. This sublocation also presented strong axonal projections to subcortical structures of the
salience network, including the dorsomedial thalamus (DT), sublenticular extended amygdala (SEA),
substantia nigra/ventral tegmental area (SN/VTA), and periaqueductal gray (PAG). Using resting-state
functional connectivity MRI (fcMRI), we found that the connectivity strength and patterns between
the subregions of the vIPFC and the dACC and Al SNet nodes were similar to anatomic data in
NHP. Finally, placing seeds in homologous vIPFC regions in the human, we show that, similar to the
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Figure 1. Injection sites. (A) Location of 8 injection locations in the vIPFC selected for retrograde analysis. Seven cases were analyzed as the main results
(red), and one case was used as validation (yellow). Injection locations in (B) the dJACC and (C) the Al selected for anterograde validation of the salience
node. Abbreviations: arsp = arcuate sulcus spur; cc = corpus callosum; cgs = cingulate sulcus; cs = circular sulcus; iar = inferior arcuate sulcus; Is =
lateral sulcus; los = lateral orbital sulcus; mos = medial orbital sulcus; ps = principal sulcus; rs = rostral sulcus; sar = superior arcuate sulcus.

NHP results, fcMRI connectivity between caudal 47/12 is significantly stronger with the dACC and Al
compared to other vIPFC regions.

Results

Retrograde tracing reveals a SNet node in the caudal area 47/12

Retrograde tracing injections were placed in areas 44, 45 and subregions of 47/12 on the right vIPFC
(coronal representations of injection centers and 3D view of injections in Figure 1) and the labeled
cells in the frontal and insular cortices were charted. We focused on the right hemisphere to reduce
the effect of species specificities associated to language development in our analyses (Nozari and
Thompson-Schill, 2016). To determine the relative projection strengths across cases, we calculated
the percentage of total labeled cells that project from each cytoarchitectonic area to each injection
site. To compare the projection strengths to what would be expected by chance, we performed a
random sampling analysis by permuting neurons 10° times among each frontal or insular cortex area
with a probability given by the volume of each area. To evaluate the strength of connections from
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Figure 2. Strength of projections from Salience Network cortical nodes grouped by cytoarchitectonic divisions across cases. (A) The dACC corresponds
to area 24, while the Al is the combination of areas OPAI, Opro, IPro, and Al. Orange bars illustrate cases with injections in area 47/12, green bars in
area 45, and blue bars in area 44. Black dots show the average and standard-deviation of random sampling from the respective areas in each case. 3D
models represent the location of coronal slices from figures B-C. Coronal sections and the respective labeled cells (red dots) in the (B) JACC and (C)

Al projecting to the caudal area 47/12 in the vIPFC. The black circles represent the areas of interest for the Salience Network. Abbreviations: arsp =
arcuate sulcus spur; cgs = cingulate sulcus; cir = circular sulcus; iar = inferior arcuate sulcus; los = lateral orbital sulcus; mos = medial orbital sulcus; ps =
principal sulcus; sar = superior arcuate sulcus.

The online version of this article includes the following figure supplement(s) for figure 2:
Figure supplement 1. Strength of projections from the frontal and insular cortices to different regions of the vIPFC.

Figure supplement 2. Labeled input neurons following retrograde tracer injections in different vIPFC locations.
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the main cortical nodes of the SNet, we compared projections from the dACC (area 24) and Al (areas
OPAI, OPro, IPro and Al) across cases. The results demonstrate that the connectivity strength varies
across VIPFC areas (Figure 2A, extended bar charts are shown in Figure 2—figure supplement 1).
Among all vIPFC injections, caudal area 47/12 stands out as the main location for connections
from the dACC and the Al. This area, in addition to rostral 47/12, showed connectivity strength above
the chance level with dACC (area 24). Specifically, area 24 projections to caudal area 47/12 were at
least twice as strong as expected by chance and twice as strong compared to the projections to the
other VIPFC locations. Clusters of projecting cells were found in both pre- and post-genual dACC
(Figure 2B) in a rostrocaudal distribution consistent with the SNet description in NHP (Touroutoglou
et al., 2016). For projections from the Al, caudal area 47/12 had the highest difference from the
chance level, twice as high compared with injections in mid 47/12. Interestingly, these cells clusters
are located in the orbital portion around the beginning of the circular sulcus in the Al. Specifically, this

(A) replication of retrogradely labelled connections in caud. area 47/12 (vIPFC 4b)
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Figure 3. Anatomical replication and validation of the caudal 47/12 as a salience network node. (A) Coronal sections and the respective labeled cells
(red dots) from the validation retrograde tracing injection in caudal 47/12 (case 4b). 3D models represent the location of coronal slices. (B) Coronal
sections and the respective labeled terminal fields from the validation anterograde tracer injections in the dACC and Al (red areas correspond to dense
axonal projections and green areas to light axonal projections). Abbreviations: arsp = arcuate sulcus spur; cgs = cingulate sulcus; cir = circular sulcus; iar
= inferior arcuate sulcus; los = lateral orbital sulcus; mos = medial orbital sulcus; ps = principal sulcus; sar = superior arcuate sulcus.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Terminal fields from injections in caudal vIPFC area 47/12 within the dorsomedial thalamus (1 x amplification), sublenticular
extended amygdala (1 x), and periaqueductal gray (2 x).
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region in the macaque brain is enriched with von Economo neurons (Evrard et al., 2012; Figure 2C),
a cell type rare in the brain but characteristic of the SNet (Seeley et al., 2007, Seeley, 2019). These
data demonstrate that a specific vIPFC region, caudal 47/12, is tightly linked to the two SNet nodes.
Projection patterns from other cortical areas are shown in Figure 2—figure supplement 2.

To replicate these results, we placed an additional retrograde injection at a similar location in caudal
47/12 and found clusters of labeled cells in the same positions within the dACC and Al (Figure 3A).
Moreover, this injection site was highly correlated with the original caudal 47/12 injection in regards
of overall distribution of connectivity strengths across the frontal and insular cortices (rho = 0.70,
p<<0.01). To verify the convergence of dACC and Al inputs to the caudal area 47/12, small antero-
grade tracer injections were placed at the same location as the clusters of dACC and Al-labeled
cells (Figure 3B). Fibers from these injection sites terminated in the caudal area 47/12. These results
are consistent with similar injections within the vIPFC, dACC, and Al reported in qualitative studies
(Petrides and Pandya, 2002, Pandya et al., 1981; Carmichael and Price, 1996; Morecraft et al.,
2012; Morecraft et al., 2015, Mesulam and Mufson, 1982), and support our findings that there are
convergent inputs from the dACC and Al to specific regions of the vIPFC.

The SNet is also characterized by specific subcortical connections, including the SEA, ventral stri-
atum (VS), DT, hypothalamus, SN/VTA, and PAG (Seeley et al., 2007; Uddin, 2016; Seeley, 2019).
Importantly, following anterograde injections into the vIPFC, area 44 has light terminal labeling in DT,
hypothalamus, and SN/VTA, but not in the SEA and VS. In area 45 terminals were predominantly found
in DT, but not in other subcortical nodes. Rostral and mid 47/12 have terminals in DT and SEA. Mid
47/12 also lightly projected to the SN/VTA and lateral hypothalamus. Caudal 47/12 had a particular
combination of projections, with dense terminal fields located in the SEA, DT, SN/VTA, hypothalamus,
and PAG (Figure 3—figure supplement 1). There were fibers and terminals located along the base of
the brain streaming through the SEA, with some terminating in the lateral hypothalamus. Moreover,
dense terminals fields were also located in the DT, with fewer fibers in the PAG. However, consistent
with previous cortico-striatal studies, there were no fibers in the VS. Indeed, vIPFC fibers terminate
dorsal to the VS stretching from the ventral rostral putamen and to the central caudate nucleus, just
dorsal to the VS (Gerbella et al., 2016; Haber and Knutson, 2010; Averbeck et al., 2014). These
connections are consistent with previous anatomical studies (Giguere and Goldman-Rakic, 1988,
Stefanacci and Amaral, 2000; An et al., 1998), and provide additional evidence endorsing the role
of the caudal area 47/12 in the SNet.

The SNet node within the caudal area 47/12 can be identified using
NHP fcMRI

We then investigated how well these anatomical connectivity patterns may correspond to resting
state functional connectivity patterns measured by fMRI. Using data from five macaque monkeys, we
placed seven seeds of 3 mm radius in matched locations to our anatomic injection sites and calcu-
lated the functional connectivity between each seed and all brain voxels. Masks for the dACC and Al
(Figure 4—figure supplement 1A) were created with reference to the clusters of cells observed in
the retrograde data. Notably, the macaque SNet has a shorter rostrocaudal distribution of the dACC
component (Touroutoglou et al., 2016) compared to the human SNet (Seeley et al., 2007). This
distribution was considered during the delineation of the dACC mask. The connectivity strength was
computed as the average of absolute connectivity values inside each mask. We also performed 10°
random permutations of voxels across the brain volume and computed the random distribution of
connectivity strengths in each mask. Importantly, there is high individual variability in the functional
organization of the caudal aspect of area 47/12 (Ren et al., 2021). Thus, given the limited sample
size, the caudal 47/12 seed has a slightly different location for each macaque, although always located
within caudal area 47/12. Figure 4—figure supplement 1B shows the location of each individual
seeds, and the overlapping between them.

The functional connectivity pattern between each vIPFC seed and the dACC mask (Figure 4A, top)
showed correlations around or below the chance level in rostral and mid area 47/12, areas 45 and
44. Connectivity strength in caudal area 47/12 was above the chance and stands out compared to
other brain regions. For functional connectivity between the vIPFC seeds and the Al mask (Figure 4A,
bottom), again, rostral and mid area 47/12 and area 45 showed connection strengths below the chance
level. The caudal area 47/12 presenting the highest connectivity strength among all locations, while
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Figure 4. Functional connectivity analysis in the macaque brain. (A) Average connectivity strength (Fisher's Z-values) between vIPFC seeds and the
dACC and Al masks. Orange bars illustrate cases with injections in area 47/12, green bars in area 45, and blue bars in area 44. Black dots show the
average and standard-deviation of the voxel permutation analysis. *Centroid's coordinates (please see Figure 4—figure supplement 1B for individual
seed locations). (B) Connectivity strength (Fisher's Z-values) between dACC and vIPFC seeds. In bold the seeds overlapping with the JACC mask. The
red frame indicates the connectivity strength between caudal 47/12 and the different dJACC seeds. (C) Different views of the voxel distribution for the

caudal 47/12 seed from one monkey.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Macaque fMRI analysis.

area 44 was also above chance. These connectivity profiles are overall consistent with the anatomical
data, with the exception of area 44, which did not show strong connections based on the anatomic
tracing (see Figure 2A). The results from the fcMRI in area 44 are likely due to the proximity with the
caudal area 47/12 and overlap between these seeds.

To ensure the strong connections with the dACC are not artifacts given the proximity of the vIPFC
seeds to the Al, we performed a complementary analysis placing 5 seeds within the right dACC (inside
and outside the mask). Then, we calculated the seed-to-seed functional connectivity between the
dACC and vIPFC (Figure 4B). Consistent with the mask analysis, the caudal area 47/12 showed the
strongest connections with the dACC seeds within the mask. Figure 3C shows the location of voxels
within the dACC and Al with high functional connectivity with the seed in caudal area 47/12.
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Figure 5. Functional connectivity analysis in the human brain. (A) Average connectivity strength (Fisher's Z-values) between vIPFC seeds and the dACC
and Al masks. Orange bars illustrate cases with injections in area 47/12, green bars in area 45, and blue bars in area 44. Black dots show the average
and standard-deviation of the voxel permutation analysis. The red frame indicates the connectivity strength between the caudal 47 seed and the dACC
seeds. (B) Connectivity strength (Fisher's Z-values) between dACC and vIPFC seeds. In bold the seeds overlapping with the dACC mask. (C) Different
views of the voxel distribution for the caudal 47/12 seed. All coordinates are in the human MNI space.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Replication of human fMRI analysis.

A salience network node in the human functional connectivity map of
caudal area 47/12

To translate the results from NHP fcMRI to human fcMRI analysis we placed 11 seeds of 5 mm radius
across the vIPFC areas. We calculated the functional connectivity between each seed and all brain
voxels from 1000 healthy adult subjects from a publicly available, fully preprocessed dataset (Brain
Genomics Superstruct Project; Holmes et al., 2015). Masks for the dACC and Al (Figure 5—figure
supplement 1A) were created outlining regions homologous to those containing clusters of cells
(Figure 2B-C; Figure 3A; Mai et al., 2015). The computation of connectivity strength and voxel
permutation analysis followed the same approach used for the monkey data. Importantly, although
the human caudal 47/12 also presents high individual variability (Ren et al., 2021), individual seed
placement was not necessary. The larger sample size in humans reduced the effect of this variability in
our results when using the same seed placement.
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Overall connectivity strength with the dACC mask (Figure 5A, top) was below, or around, the
chance level, with exception of the caudal-most seeds in each vIPFC area. Specifically, the strongest
connection was with the caudal area 47/12, similar to the results in the NHP anatomy and imaging
data. The connectivity pattern observed between each seed and the Al mask (Figure 5A, bottom) is
also consistent with the patterns observed in the NHP anatomy. Specifically, connectivity strengths
between Al and area 47/12 are organized in a light rostro-caudal gradient, with the strongest connec-
tion in caudal area 47/12. This gradient is also consistent with the pattern observed in the NHP tract
tracing (Figure 2A). Areas 45 and 44 also presented connectivity strengths with the Al and dACC
masks around the chance level for the dJACC mask and slightly higher for the Al. For all these cases,
however, the observed strengths were still lower than the caudal area 47/12. Additionally, we placed 7
seeds within the right dACC (inside and outside the mask) and calculated the seed-to-seed functional
connectivity between dACC and VvIPFC seeds (Figure 5B). As expected, the vIPFC seed in caudal
area 47/12 was the one showing the strongest connectivity with the dACC seeds within and around
the created mask. These results are consistent with the NHP anatomical and fcMRI data, support the
caudal area 47/12 as a node of the SNet. The translation of these nodes and connections across species
is supported by anatomic-functional homologies within the vIPFC of humans and NHP (Petrides and
Pandya, 2002; Neubert et al., 2014). We repeated the experiment using smaller (3 mm) and larger
(7 mm) seeds to show that these results are independent to the seed size and possible overlapping of
the original seed with the beginning of the insular cortex (Figure 5—figure supplement 1B-C). Test-
retest analysis using two subsamples of 500 subjects also attest for the robustness of the reported
results. Finally, we found high functional connectivity between the caudal 47/12 seed and a cluster of
voxels in the dACC and Al, two main cortical nodes of the SNet (Seeley et al., 2007; Seeley, 2019,
Figure 5C).

Discussion

Summary

The presence of salient stimuli activates the SNet and also activates the vIPFC (Downar et al., 2001,
Downar et al., 2002, Hampshire et al., 2009; Hampshire et al., 2010, Walther et al., 2011). However,
due to inherent limitations of functional MRI in deciphering signal locations between adjacent cortical
areas, the vIPFC component of the SNet is largely ignored, with the assumption that activation is
simply part of the Al signal (Seeley et al., 2007; Seeley, 2019; Sridharan et al., 2008). This assump-
tion has had important ramifications for understanding, not only the SNet, but also how the three
attention networks might be anatomically linked. In this study, we provide cross-modal and cross-
species evidence, based on connectivity, for a separate SNet node located in the caudal area 47/12
within the right vIPFC. This region showed a peak of anatomical and functional connectivity with the
main cortical nodes (JACC and Al), as well as anatomical projection to subcortical nodes of the SNet
(DT, hypothalamus, SN/VTA, SEA, and PAG). In addition to extending our understanding on the struc-
ture of the SNet, our experiment also provides an important methodological contribution to mapping
large-scale brain networks. Although fMRI is useful to provide a general view of these circuits, only the
precision of NHP tracing is capable of describing the specificities of individual connections, and how
they are characterized in each network (Haber et al., 2020), as demonstrated here.

Caudal 47/12 is a node in the SNet

The proposed inclusion of caudal 47/12 in the SNet is primarily based on two lines of anatomic
evidence: first, the presence of direct monosynaptic connections to specific regions within the two
main cortical SNet nodes, the dACC and Al; and second, a pattern of connections with subcortical
areas that are also considered part of the SNet. At the cortico-cortical level, our innovative combi-
nation of neuroanatomical tracing methods in NHP with random sampling analysis showed that this
area is tightly linked to the dACC and Al. We identified anatomical connectivity strengths significantly
above chance levels for each vIPFC subregion and calculated the strength of inputs from the two
main cortical nodes of the SNet (dACC and Al). Importantly, we had several injections in area 47/12,
which is a particularly large region that can be further subdivided based on connectivity (Petrides and
Pandya, 2002; Carmichael and Price, 1995a; Borra et al., 2011, Saleem et al., 2014). The peak of
connections from both the dACC and Al to the vIPFC specifically targeted the caudal 47/12. In fact,

Trambaiolli, Peng, et al. eLife 2022;11:e76334. DOI: https://doi.org/10.7554/eLife.76334 9 of 20


https://doi.org/10.7554/eLife.76334

e Llfe Research article

Neuroscience

the strength of the dACC connections was twice as high as connections to other vIPFC subdivisions.
Anterograde injections in the dACC corroborated the existence and strength of these connections to
caudal 47/12. The cluster of cells from Al projecting to caudal 47/12 was identified predominantly in
the rostral portions of the Al. Anterograde injections in this rostral Al region confirmed its connections
with caudal 47/12. This Al region is also characterized by the presence of a group of unique neurons
(von Economo neurons - VENSs), in both humans and NHPs (Evrard et al., 2012; Allman et al., 2010).
VENSs have distinctive properties, including fast axonal electric conduction between projected areas
(Allman et al., 2011), which allows for quick identification of salient stimuli (Seeley et al., 2007,
Seeley, 2019). Importantly, VENs are predominantly found in the right hemisphere compared to the
left (Evrard et al., 2012; Allman et al., 2010), the same hemisphere of the caudal 47/12 SNet node
candidate.

The SNet also has subcortical components: the DT, hypothalamus, SN/VTA, SEA, VS, and PAG
(Seeley et al., 2007, Uddin, 2016). We found that most sections of vIPFC displayed partial connec-
tivity to subcortical nodes. Specifically, all areas projected axon terminals to DT, but connections with
other subcortical regions varied per vIPFC location. Area 44 projected to the DT, lateral hypothalamus
and SN/VTA, but not in the SEA and VS. Area 45 terminals were predominantly found in DT, but not
in other subcortical nodes. Mid and caudal 47/12 projected to the DT, lateral hypothalamus, SEA, and
SN/VTA, but not to VS. However, caudal 47/12 projections were denser than those observed from mid
47/12. Caudal 47/12 stands out from mid 47/12 given its combination of strong connections with the
cortical SNet nodes, and dense projections to the subcortical nodes, providing further support that
this location is part of the SNet.

We further translated these tracing results by probing their consistency with fcMRI in NHP (Haber
et al., 2020). The seed placement in the NHP corresponded to the injection locations. We computed
the connectivity strength with two cortical masks created corresponding to the cell clusters in the Al
and dACC. As expected, caudal 47/12 showed the highest connectivity strength with both the dACC
and Al SNet nodes. These results were replicated when placing seeds within the dACC. However,
one potential limitation of our analysis is the existence of a peak of rsFC between the area 44 and
the cortical SNet nodes. A possible reason for this result is the spatial overlapping between seeds in
caudal 47/12 and area 44, given the resolution of the MRI data available. This resolution limitation
highlights the advantages of cross-modality comparisons within the same species when finely delin-
eating brain connectivity to avoid misleading conclusions (Haber et al., 2020). Similar patterns of
vIPFC connectivity were observed when we systematically placed seeds throughout the human vIPFC.
Seeds placed in caudal area 47/12 showed the maximum connectivity strength with both dACC and
Al masks, consistent with our anatomical and imaging results in NHP. When placing seeds within the
dACC mask for a seed-to-seed analysis, caudal 47/12 again showed the strongest connections with
dACC subareas. One important aspect of our results is that, in both NHP and humans, caudal 47/12
connections to subcortical SNet nodes were not as distinguishable as in the tracing data. This limita-
tion is somehow expected. A previous study using a seed-based rsFC approach to replicate large-
scale networks also reported weaker subcortical connections within the SNet (Buckner et al., 2011).

This cross-modality and cross-species study provides empirical evidence that caudal area 47/12 is
anatomically and functionally connected with the SNet. This location in humans is within the vIPFC
area mistakenly merged with the Al into the fronto-insular cortex (FIC) definition (Seeley et al., 2007,
Sridharan et al., 2008). However, caudal area 47/12 and Al are separate structural entities, with
different anatomical organization and connectivity profiles (Petrides and Pandya, 2002; Morecraft
et al., 2015; Mesulam and Mufson, 1982; Gerbella et al., 2007; Evrard et al., 2014; Mufson and
Mesulam, 1982). Together, these data support that caudal 47/12 should be considered as an inde-
pendent SNet node, separate from the original Al/FIC definition.

Possible roles of caudal 47/12 within the SNet

In addition to identifying salient stimuli, the SNet recruits behaviorally appropriate responses (Seeley
et al., 2007, Menon and Uddin, 2010). For this purpose, each cortical SNet node has a specific
function. The dACC is related to action selection (Rushworth, 2008; Menon, 2015), given its connec-
tions with motor control regions (Morecraft et al., 2012). The Al is the node combining sensorial,
interoceptive, and limbic information to process salient stimuli (Menon, 2015; Uddin, 2015) due
to its cortico-cortical connections with sensory and limbic regions (Ongur, 2000; Augustine, 1996).
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In addition to projections from Al and dACC, caudal area 47/12 is connected with sensory areas in
the temporal pole, cognitive control regions in the PFC, and premotor areas in the frontal cortex
(Petrides and Pandya, 2002). We propose that the caudal 47/12 node may have two main functions
in the SNet. First, caudal 47/12 may predict possible outcomes associated with salient stimuli identi-
fied by the Al. One example of stimulus-outcome predictions is the estimation of reward probabilities.
Excitotoxic lesions in NHP area 47/12 (including its caudal portion) of macaques impaired choices
based on outcome availability after cue presentation (Rudebeck et al., 2017). Transient disruption of
caudal 47/120 caused by focused ultrasound also led to changes in choice-outcome credit assignment
on a probabilistic reversal learning task (Folloni et al., 2021). Neurons in a similar location (mid-caudal
area 47/12) anticipate and predict information seeking to resolve uncertainty about future rewards
and punishments (Jezzini et al., 2021). Caudal 47/12 shows high activation during stimulus-outcome
updating when varying the visuospatial cues (Grohn et al., 2020). Second, caudal 47/12 may be
responsible for preparing appropriate behavioral responses later selected by the dACC. Three exper-
iments in NHP show the involvement of the caudal 47/12 in this process. Changes in the grey matter
of the caudal 47/12, ACC, and Al, as well as increased functional connectivity between Al and caudal
47/12 are reported when macaques learn object reversal learning tasks (Sallet et al., 2020). During
win-stay/lose-shift tasks, voxels in the macaque caudal 47/12 show high activation while encoding
appropriate decisions (Chau et al., 2015). In marmosets, excitotoxic lesions in area 47/12 (including
its caudal portion) reduced coping mechanisms to salient negative stimuli (e.g. a fake predator in the
experimental environment) (Agustin-Pavén et al., 2012; Shiba et al., 2014). Moreover, caudal 47/12
connects with other portions of the vIPFC associated with goal-directed movements (Borra et al.,
2011; Borra et al., 2017), which may facilitate the planning of appropriate motor responses.

Studies in humans show that Al is specifically responsible for stimulus processing, and the vIPFC is
associated with stimulus-outcome predictions and response preparation. For example, a meta-analysis
of stop-signal tasks (SSTs) identified independent activation clusters within the Al and vIPFC (Cai
et al., 2014). The authors then trained an independent cohort undergoing a new SST and evaluated
the fMRI activity in these two clusters. The Al was associated with the identification of salient infor-
mation (unsuccessful trials), and the vIPFC was responsible for response implementation (inhibitory
behaviors) (Cai et al., 2014). In a similar experiment, the same research group compared auditory and
visual SSTs. Consistent with the first report, the Al was responsive to cue processing while the vIPFC
showed a higher role in inhibitory anticipation and implementation (Cai et al., 2017). Clinical research
also supports the proposed roles of the VIPFC in the SNet. Smokers present abnormal activation in
area 47/12 in response to cigarette cues (de Ruiter et al., 2009, Goudriaan et al., 2010; Kozink
et al., 2010; MacLean et al., 2016). Similar cue-response in the right vIPFC was also reported in
gamblers (de Ruiter et al., 2009; Goudriaan et al., 2010) and patients with eating disorders (Yokum
et al.,, 2011). For all these patients, the poor stimulus-outcome estimation may impair response plan-
ning (Zilverstand et al., 2018). Consequently, they engage in habitual behaviors instead of adequate
responses. Addictive behaviors are also related to impaired SNet function (Zilverstand et al., 2018).
Importantly, altered functional connectivity between the dACC and FIC SNet nodes in these patients
is correlated with abnormal vIPFC cue-response (Janes, 2015). Altogether, these clinical data provide
additional support in favor of the vIPFC functional relevance in the SNet.

The central role of the vIPFC in attention networks

Here, we demonstrated that the caudal 47/12 is an independent node of the SNet. In addition to the
SNet, different subregions of the vIPFC are also physiologically (Rossi et al., 2007; Wardak et al.,
2010; Kadohisa et al., 2015; Bichot et al., 2015; Bichot et al., 2019; Hartwigsen et al., 2019,
Buckner et al., 2011; Romanski, 2007, Kar and DiCarlo, 2021, Romanski and Chafee, 2021) and
anatomically (Petrides and Pandya, 2002; Borra et al., 2011; Saleem et al., 2014; Frey et al., 2014,
Gerbella et al., 2010) associated with the main nodes of the VANet (mid and caudal area 47/12) and
DANet (areas 44 and 45). Importantly, the caudal area 47/12 (SNet) is highly interconnected with
other portions of area 47/12 (VANet) and both areas 44 and 45 (DANet) (Petrides and Pandya, 2002,
Borra et al., 2011; Saleem et al., 2014; Frey et al., 2014; Gerbella et al., 2010). Thus, the three
attention networks interface extensively within a vIPFC micro-network. vIPFC's contribution to atten-
tion is augmented by the fact that the vIPFC receives input from other areas of the FC. For example,
the OFC is tightly linked to the vIPFC (Petrides and Pandya, 2002; Carmichael and Price, 1996)
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and provides relevant information regarding value updating (Rudebeck et al., 2017, Murray and
Rudebeck, 2018). The vIPFC is also closely connected to the dIPFC (Petrides and Pandya, 2002;
Petrides and Pandya, 1999, Carmichael and Price, 1995b), supporting executive control functions
(Seeley et al., 2007). Based on its connectivity profile, we propose the vIPFC as an integrative hub
combining high level cognitive processing of attended stimuli and switching between the main atten-
tion networks. Specifically, the vIPFC may be the area responsible for bridging the gap between
the detection (VANet) and selection (DANet) of relevant stimuli, predicting outcomes, and preparing
adequate behavioral responses later coordinated by the SNet. These processes together, explain the
critical role of the vIPFC in cognitive and behavioral flexibility (Dajani and Uddin, 2015; Badre and
Wagner, 2006, Waegeman et al., 2014).

Materials and methods

Injection sites

Ten adult male macaque monkeys (eight Macaca mulatta, one Macaca fascicularis, and one Macaca
nemestrina) were used for these tracing studies. All tracer experiments and animal care were approved
by the University Committee on Animal Resources at University of Rochester (protocol number UCAR-
2008-122 R) and conducted following the National Guide for the Care and Use of Laboratory Animals.
Retrograde tracers were injected into the right vIPFC (Figure 1A), including one in area 47/12, one
in area 47/120 and three in area 47/12 |, two in area 45, one in area 44. Surgical and histological
procedures were conducted as previously described (Haber et al., 2006; Heilbronner and Haber,
2014, Safadi et al., 2018; Tang et al., 2019). Anterograde tracers were injected into the dACC
(two injections, Figure 1B) and the FIC (two injections, Figure 1C). Stereotaxic coordinates for the
injection sites were located using pre-surgery structural MR images. Monkeys received injections of
one or more of the following bidirectional tracers: Lucifer Yellow (LY), Fluororuby (FR), or Fluorescein
(FS). All tracers were conjugated to dextran amine (Invitrogen) and had similar transport properties
(Rajakumar et al., 1993).

Twelve to 14 days after the surgery, monkeys were deeply anesthetized and perfused with saline,
followed by a 4% paraformaldehyde/1.5% sucrose solution. Brains were post-fixed overnight and
cryoprotected in increasing gradients of sucrose (Haber et al., 2006). Serial sections of 50 mm were
cut on a freezing microtome, and one in every eight free-floating sections was processed to visualize
LY, FR and FS tracers, as previously described (Heilbronner and Haber, 2014; Safadi et al., 2018;
Tang et al., 2019). Sections were mounted onto gel-coated slides, dehydrated, defatted in xylene
overnight, and cover slipped with Permount. In cases in which more than one tracer was injected into
a single animal, adjacent sections were processed for each antibody reaction.

Anatomical tracing analysis

We first divided the FC in 23 areas and the IC in 4 areas based on the atlas by Paxinos et al., 2000, in
conjunction with detailed anatomical descriptions (Pandya and Seltzer, 1982; Preuss and Goldman-
Rakic, 1991; Vogt et al., 1995; Vogt, 2009). The rationale for using the atlas of Paxinos et al., 2000
is the homologous labeling of regions in the macaque and human brains (Petrides, 1994; Petrides
et al., 2012). Then, FC and IC areas were grouped according to common cytoarchitectonic character-
istics: area 10 (including subdivisions 10, 10d, 10l, and 10m), 25, 14 (140 and 14m), 11 (11, 11m, and
111), 13 (13, 13a, 13m, and 13l), 24 (24a, 24b, and 24c), 32, 46 (46v, and 46d), 9 (91, 9m, 9/32, 9/46,
9/46v, and 9/46d), 8 (8/32, 8a, 8ad, 8av, and 8b), 6m (6/32, and 6m), 6d (6dc/F2, and 6dr/F7), 6v (bvc/
F4, 6vr/F5, and ProM), OPAI, OPro, Al, DI, Gl, and IPro.

Retrograde analysis

To evaluate the strength of afferent projections from the FC and IC to the vIPFC, light field microscopy
under 20 x objective was used to identify retrogradely labeled cells, as previously described (Tang
et al., 2019, Choi et al., 2017, Choi, 2017). Stereolnvestigator software (MicroBrightField Biosci-
ence, U.S.A) was used to stereologically count cells in one of every 24 sections (1.2 mm interval). Cell
counts were obtained in 19 FC/IC areas previously listed. For each case, the connectivity strength (CS)
between each area and the injection site was estimated by a percent score (Tang et al., 2019):
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CSi = G (1)
where CS; is the connectivity strength for the i-th area, ¢ is the cell count in the i-th area, and ¢,
is the total number of labeled cells across all FC/IC areas.

We also performed a random sampling analysis to evaluate the connectivity strengths expected by
chance in each area. For this, the total number of cells in each case was randomly assigned to each
FC or IC area with a probability given by the volume of the area. The connectivity strength was then
calculated according to Equation 1. This procedure was repeated 10° times to create a random distri-
bution. The 95% confidence intervals (Cl) of these random distributions were computed for each one
of the 19 FC/IC areas in each case.

Finally, we calculated the Spearman correlation between the connectivity strength across the 19
FC/IC areas in both caudal 47/12 cases.

Anterograde analysis

For the dACC and FIC injection cases, dark field light microscopy under 1.6 x, 4 x, and 10 x objectives
was used with Neurolucida software (MicroBrightField) to trace outlines of dense or light focal projec-
tions to the caudal 47/12. ‘Dense projections’ were characterized by condensed groups of fibers
visible at 1.6 x with discernible boundaries (Choi et al., 2017, Choi, 2017). Condensed group of fibers
where individual terminals could be discerned were labeled as ‘light projections’ (Figure 3B, bottom).

Functional neuroimaging

Macaque dataset

The macaque fcMRI maps were generated from five adult monkeys (Macaca mulatta, three females,
ages 6—7 years, weights 2.5-6.7 kg) from the Nathan Kline Institute. Data from two of these monkeys
are publicly available with the NKI dataset (Xu et al., 2018) in the PRIMatE Data Exchange (PRIME-DE)
consortium (Milham et al., 2018). These monkeys had four anesthetized scanning sessions with
monocrystalline iron oxide ferumoxytol (MION) as the contrast agent. Each session consists of 4-8 scans
(8 min per scan). The NKI Institutional Animal Care and Use Committee (IACUC) protocol approved all
imaging methods and procedures in NHP (protocol numbers AP2016-568 and AP2019-642).

Macaque data acquisition

All MRI data were collected using an 8-channel surface coil adapted for monkey head scanning on a
3.0 Tesla Siemens Tim Trio scanner (Siemens, Erlangen, Germany). Structural images were obtained
using a T1-weighted sequence (TR = 2500ms, Tl = 1200ms, TE = 3.87ms, FA = 8°, 0.5x0.5 x 0.5 mm
voxels). Functional data were collected using a gradient-echo EPI sequence (TR = 2000ms, TE =
16.6ms, FA = 45°, 1.5x1.5 x 2 mm voxels, 32 slices, FOV = 96 x 96 mm). Monocrystalline iron oxide
ferumoxytol (MION) solution was injected at iron doses of 10 mg/kg IV before the MRI scanning.
The monkey was sedated with an initial dose of atropine (0.05 mg/kg IM), dexdomitor (0.02 mg/kg
IM), and ketamine (8 mg/kg IM) intubated and maintained at 0.75% isoflurane anesthesia (inspira-
tion) during the scanning. Respiration and heart rate were measured during all fMRI sessions through
Biopac software integrated with the scanner. For additional details on this dataset please refer to the
original paper (Xu et al., 2018).

Macaque data preprocessing

Structural data preprocessing included the following steps:1. spatial noise removing and bias field
correction using ANTs; 2. brain extraction and segmentation into gray matter, white matter and cere-
brospinal fluid using FSL and FreeSurfer; and 3. reconstructing the native white matter and pial surface
using FreeSurfer.

Functional data were preprocessed according to the pipeline described in the original paper
reporting this NHP dataset (Xu et al., 2018). Briefly, we used the following steps: 1. first 5 frames
of BOLD data were dropped, constant offset and linear trend over each run were removed; 2. six
parameters were obtained by motion correction with a rigid body registration algorithm; 3. spatial
smoothing was performed with a Gaussian kernel of FWHM 2 mm; 4. each run was then normalized
for global mean signal intensity; 5. a band-pass temporal filter was applied to retain frequencies to
0.01 Hz - 0.1 Hz, and to account for cyclical noise arising from respiratory/cardiovascular apparatus;
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6. head motion, whole-brain signal, ventricular and white matter signals were removed through linear
regression; 7. the preprocessed fMRI data was then registered to the macaque MNI template and
down-sampled to the 1 mm resolution for further analysis.

Macaque functional connectivity analysis

Seven 3-mm-radius seeds were placed in corresponding locations to our vIPFC injection sites according
to the macaque MNI space (Figure 4A, Supplementary file 1A; Frey et al., 2011). The resulting
connectivity matrices were later linear projected to the macaque MNI space with 0.25 mm resolution.
We created a mask for the dACC, and FIC based on the cluster of cells identified using the retrograde
tract-tracing. Then, we used the Fisher r-to-s transformation to correct the correlation values of each
voxel, and the functional connectivity strength between each mask and a seed was calculated as the
absolute average value within the respective mask.

To evaluate if our results were different from the chance level, we created a random distribution of
connectivity strengths in each mask. For this, we performed a random permutation of voxels across
the brain volume. Then, we calculated the functional connectivity strength between each mask and
seed as previously described. This procedure was repeated 10° times to create a random distribution.
The 95% confidence intervals (Cl) of these random distributions were computed for each mask in each
case.

As a secondary analysis, we placed five 3-mm-radius seeds inside and outside the dACC mask,
according to the macaque MNI space (Figure 4B, Supplementary file 1A; Frey et al., 2011). Then,
we calculated the functional connectivity between each vIPFC and dACC seeds. Before analysis, these
values were also r-to-z transformed.

Human dataset

For the cross-species functional connectivity analysis, we used a dataset consist of 1,000 young, healthy
adult participants (mean age 21.3+3.1 years; 427 males) from the Brain Genomics Superstruct Project
(GSP) (Holmes et al., 2015). Each participant performed one structural MRI run and 1-2 resting-state
fMRI runs (6 min 12 s per run). All participants provided written informed consent following guidelines
set by the Institutional Review Boards of Harvard University or Partners Healthcare.

Human data acquisition

All MRI data were acquired using a 12-channel head coil on matched 3T Tim Trio scanners (Siemens,
Erlangen, Germany). Structural data were obtained by a multi-echo T1 weighted gradient-echo image
sequence (TR = 2200ms, Tl = 1000ms, TE = 1.54ms for image 1 to 7.01ms for image 4, FA = 7°,
1.2x1.2 x 1.2 mm voxels, and FOV = 230). Resting-state functional MRI images were collected using
the gradient-echo EPI sequence (TR = 3000ms, TE = 30ms, flip angle = 85°, 3x3 x 3 mm voxels, FOV
= 216, and 47 axial slices collected with interleaved acquisition). Participants were instructed to stay
awake and keep their eyes open during the scanning.

Human data preprocessing

Structural MRI data were preprocessed using the ‘recon-all’ pipeline from FreeSurfer software
package. The individual surface mesh was reconstructed and registered to a common spherical coor-
dinate template.

Functional MRI data were processed using a well-stablished preprocessing pipeline for functional
connectivity analysis (Van Dijk et al., 2010), including: 1. slice timing correction using SPM; 2. head
motion correction by FSL; 3. normalization for global mean signal intensity across runs; 4. band-pass
filtering (0.01-0.08 Hz); and 5. regression of motion parameters, whole-brain signal, white matter
signal, and ventricular signal. The preprocessed fMRI data were then registered to the MNI152
template and downsampled to a 2 mm spatial resolution. Spatial smoothing with a 6 mm FWHM
kernel was performed on the fMRI data within the brain mask.

Human functional connectivity analysis

Eleven 5-mm-radius seeds were placed in corresponding locations to our vIPFC injection sites
according to the MNI152 template (Figure 5A, Supplementary file 1B). After the creation of a dACC
and an FIC mask in homologous positions of the cell clusters identified in the macaque retrograde
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data, correlation values were r-to-z transformed, and the connectivity strength between each seed
and mask was calculated as the absolute average value within the respective mask. The same random
permutation approach used for the monkey data was repeated here.

As a secondary analysis, we placed seven 5-mm-radius seeds inside and outside the dACC mask,
according to the macaque MNI152 template (Figure 5B, Supplementary file 1B) and calculated the
seed-to-seed connectivity between the vIPFC and dACC. The Fisher r-to-z transformation was also
applied to these results. Finally, we repeated both analyses using 3-mm and 7-mm-radius seeds to
ensure that our results were not driven by the seed size (Figure 5—figure supplement 1).
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Data availability

All anatomical data analysed during this study are included in the manuscript and supporting files.
Functional connectivity analyses utilized publicly available datasets: PRIME-DE: https://fcon_1000.
projects.nitrc.org/indi/indiPRIME.htm| GSP: https://www.nature.com/articles/sdata201531.

The following previously published datasets were used:

Author(s) Year Dataset title Dataset URL Database and Identifier
Homes et al 2015 Brain Genomics Superstruct https://www.nature.  Brain Genomics Superstruct
Project initial data release  com/articles/ Project, 201531

with structural, functional, sdata201531
and behavioral measures

Milham et al 2020 PRIMatE Data Exchange https://fcon_1000. PRIMatE Data Exchange
(PRIME-DE) projects.nitrc.org/ (PRIME-DE), PRIME-DE
indi/indiPRIME.html

References

Agustin-Pavén C, Braesicke K, Shiba Y, Santangelo AM, Mikheenko Y, Cockroft G, Asma F, Clarke H, Man MS,
Roberts AC. 2012. Lesions of ventrolateral prefrontal or anterior orbitofrontal cortex in primates heighten
negative emotion. Biological Psychiatry 72:266-272. DOI: https://doi.org/10.1016/].biopsych.2012.03.007,
PMID: 22502990

Allman JM, Tetreault NA, Hakeem AY, Manaye KF, Semendeferi K, Erwin JM, Park S, Goubert V, Hof PR. 2010.
The von Economo neurons in frontoinsular and anterior cingulate cortex in great apes and humans. Brain
Structure & Function 214:495-517. DOI: https://doi.org/10.1007/s00429-010-0254-0, PMID: 20512377

Allman JM, Tetreault NA, Hakeem AY, Manaye KF, Semendeferi K, Erwin JM, Park S, Goubert V, Hof PR.
2011. The von Economo neurons in the frontoinsular and anterior cingulate cortex. Annals of the New York
Academy of Sciences 1225:59-71. DOI: https://doi.org/10.1111/].1749-6632.2011.06011.x, PMID:
21534993

An X, Bandler R, Onglir D, Price JL. 1998. Prefrontal cortical projections to longitudinal columns in the midbrain
periaqueductal gray in macaque monkeys. The Journal of Comparative Neurology 401:455-479 PMID:
9826273.,

Augustine JR. 1996. Circuitry and functional aspects of the insular lobe in primates including humans. Brain
Research. Brain Research Reviews 22:229-244. DOI: https://doi.org/10.1016/s0165-0173(96)00011-2, PMID:
8957561

Averbeck BB, Lehman J, Jacobson M, Haber SN. 2014. Estimates of projection overlap and zones of
convergence within frontal-striatal circuits. The Journal of Neuroscience 34:9497-9505. DOI: https://doi.org/
10.1523/JNEUROSCI.5806-12.2014, PMID: 25031393

Badre D, Wagner AD. 2006. Computational and neurobiological mechanisms underlying cognitive flexibility.
PNAS 103:7186-7191. DOI: https://doi.org/10.1073/pnas.0509550103, PMID: 16632612

Bichot NP, Heard MT, DeGennaro EM, Desimone R. 2015. A Source for Feature-Based Attention in the
Prefrontal Cortex. Neuron 88:832-844. DOI: https://doi.org/10.1016/j.neuron.2015.10.001, PMID: 26526392

Bichot NP, Xu R, Ghadooshahy A, Williams ML, Desimone R. 2019. The role of prefrontal cortex in the control of
feature attention in area V4. Nature Communications 10:1-12. DOI: https://doi.org/10.1038/s41467-019-
13761-7, PMID: 31844117

Borra E, Gerbella M, Rozzi S, Luppino G. 2011. Anatomical evidence for the involvement of the macaque
ventrolateral prefrontal area 12r in controlling goal-directed actions. The Journal of Neuroscience 31:12351-
12363. DOI: https://doi.org/10.1523/JNEUROSCI.1745-11.2011, PMID: 21865477

Borra E, Gerbella M, Rozzi S, Luppino G. 2017. The macaque lateral grasping network: A neural substrate for
generating purposeful hand actions. Neuroscience and Biobehavioral Reviews 75:65-90. DOI: https://doi.org/
10.1016/j.neubiorev.2017.01.017, PMID: 28108414

Trambaiolli, Peng, et al. eLife 2022;11:e76334. DOI: https://doi.org/10.7554/eLife.76334 16 of 20


https://doi.org/10.7554/eLife.76334
https://doi.org/10.7554/eLife.76334.sa1
https://doi.org/10.7554/eLife.76334.sa2
https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
https://www.nature.com/articles/sdata201531
https://www.nature.com/articles/sdata201531
https://www.nature.com/articles/sdata201531
https://www.nature.com/articles/sdata201531
https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
https://doi.org/10.1016/j.biopsych.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22502990
https://doi.org/10.1007/s00429-010-0254-0
http://www.ncbi.nlm.nih.gov/pubmed/20512377
https://doi.org/10.1111/j.1749-6632.2011.06011.x
http://www.ncbi.nlm.nih.gov/pubmed/21534993
http://www.ncbi.nlm.nih.gov/pubmed/9826273
https://doi.org/10.1016/s0165-0173(96)00011-2
http://www.ncbi.nlm.nih.gov/pubmed/8957561
https://doi.org/10.1523/JNEUROSCI.5806-12.2014
https://doi.org/10.1523/JNEUROSCI.5806-12.2014
http://www.ncbi.nlm.nih.gov/pubmed/25031393
https://doi.org/10.1073/pnas.0509550103
http://www.ncbi.nlm.nih.gov/pubmed/16632612
https://doi.org/10.1016/j.neuron.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26526392
https://doi.org/10.1038/s41467-019-13761-7
https://doi.org/10.1038/s41467-019-13761-7
http://www.ncbi.nlm.nih.gov/pubmed/31844117
https://doi.org/10.1523/JNEUROSCI.1745-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21865477
https://doi.org/10.1016/j.neubiorev.2017.01.017
https://doi.org/10.1016/j.neubiorev.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28108414

e Llfe Research article

Neuroscience

Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BTT. 2011. The organization of the human cerebellum
estimated by intrinsic functional connectivity. Journal of Neurophysiology 106:2322-2345. DOI: https://doi.
org/10.1152/jn.00339.2011, PMID: 21795627

Cai W, Ryali S, Chen T, Li CSR, Menon V. 2014. Dissociable roles of right inferior frontal cortex and anterior insula
in inhibitory control: evidence from intrinsic and task-related functional parcellation, connectivity, and response
profile analyses across multiple datasets. The Journal of Neuroscience 34:14652-14667. DOI: https://doi.org/
10.1523/JNEUROSCI.3048-14.2014, PMID: 25355218

Cai W, Chen T, Ide JS, Li CSR, Menon V. 2017. Dissociable Fronto-Operculum-Insula Control Signals for
Anticipation and Detection of Inhibitory Sensory Cue. Cerebral Cortex (New York, N.Y 27:4073-4082. DOI:
https://doi.org/10.1093/cercor/bhw219, PMID: 27473319

Carmichael ST, Price JL. 1995a. Sensory and premotor connections of the orbital and medial prefrontal cortex of
macaque monkeys. The Journal of Comparative Neurology 363:642-664. DOI: https://doi.org/10.1002/cne.
903630409, PMID: 8847422

Carmichael ST, Price JL. 1995b. Limbic connections of the orbital and medial prefrontal cortex in macaque
monkeys. The Journal of Comparative Neurology 363:615-641. DOI: https://doi.org/10.1002/cne.903630408,
PMID: 8847421

Carmichael ST, Price JL. 1996. Connectional networks within the orbital and medial prefrontal cortex of macaque
monkeys. The Journal of Comparative Neurology 371:179-207. DOI: https://doi.org/10.1002/(SICI)1096-9861(
19960722)371:2<179::AID-CNE1>3.0.CO;2-#, PMID: 8835726

Chau BKH, Sallet J, Papageorgiou GK, Noonan MP, Bell AH, Walton ME, Rushworth MFS. 2015. Contrasting
Roles for Orbitofrontal Cortex and Amygdala in Credit Assignment and Learning in Macaques. Neuron
87:1106-1118. DOI: https://doi.org/10.1016/j.neuron.2015.08.018, PMID: 26335649

Choi EY. 2017. Combinatorial Inputs to the Ventral Striatum from the Temporal Cortex, Frontal Cortex, and
Amygdala: Implications for Segmenting the Striatum. ENeuro 4:2017. DOI: https://doi.org/10.1523/eneuro.
0392-17.2017, PMID: 29279863

Choi EY, Tanimura Y, Vage PR, Yates EH, Haber SN. 2017. Convergence of prefrontal and parietal anatomical
projections in a connectional hub in the striatum. Neurolmage 146:821-832. DOI: https://doi.org/10.1016/j.
neuroimage.2016.09.037, PMID: 27646127

Corbetta M, Shulman GL. 2002. Control of goal-directed and stimulus-driven attention in the brain. Nature
Reviews. Neuroscience 3:201-215. DOI: https://doi.org/10.1038/nrn755, PMID: 11994752

Corbetta M, Patel G, Shulman GL. 2008. The reorienting system of the human brain: from environment to theory
of mind. Neuron 58:306-324. DOI: https://doi.org/10.1016/j.neuron.2008.04.017, PMID: 18466742

Dajani DR, Uddin LQ. 2015. Demystifying cognitive flexibility: Implications for clinical and developmental
neuroscience. Trends in Neurosciences 38:571-578. DOI: https://doi.org/10.1016/j.tins.2015.07.003, PMID:
26343956

de Ruiter MB, Veltman DJ, Goudriaan AE, Oosterlaan J, Sjoerds Z, van den Brink W. 2009. Response
perseveration and ventral prefrontal sensitivity to reward and punishment in male problem gamblers and
smokers. Neuropsychopharmacology: Official Publication of the American College of
Neuropsychopharmacology 34:1027-1038. DOI: https://doi.org/10.1038/npp.2008.175, PMID: 18830241

Downar J, Crawley AP, Mikulis DJ, Davis KD. 2001. The effect of task relevance on the cortical response to
changes in visual and auditory stimuli: an event-related fMRI study. Neurolmage 14:1256-1267. DOI: https://
doi.org/10.1006/nimg.2001.0946, PMID: 11707082

Downar J, Crawley AP, Mikulis DJ, Davis KD. 2002. A cortical network sensitive to stimulus salience in A neutral
behavioral context across multiple sensory modalities. Journal of Neurophysiology 87:615-620. DOI: https://
doi.org/10.1152/jn.00636.2001, PMID: 11784775

Evrard HC, Forro T, Logothetis NK. 2012. Von Economo neurons in the anterior insula of the macaque monkey.
Neuron 74:482-489. DOI: https://doi.org/10.1016/j.neuron.2012.03.003, PMID: 22578500

Evrard HC, Logothetis NK, Craig ADB. 2014. Modular architectonic organization of the insula in the macaque
monkey. The Journal of Comparative Neurology 522:64-97. DOI: https://doi.org/10.1002/cne.23436, PMID:
23900781

Folloni D, Fouragnan E, Wittmann MK, Roumazeilles L, Tankelevitch L, Verhagen L, Attali D, Aubry JF, Sallet J,
Rushworth MF. 2021. Ultrasound modulation of macaque prefrontal cortex selectively alters credit assignment—
related activity and behavior. Science Advances 7:eabg7700. DOI: https://doi.org/10.1126/sciadv.abg7700

Frey S, Pandya DN, Chakravarty MM, Bailey L, Petrides M, Collins DL. 2011. An MRI based average macaque
monkey stereotaxic atlas and space (MNI monkey space). Neurolmage 55:1435-1442. DOI: https://doi.org/10.
1016/j.neuroimage.2011.01.040, PMID: 21256229

Frey S, Mackey S, Petrides M. 2014. Cortico-cortical connections of areas 44 and 45B in the macagque monkey.
Brain and Language 131:36-55. DOI: https://doi.org/10.1016/j.band|.2013.05.005, PMID: 24182840

Gerbella M, Belmalih A, Borra E, Rozzi S, Luppino G. 2007. Multimodal architectonic subdivision of the caudal
ventrolateral prefrontal cortex of the macaque monkey. Brain Structure & Function 212:269-301. DOI: https://
doi.org/10.1007/s00429-007-0158-9, PMID: 17899184

Gerbella M, Belmalih A, Borra E, Rozzi S, Luppino G. 2010. Cortical connections of the macaque caudal
ventrolateral prefrontal areas 45A and 45B. Cerebral Cortex (New York, N.Y 20:141-168. DOI: https://doi.org/
10.1093/cercor/bhp087, PMID: 19406905

Gerbella M, Borra E, Mangiaracina C, Rozzi S, Luppino G. 2016. Corticostriate Projections from Areas of the
“Lateral Grasping Network”: Evidence for Multiple Hand-Related Input Channels. Cerebral Cortex (New York,
N.Y 26:3096-3115. DOI: https://doi.org/10.1093/cercor/bhv135, PMID: 26088968

Trambaiolli, Peng, et al. eLife 2022;11:e76334. DOI: https://doi.org/10.7554/eLife.76334 17 of 20


https://doi.org/10.7554/eLife.76334
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1152/jn.00339.2011
http://www.ncbi.nlm.nih.gov/pubmed/21795627
https://doi.org/10.1523/JNEUROSCI.3048-14.2014
https://doi.org/10.1523/JNEUROSCI.3048-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25355218
https://doi.org/10.1093/cercor/bhw219
http://www.ncbi.nlm.nih.gov/pubmed/27473319
https://doi.org/10.1002/cne.903630409
https://doi.org/10.1002/cne.903630409
http://www.ncbi.nlm.nih.gov/pubmed/8847422
https://doi.org/10.1002/cne.903630408
http://www.ncbi.nlm.nih.gov/pubmed/8847421
https://doi.org/10.1002/(SICI)1096-9861(19960722)371:2<179::AID-CNE1>3.0.CO;2-#
https://doi.org/10.1002/(SICI)1096-9861(19960722)371:2<179::AID-CNE1>3.0.CO;2-#
http://www.ncbi.nlm.nih.gov/pubmed/8835726
https://doi.org/10.1016/j.neuron.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26335649
https://doi.org/10.1523/eneuro.0392-17.2017
https://doi.org/10.1523/eneuro.0392-17.2017
29279863
https://doi.org/10.1016/j.neuroimage.2016.09.037
https://doi.org/10.1016/j.neuroimage.2016.09.037
http://www.ncbi.nlm.nih.gov/pubmed/27646127
https://doi.org/10.1038/nrn755
http://www.ncbi.nlm.nih.gov/pubmed/11994752
https://doi.org/10.1016/j.neuron.2008.04.017
http://www.ncbi.nlm.nih.gov/pubmed/18466742
https://doi.org/10.1016/j.tins.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26343956
https://doi.org/10.1038/npp.2008.175
http://www.ncbi.nlm.nih.gov/pubmed/18830241
https://doi.org/10.1006/nimg.2001.0946
https://doi.org/10.1006/nimg.2001.0946
http://www.ncbi.nlm.nih.gov/pubmed/11707082
https://doi.org/10.1152/jn.00636.2001
https://doi.org/10.1152/jn.00636.2001
http://www.ncbi.nlm.nih.gov/pubmed/11784775
https://doi.org/10.1016/j.neuron.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22578500
https://doi.org/10.1002/cne.23436
http://www.ncbi.nlm.nih.gov/pubmed/23900781
https://doi.org/10.1126/sciadv.abg7700
https://doi.org/10.1016/j.neuroimage.2011.01.040
https://doi.org/10.1016/j.neuroimage.2011.01.040
http://www.ncbi.nlm.nih.gov/pubmed/21256229
https://doi.org/10.1016/j.bandl.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24182840
https://doi.org/10.1007/s00429-007-0158-9
https://doi.org/10.1007/s00429-007-0158-9
http://www.ncbi.nlm.nih.gov/pubmed/17899184
https://doi.org/10.1093/cercor/bhp087
https://doi.org/10.1093/cercor/bhp087
http://www.ncbi.nlm.nih.gov/pubmed/19406905
https://doi.org/10.1093/cercor/bhv135
http://www.ncbi.nlm.nih.gov/pubmed/26088968

e Llfe Research article

Neuroscience

Giguere M, Goldman-Rakic PS. 1988. Mediodorsal nucleus: areal, laminar, and tangential distribution of afferents
and efferents in the frontal lobe of rhesus monkeys. The Journal of Comparative Neurology 277:195-213. DOI:
https://doi.org/10.1002/cne.902770204, PMID: 2466057

Goudriaan AE, de Ruiter MB, van den Brink W, Oosterlaan J, Veltman DJ. 2010. Brain activation patterns
associated with cue reactivity and craving in abstinent problem gamblers, heavy smokers and healthy controls:
an fMRI study. Addiction Biology 15:491-503. DOI: https://doi.org/10.1111/].1369-1600.2010.00242.x, PMID:
20840335

Grohn J, Schiiffelgen U, Neubert FX, Bongioanni A, Verhagen L, Sallet J, Kolling N, Rushworth MFS. 2020.
Multiple systems in macaques for tracking prediction errors and other types of surprise. PLOS Biology
18:e3000899. DOI: https://doi.org/10.1371/journal.pbio.3000899, PMID: 33125367

Haber SN, Kim KS, Mailly P, Calzavara R. 2006. Reward-related cortical inputs define a large striatal region in
primates that interface with associative cortical connections, providing a substrate for incentive-based learning.
The Journal of Neuroscience 26:8368-8376. DOI: https://doi.org/10.1523/JNEUROSCI.0271-06.2006, PMID:
16899732

Haber SN, Knutson B. 2010. The reward circuit: linking primate anatomy and human imaging.
Neuropsychopharmacology 35:4-26. DOI: https://doi.org/10.1038/npp.2009.129, PMID: 19812543

Haber SN, Tang W, Choi EY, Yendiki A, Liu H, Jbabdi S, Versace A, Phillips M. 2020. Circuits, Networks, and
Neuropsychiatric Disease: Transitioning From Anatomy to Imaging. Biological Psychiatry 87:318-327. DOI:
https://doi.org/10.1016/j.biopsych.2019.10.024, PMID: 31870495

Hampshire A, Thompson R, Duncan J, Owen AM. 2009. Selective tuning of the right inferior frontal gyrus during
target detection. Cognitive, Affective & Behavioral Neuroscience 9:103-112. DOI: https://doi.org/10.3758/
CABN.9.1.103, PMID: 19246331

Hampshire Adam, Chamberlain SR, Monti MM, Duncan J, Owen AM. 2010. The role of the right inferior frontal
gyrus: inhibition and attentional control. Neurolmage 50:1313-1319. DOI: https://doi.org/10.1016/].
neuroimage.2009.12.109, PMID: 20056157

Hartwigsen G, Neef NE, Camilleri JA, Margulies DS, Eickhoff SB. 2019. Functional Segregation of the Right
Inferior Frontal Gyrus: Evidence From Coactivation-Based Parcellation. Cerebral Cortex 29:1532-1546. DOI:
https://doi.org/10.1093/cercor/bhy049, PMID: 29912435

Heilbronner SR, Haber SN. 2014. Frontal cortical and subcortical projections provide a basis for segmenting the
cingulum bundle: implications for neuroimaging and psychiatric disorders. The Journal of Neuroscience
34:10041-10054. DOI: https://doi.org/10.1523/JNEUROSCI.5459-13.2014, PMID: 25057206

Holmes AJ, Hollinshead MO, O’Keefe TM, Petrov VI, Fariello GR, Wald LL, Fischl B, Rosen BR, Mair RW,
Roffman JL, Smoller JW, Buckner RL. 2015. Brain Genomics Superstruct Project initial data release with
structural, functional, and behavioral measures. Scientific Data 2:150031. DOI: https://doi.org/10.1038/sdata.
2015.31, PMID: 26175908

Janes AC. 2015. Insula-Dorsal Anterior Cingulate Cortex Coupling is Associated with Enhanced Brain Reactivity
to Smoking Cues. Neuropsychopharmacology: Official Publication of the American College of
Neuropsychopharmacology 40:1561-1568. DOI: https://doi.org/10.1038/npp.2015.9, PMID: 25567427

Jezzini A, Bromberg-Martin ES, Trambaiolli LR, Haber SN, Monosov IE. 2021. A prefrontal network integrates
preferences for advance information about uncertain rewards and punishments. Neuron 109:2339-2352. DOI:
https://doi.org/10.1016/j.neuron.2021.05.013, PMID: 34118190

Kadohisa M, Kusunoki M, Petrov P, Sigala N, Buckley MJ, Gaffan D, Duncan J. 2015. Spatial and temporal
distribution of visual information coding in lateral prefrontal cortex. The European Journal of Neuroscience
41:89-96. DOI: https://doi.org/10.1111/ejn.12754, PMID: 25307044

Kar K, DiCarlo JJ. 2021. Fast Recurrent Processing via Ventrolateral Prefrontal Cortex Is Needed by the Primate
Ventral Stream for Robust Core Visual Object Recognition. Neuron 109:164-176.. DOI: https://doi.org/10.
1016/j.neuron.2020.09.035, PMID: 33080226

Knudsen EIl. 2007. Fundamental components of attention. Annual Review of Neuroscience 30:57-78. DOI:
https://doi.org/10.1146/annurev.neuro.30.051606.094256, PMID: 17417935

Kozink RV, Kollins SH, McClernon FJ. 2010. Smoking withdrawal modulates right inferior frontal cortex but not
presupplementary motor area activation during inhibitory control. Neuropsychopharmacology: Official
Publication of the American College of Neuropsychopharmacology 35:2600-2606. DOI: https://doi.org/10.
1038/npp.2010.154, PMID: 20861830

MacLean RR, Nichols TT, LeBreton JM, Wilson SJ. 2016. Effects of cognitive load on neural and behavioral
responses to smoking-cue distractors. Cognitive, Affective & Behavioral Neuroscience 16:588-600. DOI:
https://doi.org/10.3758/s13415-016-0416-5, PMID: 27012714

Mai JK, Majtanik M, Paxinos G. 2015. Atlas of the Human Brain. Academic Press.

Menon V, Uddin LQ. 2010. Saliency, switching, attention and control: a network model of insula function. Brain
Structure & Function 214:655-667. DOI: https://doi.org/10.1007/s00429-010-0262-0, PMID: 20512370

Menon V. 2015. Salience Network. Toga AW (Ed). Brain Mapping: An Encyclopedic Reference: Academic Press.
Elsevier. p. 597-611.

Mesulam MM, Mufson EJ. 1982. Insula of the old world monkey IlI: Efferent cortical output and comments on
function. The Journal of Comparative Neurology 212:38-52. DOI: https://doi.org/10.1002/cne.902120104,
PMID: 7174907

Milham MP, Ai L, Koo B, Xu T, Amiez C, Balezeau F, Baxter MG, Blezer ELA, Brochier T, Chen A, Croxson PL,
Damatac CG, Dehaene S, Everling S, Fair DA, Fleysher L, Freiwald W, Froudist-Walsh S, Griffiths TD, Gued;j C,

Trambaiolli, Peng, et al. eLife 2022;11:e76334. DOI: https://doi.org/10.7554/eLife.76334 18 of 20


https://doi.org/10.7554/eLife.76334
https://doi.org/10.1002/cne.902770204
http://www.ncbi.nlm.nih.gov/pubmed/2466057
https://doi.org/10.1111/j.1369-1600.2010.00242.x
http://www.ncbi.nlm.nih.gov/pubmed/20840335
https://doi.org/10.1371/journal.pbio.3000899
http://www.ncbi.nlm.nih.gov/pubmed/33125367
https://doi.org/10.1523/JNEUROSCI.0271-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16899732
https://doi.org/10.1038/npp.2009.129
http://www.ncbi.nlm.nih.gov/pubmed/19812543
https://doi.org/10.1016/j.biopsych.2019.10.024
http://www.ncbi.nlm.nih.gov/pubmed/31870495
https://doi.org/10.3758/CABN.9.1.103
https://doi.org/10.3758/CABN.9.1.103
http://www.ncbi.nlm.nih.gov/pubmed/19246331
https://doi.org/10.1016/j.neuroimage.2009.12.109
https://doi.org/10.1016/j.neuroimage.2009.12.109
http://www.ncbi.nlm.nih.gov/pubmed/20056157
https://doi.org/10.1093/cercor/bhy049
http://www.ncbi.nlm.nih.gov/pubmed/29912435
https://doi.org/10.1523/JNEUROSCI.5459-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/25057206
https://doi.org/10.1038/sdata.2015.31
https://doi.org/10.1038/sdata.2015.31
http://www.ncbi.nlm.nih.gov/pubmed/26175908
https://doi.org/10.1038/npp.2015.9
25567427
https://doi.org/10.1016/j.neuron.2021.05.013
http://www.ncbi.nlm.nih.gov/pubmed/34118190
https://doi.org/10.1111/ejn.12754
http://www.ncbi.nlm.nih.gov/pubmed/25307044
https://doi.org/10.1016/j.neuron.2020.09.035
https://doi.org/10.1016/j.neuron.2020.09.035
http://www.ncbi.nlm.nih.gov/pubmed/33080226
https://doi.org/10.1146/annurev.neuro.30.051606.094256
http://www.ncbi.nlm.nih.gov/pubmed/17417935
https://doi.org/10.1038/npp.2010.154
https://doi.org/10.1038/npp.2010.154
http://www.ncbi.nlm.nih.gov/pubmed/20861830
https://doi.org/10.3758/s13415-016-0416-5
http://www.ncbi.nlm.nih.gov/pubmed/27012714
https://doi.org/10.1007/s00429-010-0262-0
http://www.ncbi.nlm.nih.gov/pubmed/20512370
https://doi.org/10.1002/cne.902120104
http://www.ncbi.nlm.nih.gov/pubmed/7174907

L]
ELlfe Research article Neuroscience

et al. 2018. An Open Resource for Non-human Primate Imaging. Neuron 100:61-74.. DOI: https://doi.org/10.
1016/j.neuron.2018.08.039, PMID: 30269990

Monosov IE, Rushworth MFS. 2022. Interactions between ventrolateral prefrontal and anterior cingulate cortex
during learning and behavioural change. Neuropsychopharmacology : Official Publication of the American
College of Neuropsychopharmacology 47:196-210. DOI: https://doi.org/10.1038/s41386-021-01079-2, PMID:
34234288

Morecraft RJ, Stilwell-Morecraft KS, Cipolloni PB, Ge J, McNeal DW, Pandya DN. 2012. Cytoarchitecture and
cortical connections of the anterior cingulate and adjacent somatomotor fields in the rhesus monkey. Brain
Research Bulletin 87:457-497. DOI: https://doi.org/10.1016/j.brainresbull.2011.12.005, PMID: 22240273

Morecraft RJ, Stilwell-Morecraft KS, Ge J, Cipolloni PB, Pandya DN. 2015. Cytoarchitecture and cortical
connections of the anterior insula and adjacent frontal motor fields in the rhesus monkey. Brain Research
Bulletin 119:52-72. DOI: https://doi.org/10.1016/j.brainresbull.2015.10.004, PMID: 26496798

Mufson EJ, Mesulam MM. 1982. Insula of the old world monkey II: Afferent cortical input and comments on the
claustrum. The Journal of Comparative Neurology 212:23-37. DOI: https://doi.org/10.1002/cne.902120103,
PMID: 7174906

Murray EA, Rudebeck PH. 2018. Specializations for reward-guided decision-making in the primate ventral
prefrontal cortex. Nature Reviews. Neuroscience 19:404-417. DOI: https://doi.org/10.1038/s41583-018-0013-
4, PMID: 29795133

Neubert F-X, Mars RB, Thomas AG, Sallet J, Rushworth MFS. 2014. Comparison of human ventral frontal cortex
areas for cognitive control and language with areas in monkey frontal cortex. Neuron 81:700-713. DOI: https://
doi.org/10.1016/j.neuron.2013.11.012, PMID: 24485097

Nozari N, Thompson-Schill SL. 2016. Left ventrolateral prefrontal cortex in processing of words and sentences.
Neurobiology of Language: Elsevier 16:569-584. DOI: https://doi.org/10.1016/B978-0-12-407794-2.00046-8

Ongur D. 2000. The Organization of Networks within the Orbital and Medial Prefrontal Cortex of Rats, Monkeys
and Humans. Cerebral Cortex 10:206-219. DOI: https://doi.org/10.1093/cercor/10.3.206, PMID: 10731217

Pandya DN, Van Hoesen GW, Mesulam MM. 1981. Efferent connections of the cingulate gyrus in the rhesus
monkey. Experimental Brain Research 42:319-330. DOI: https://doi.org/10.1007/BF00237497, PMID: 6165607

Pandya DN, Seltzer B. 1982. Intrinsic connections and architectonics of posterior parietal cortex in the rhesus
monkey. The Journal of Comparative Neurology 204:196-210. DOI: https://doi.org/10.1002/cne.902040208,
PMID: 6276450

Paxinos G, Huang XF, Toga AW. 2000. The Rhesus Monkey Brain in Stereotaxic Coordinates. Academic Press.

Petrides M. 1994. Comparative architectonic analysis of the human and the macaque frontal cortex. Petrides M
(Ed). Handbook of Neuropsychology. Elsevier. p. 17-58.

Petrides M, Pandya DN. 1999. Dorsolateral prefrontal cortex: comparative cytoarchitectonic analysis in the
human and the macaque brain and corticocortical connection patterns. The European Journal of Neuroscience
11:1011-1036. DOI: https://doi.org/10.1046/j.1460-9568.1999.00518.x, PMID: 10103094

Petrides M, Pandya DN. 2002. Comparative cytoarchitectonic analysis of the human and the macaque
ventrolateral prefrontal cortex and corticocortical connection patterns in the monkey. The European Journal of
Neuroscience 16:291-310. DOI: https://doi.org/10.1046/].1460-9568.2001.02090.x, PMID: 12169111

Petrides M, Tomaiuolo F, Yeterian EH, Pandya DN. 2012. The prefrontal cortex: comparative architectonic
organization in the human and the macaque monkey brains. Cortex; a Journal Devoted to the Study of the
Nervous System and Behavior 48:46-57. DOI: https://doi.org/10.1016/j.cortex.2011.07.002, PMID: 21872854

Preuss TM, Goldman-Rakic PS. 1991. Myelo- and cytoarchitecture of the granular frontal cortex and surrounding
regions in the strepsirhine primate Galago and the anthropoid primate Macaca. The Journal of Comparative
Neurology 310:429-474. DOI: https://doi.org/10.1002/cne.903100402, PMID: 1939732

Rajakumar N, Elisevich K, Flumerfelt BA. 1993. Biotinylated dextran: a versatile anterograde and retrograde
neuronal tracer. Brain Research 607:47-53. DOI: https://doi.org/10.1016/0006-8993(93)91488-e, PMID:
7683244

Ren J, Xu T, Wang D, Li M, Lin Y, Schoeppe F, Ramirez JSB, Han Y, Luan G, Li L, Liu H, Ahveninen J. 2021.
Individual Variability in Functional Organization of the Human and Monkey Auditory Cortex. Cerebral Cortex
(New York, N.Y 31:2450-2465. DOI: https://doi.org/10.1093/cercor/bhaa366, PMID: 33350445

Romanski LM. 2007. Representation and integration of auditory and visual stimuli in the primate ventral lateral
prefrontal cortex. Cerebral Cortex (New York, N.Y 17 Suppl 1:i61-i91. DOI: https://doi.org/10.1093/cercor/
bhm099, PMID: 17634387

Romanski LM, Chafee MV. 2021. A View from the Top: Prefrontal Control of Object Recognition. Neuron
109:6-8. DOI: https://doi.org/10.1016/j.neuron.2020.12.014, PMID: 33412096

Rossi AF, Bichot NP, Desimone R, Ungerleider LG. 2007. Top down attentional deficits in macaques with lesions
of lateral prefrontal cortex. The Journal of Neuroscience 27:11306-11314. DOI: https://doi.org/10.1523/
JNEUROSCI.2939-07.2007, PMID: 17942725

Rudebeck PH, Saunders RC, Lundgren DA, Murray EA. 2017. Specialized Representations of Value in the Orbital
and Ventrolateral Prefrontal Cortex: Desirability versus Availability of Outcomes. Neuron 95:1208-1220.. DOI:
https://doi.org/10.1016/j.neuron.2017.07.042, PMID: 28858621

Rushworth MFS. 2008. Intention, choice, and the medial frontal cortex. Annals of the New York Academy of
Sciences 1124:181-207. DOI: https://doi.org/10.1196/annals.1440.014, PMID: 18400931

Safadi Z, Grisot G, Jbabdi S, Behrens TE, Heilbronner SR, McLaughlin NCR, Mandeville J, Versace A, Phillips ML,
Lehman JF, Yendiki A, Haber SN. 2018. Functional Segmentation of the Anterior Limb of the Internal Capsule:

Trambaiolli, Peng, et al. eLife 2022;11:e76334. DOI: https://doi.org/10.7554/eLife.76334 19 of 20


https://doi.org/10.7554/eLife.76334
https://doi.org/10.1016/j.neuron.2018.08.039
https://doi.org/10.1016/j.neuron.2018.08.039
http://www.ncbi.nlm.nih.gov/pubmed/30269990
https://doi.org/10.1038/s41386-021-01079-2
http://www.ncbi.nlm.nih.gov/pubmed/34234288
https://doi.org/10.1016/j.brainresbull.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22240273
https://doi.org/10.1016/j.brainresbull.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26496798
https://doi.org/10.1002/cne.902120103
http://www.ncbi.nlm.nih.gov/pubmed/7174906
https://doi.org/10.1038/s41583-018-0013-4
https://doi.org/10.1038/s41583-018-0013-4
http://www.ncbi.nlm.nih.gov/pubmed/29795133
https://doi.org/10.1016/j.neuron.2013.11.012
https://doi.org/10.1016/j.neuron.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24485097
https://doi.org/10.1016/B978-0-12-407794-2.00046-8
https://doi.org/10.1093/cercor/10.3.206
http://www.ncbi.nlm.nih.gov/pubmed/10731217
https://doi.org/10.1007/BF00237497
http://www.ncbi.nlm.nih.gov/pubmed/6165607
https://doi.org/10.1002/cne.902040208
http://www.ncbi.nlm.nih.gov/pubmed/6276450
https://doi.org/10.1046/j.1460-9568.1999.00518.x
http://www.ncbi.nlm.nih.gov/pubmed/10103094
https://doi.org/10.1046/j.1460-9568.2001.02090.x
http://www.ncbi.nlm.nih.gov/pubmed/12169111
https://doi.org/10.1016/j.cortex.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/21872854
https://doi.org/10.1002/cne.903100402
http://www.ncbi.nlm.nih.gov/pubmed/1939732
https://doi.org/10.1016/0006-8993(93)91488-e
http://www.ncbi.nlm.nih.gov/pubmed/7683244
https://doi.org/10.1093/cercor/bhaa366
http://www.ncbi.nlm.nih.gov/pubmed/33350445
https://doi.org/10.1093/cercor/bhm099
https://doi.org/10.1093/cercor/bhm099
http://www.ncbi.nlm.nih.gov/pubmed/17634387
https://doi.org/10.1016/j.neuron.2020.12.014
http://www.ncbi.nlm.nih.gov/pubmed/33412096
https://doi.org/10.1523/JNEUROSCI.2939-07.2007
https://doi.org/10.1523/JNEUROSCI.2939-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17942725
https://doi.org/10.1016/j.neuron.2017.07.042
http://www.ncbi.nlm.nih.gov/pubmed/28858621
https://doi.org/10.1196/annals.1440.014
http://www.ncbi.nlm.nih.gov/pubmed/18400931

e Llfe Research article

Neuroscience

Linking White Matter Abnormalities to Specific Connections. The Journal of Neuroscience 38:2106-2117. DOI:
https://doi.org/10.1523/JNEUROSCI.2335-17.2017, PMID: 29358360

Saleem KS, Miller B, Price JL. 2014. Subdivisions and connectional networks of the lateral prefrontal cortex in the
macaque monkey. The Journal of Comparative Neurology 522:1641-1690. DOI: https://doi.org/10.1002/cne.
23498, PMID: 24214159

Sallet J, Noonan MP, Thomas A, O'Reilly JX, Anderson J, Papageorgiou GK, Neubert FX, Ahmed B, Smith J,

Bell AH. 2020. Behavioral flexibility is associated with changes in structure and function distributed across a
frontal cortical network in macaques. PLOS Biology 18:3000605. DOI: https://doi.org/10.1371/journal.pbio.
3000605

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, Reiss AL, Greicius MD. 2007. Dissociable
intrinsic connectivity networks for salience processing and executive control. The Journal of Neuroscience
27:2349-2356. DOI: https://doi.org/10.1523/JNEUROSCI.5587-06.2007, PMID: 17329432

Seeley WW. 2019. The Salience Network: A Neural System for Perceiving and Responding to Homeostatic
Demands. The Journal of Neuroscience 39:9878-9882. DOI: https://doi.org/10.1523/JNEUROSCI.1138-17.
2019, PMID: 31676604

Shiba Y, Kim C, Santangelo AM, Roberts AC. 2014. Lesions of either anterior orbitofrontal cortex or ventrolateral
prefrontal cortex in marmoset monkeys heighten innate fear and attenuate active coping behaviors to predator
threat. Frontiers in Systems Neuroscience 8:250. DOI: https://doi.org/10.3389/fnsys.2014.00250, PMID:
25653599

Sridharan D, Levitin DJ, Menon V. 2008. Critical role for the right fronto-insular cortex in switching between
central-executive and default-mode networks. PNAS 105:12569-12574. DOI: https://doi.org/10.1073/pnas.
0800005105, PMID: 18723676

Stefanacci L, Amaral DG. 2000. Topographic organization of cortical inputs to the lateral nucleus of the macaque
monkey amygdala: a retrograde tracing study. The Journal of Comparative Neurology 421:52-79. DOI: https://
doi.org/10.1002/(sici)1096-9861(20000522)421:1<52::aid-cne4>3.0.co;2-o0, PMID: 10813772

Tang W, Jbabdi S, Zhu Z, Cottaar M, Grisot G, Lehman JF, Yendiki A, Haber SN. 2019. A connectional hub in the
rostral anterior cingulate cortex links areas of emotion and cognitive control. eLife 8:e43761. DOI: https://doi.
org/10.7554/elife.43761, PMID: 31215864

Touroutoglou A, Bliss-Moreau E, Zhang J, Mantini D, Vanduffel W, Dickerson BC, Barrett LF. 2016. A ventral
salience network in the macaque brain. Neurolmage 132:190-197. DOI: https://doi.org/10.1016/j.neurcimage.
2016.02.029, PMID: 26899785

Uddin LQ. 2015. Salience processing and insular cortical function and dysfunction. Nature Reviews Neuroscience
16:55. DOI: https://doi.org/10.1038/nrn3857

Uddin LQ. 2016. Salience Network of the Human Brain. Academic press.

Van Dijk KRA, Hedden T, Venkataraman A, Evans KC, Lazar SW, Buckner RL. 2010. Intrinsic functional
connectivity as a tool for human connectomics: theory, properties, and optimization. Journal of
Neurophysiology 103:297-321. DOI: https://doi.org/10.1152/jn.00783.2009, PMID: 19889849

Vogt BA, Nimchinsky EA, Vogt LJ, Hof PR. 1995. Human cingulate cortex: surface features, flat maps, and
cytoarchitecture. The Journal of Comparative Neurology 359:490-506. DOI: https://doi.org/10.1002/cne.
903590310, PMID: 7499543

Vogt BA. 2009. Architecture, neurocytology and comparative organization of monkey and human cingulate
cortices. Cingulate Neurobiology and Disease 2009:65-93. DOI: https://doi.org/10.1002/cne.20512

Waegeman A, Declerck CH, Boone C, Seurinck R, Parizel PM. 2014. Individual differences in behavioral flexibility
in a probabilistic reversal learning task: An fMRI study. Journal of Neuroscience, Psychology, and Economics
7:203-218. DOI: https://doi.org/10.1037/npe0000026

Walther S, Friederich HC, Stippich C, Weisbrod M, Kaiser S. 2011. Response inhibition or salience detection in
the right ventrolateral prefrontal cortex? Neuroreport 22:778-782. DOI: https://doi.org/10.1097/WNR.
0b013e32834af670, PMID: 21876462

Wardak C, Vanduffel W, Orban GA. 2010. Searching for a salient target involves frontal regions. Cerebral Cortex
(New York, N.Y 20:2464-2477. DOI: https://doi.org/10.1093/cercor/bhp315, PMID: 20100901

Xu T, Falchier A, Sullivan EL, Linn G, Ramirez JSB, Ross D, Feczko E, Opitz A, Bagley J, Sturgeon D, Earl E,
Miranda-Dominguez O, Perrone A, Craddock RC, Schroeder CE, Colcombe S, Fair DA, Milham MP. 2018.
Delineating the Macroscale Areal Organization of the Macaque Cortex In Vivo. Cell Reports 23:429-441. DOI:
https://doi.org/10.1016/j.celrep.2018.03.049, PMID: 29642002

Yokum S, Ng J, Stice E. 2011. Attentional bias to food images associated with elevated weight and future weight
gain: an fMRI study. Obesity (Silver Spring, Md.) 19:1775-1783. DOI: https://doi.org/10.1038/0by.2011.168,
PMID: 21681221

Zilverstand A, Huang AS, Alia-Klein N, Goldstein RZ. 2018. Neuroimaging Impaired Response Inhibition and
Salience Attribution in Human Drug Addiction: A Systematic Review. Neuron 98:886-903. DOI: https://doi.org/
10.1016/j.neuron.2018.03.048, PMID: 29879391

Trambaiolli, Peng, et al. eLife 2022;11:e76334. DOI: https://doi.org/10.7554/eLife.76334 20 of 20


https://doi.org/10.7554/eLife.76334
https://doi.org/10.1523/JNEUROSCI.2335-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/29358360
https://doi.org/10.1002/cne.23498
https://doi.org/10.1002/cne.23498
http://www.ncbi.nlm.nih.gov/pubmed/24214159
https://doi.org/10.1371/journal.pbio.3000605
https://doi.org/10.1371/journal.pbio.3000605
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17329432
https://doi.org/10.1523/JNEUROSCI.1138-17.2019
https://doi.org/10.1523/JNEUROSCI.1138-17.2019
http://www.ncbi.nlm.nih.gov/pubmed/31676604
https://doi.org/10.3389/fnsys.2014.00250
http://www.ncbi.nlm.nih.gov/pubmed/25653599
https://doi.org/10.1073/pnas.0800005105
https://doi.org/10.1073/pnas.0800005105
18723676
https://doi.org/10.1002/(sici)1096-9861(20000522)421:1<52::aid-cne4>3.0.co;2-o
https://doi.org/10.1002/(sici)1096-9861(20000522)421:1<52::aid-cne4>3.0.co;2-o
http://www.ncbi.nlm.nih.gov/pubmed/10813772
https://doi.org/10.7554/eLife.43761
https://doi.org/10.7554/eLife.43761
http://www.ncbi.nlm.nih.gov/pubmed/31215864
https://doi.org/10.1016/j.neuroimage.2016.02.029
https://doi.org/10.1016/j.neuroimage.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26899785
https://doi.org/10.1038/nrn3857
https://doi.org/10.1152/jn.00783.2009
http://www.ncbi.nlm.nih.gov/pubmed/19889849
https://doi.org/10.1002/cne.903590310
https://doi.org/10.1002/cne.903590310
http://www.ncbi.nlm.nih.gov/pubmed/7499543
https://doi.org/10.1002/cne.20512
https://doi.org/10.1037/npe0000026
https://doi.org/10.1097/WNR.0b013e32834af670
https://doi.org/10.1097/WNR.0b013e32834af670
http://www.ncbi.nlm.nih.gov/pubmed/21876462
https://doi.org/10.1093/cercor/bhp315
http://www.ncbi.nlm.nih.gov/pubmed/20100901
https://doi.org/10.1016/j.celrep.2018.03.049
http://www.ncbi.nlm.nih.gov/pubmed/29642002
https://doi.org/10.1038/oby.2011.168
http://www.ncbi.nlm.nih.gov/pubmed/21681221
https://doi.org/10.1016/j.neuron.2018.03.048
https://doi.org/10.1016/j.neuron.2018.03.048
http://www.ncbi.nlm.nih.gov/pubmed/29879391

	Anatomical and functional connectivity support the existence of a salience network node within the caudal ventrolateral prefrontal cortex
	Editor's evaluation
	Introduction
	Results
	Retrograde tracing reveals a SNet node in the caudal area 47/12
	The SNet node within the caudal area 47/12 can be identified using NHP fcMRI
	A salience network node in the human functional connectivity map of caudal area 47/12

	Discussion
	Summary
	Caudal 47/12 is a node in the SNet
	Possible roles of caudal 47/12 within the SNet
	The central role of the vlPFC in attention networks

	Materials and methods
	Injection sites
	Anatomical tracing analysis
	Retrograde analysis
	Anterograde analysis
	Functional neuroimaging
	Macaque dataset
	Macaque data acquisition
	Macaque data preprocessing
	Macaque functional connectivity analysis

	Human dataset
	Human data acquisition
	Human data preprocessing
	Human functional connectivity analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


