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ARTICLE INFO ABSTRACT

Keywords: The pulvinar is the largest thalamic nucleus in the brain and considered as a key structure in sensory processing
Pulvinar and attention. Although its anatomy is well known, in particular thanks to studies in non-human primates, its role
Thalach-c'ortical cireuit in perception and cognition remains poorly understood. Here, we used resting-state functional connectivity from a
EZ:CI;C;SE;Y large sample of high-resolution data provided by the Human Connectome Project, combined with a large-scale

meta-analysis approach to segregate and characterize the functional organization of the pulvinar nucleus. We
identified five clusters per pulvinar with distinct connectivity profiles and determined their respective co-
activation patterns. Using the Neurosynth database, we then investigated the functional significance of these
co-activation networks. Our results confirm the functional heterogeneity of the pulvinar, revealing clearcut dif-
ferences across clusters in terms of their connectivity patterns and associated cognitive domains. While the
anterior and lateral clusters appear to be involved in action and attention domains, the ventromedial and dor-
somedial clusters may preferentially subserve emotional processes and saliency detection. In contrast, the inferior
cluster shows less specificity but correlates with perception and memory processes. Collectively, our results
suggest that the pulvinar underwrites different components of cognition, supporting a central role in the coor-
dination of cortico-subcortical processes mediated by distributed brain networks.

Meta-analysis

1. Introduction

The pulvinar has long been considered as a key structure for infor-
mation processing and communication across brain areas (Kanai et al.,
2015; Sherman, 2016; Hwang et al., 2017; Gattass et al., 2018), but its
exact functional organization remains poorly understood, especially in
humans. A recent revival interest in the literature has emphasized its role
in human cognition, particularly in attention processes (Gattass et al.,
2018; Stitt et al., 2018; Fiebelkorn et al., 2019; Fiebelkorn and Kastner,
2019a; Jaramillo et al., 2019). Anatomical evidence in nonhuman pri-
mate showing extensive connections between the cortex and the pulvinar
(Benevento and Rezak, 1976; Adams et al., 2000; Shipp, 2001, 2003;
Kaas and Lyon, 2007) makes it a central node in large-scale networks,
capable of integrating activity across distributed cortical areas (Sherman
and Guillery, 2002; Saalmann et al., 2012; Saalmann, 2014; Quax et al.,
2017; Arcaro et al., 2018).

Like other subcortical nuclei, the pulvinar is internally and histolog-
ically heterogeneous. In both nonhuman primate and human species, it
has generally been divided into anterior, inferior, lateral, and medial sub-
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regions (Olszewski, 1952; Morel et al., 1997). Some finer subdivisions
characterized by cytoarchitectonic and chemoarchitectonic methods
(Gutierrez et al., 1995, 2000; Romanski et al., 1997; Stepniewska and
Kaas, 1997; Adams et al., 2000) have been described in monkeys. His-
tochemical techniques together with studies of anatomical projections in
nonhuman primate thus significantly contributed to our understanding of
how the pulvinar is divided into sub-regions. Accordingly, the medial
part is mainly connected with multimodal sensory association areas as
well as with prefrontal and cingulate cortices; the anterior part has dense
connections with somatosensory areas; and both the lateral and inferior
parts widely project to occipital and temporal areas of the dorsal and
ventral visual streams (Kaas and Lyon, 2007).

In human, Arcaro et al. (2015) described a topographic organization
within the ventrolateral pulvinar with two distinct visual field maps,
while they reported a coarser representation of contralateral visual space
in the ventromedial and dorsolateral portions (see also Cotton and Smith,
2007; Schneider, 2011; DeSimone et al., 2015). A retinotopic organiza-
tion of the pulvinar has also been reported in monkeys (Gattass et al.,
1978; Bender, 1981), suggesting similarities across the primates’
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phylogenetic tree. Recent tractography methods with DTI also allow
investigating subcortical structures in humans through their connections,
with other regions. For instance, as in the nonhuman primate, the human
pulvinar projects widely to the visual cortex, but also to several
higher-level areas such as the frontal eye field and parietal cortex (Leh
et al., 2008; Arcaro et al., 2015). However, while pulvinar anatomy is
relatively well outlined by histological work in animal models, its func-
tional organization in human remains unresolved, presumably because of
its small size, its subcortical location, and the limits of standard brain
imaging approaches.

Functionally, different sub-regions within the pulvinar seem to be
involved in distinct domains (Grieve et al., 2000; Barron et al., 2015;
Bridge et al., 2016; Arcaro et al., 2018). Lesion studies in human have
revealed that patients with damage to the medial pulvinar present with
fear recognition deficits (Ward et al., 2007), while patients with more
anterior lesions exhibit spatial attention deficits (Ward et al., 2002;
Arend et al., 2008). Other findings suggest reduced filtering of distractor
stimuli after pulvinar lesion, predominating for visually or emotionally
salient information after damage to dorsomedial or dorsolateral portions,
respectively (Lucas et al., 2019). In healthy people, neuroimaging work
reported pulvinar activation across various perceptual, attentional, and
emotional tasks (Bourgeois et al., 2020). A recent meta-analysis inves-
tigated the functional connectivity of the pulvinar through co-activation
probabilities with the rest of the brain across many task-related fMRI
studies (Barron et al., 2015) and identified five different sub-regions with
distinct co-activation maps. However, this study could not provide a
precise behavioral categorizations of these different sub-regions, as the
putative functional role of each sub-region was defined through the
corresponding task domain meta-analytic data used to segregate the
pulvinar and therefore limited by the inherent circularity of this
approach. Thus, despite extensive work on pulvinar anatomy and evi-
dence for an implication in multiple domains, its functional organization
and how this relates to particular cognitive domains remain unresolved.

Here we aimed at investigating not only whether functionally distinct
subregions exist in the human pulvinar, but also better characterizing
their respective relationships with different cognitive domains. To do so,
we took a novel multi-step approach. We first parcellated the pulvinar at
the voxel-by-voxel level based on its whole-brain functional connectivity
patterns at rest, using a large sample of high-resolution data from the
Human Connectome Project. Then, we characterized whole-brain net-
works associated with each of these pulvinar sub-regions, either in the
context of resting-state functional connectivity or in terms of co-
activation statistics during task-based studies. Finally, we used the
NeuroSynth database to meta-analytically ‘decode’ the functional sig-
nificance of these networks.

Our approach reveals five distinct functional clusters in the pulvinar
with specific pulvino-cortical connectivity fingerprints. By determining
co-activation patterns for each of these clusters, we dissect the functional
heterogeneity of the pulvinar and uncover clearcut differences across its
subregions in terms of their cognitive profile.

2. Methods
2.1. Data and preprocessing

Resting-state fMRI (rs-fMRI) data were obtained from the Human
Connectome Project (https://www.humanconnectome.org, Van Essen
et al., 2013), under the 100 unrelated subjects database, acquired on the
3T Connectome Skyra. The minimally preprocessed dataset included 100
healthy subjects (age: 22-35, 46 males) with a gradient-echo planar
sequence lasting 14.33 min (TR = 720 ms; TE = 33.1 ms; flip angle, 52°;
FOV = 280 x 180 mm; 2 mm isotropic, 1200 TRs per runs). A total of two
imaging runs for each individual were analyzed (first session). The
minimal pre-processing pipeline included corrections for spatial distor-
tions caused by gradient nonlinearities, head motion, B distortion and
registration to the T1-weighted structural image (Glasser et al., 2013).
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Additional preprocessing was performed using the AFNI software (Cox,
1996) and consisted of the following steps. Time courses were despiked
and the right-left and left-right encoded runs were concatenated. A linear
regression was applied to remove nuisance variables (estimated
demeaned motion parameter and their temporal derivatives, mean time
courses of the cerebrospinal fluid and white matter signals with linear
and higher order polynomial trends) (Power et al., 2012; Van Dijk et al.,
2012). Finally, a spatial smoothing with a 4-mm FWHM Gaussian kernel
was applied to the output of the regression, in order to reduce the sur-
rounding noise (Op de Beeck, 2010).

2.2. Functional parcellation of the pulvinar

We used a data-driven approach to divide the left and right pulvinar
into distinct subregions according to their shared connectivity profiles
with the rest of the brain (see methodological procedure Fig. 1). First, we
created a mask of the left and right pulvinar separately using an atlas from
Krauth et al. (2010), a digital model representing the three-dimensional
anatomy of the thalamus and subthalamic structures (Krauth et al.,
2010). For each rs-fMRI dataset, the time-courses of voxels belonging to
the pulvinar mask and those belonging to the grey-matter mask (but
excluding a dilated pulvinar mask) were separately extracted. To reduce
the computation time and research space, we downsampled the voxels size
of the grey-matter to 4 x 4 x 4 mm°>. Next, to determine the functional
connectivity of pulvinar voxels, we created a 2D cross-correlation matrix
between these two sets of time-courses and transformed the Pearson
correlation scores to z-values using the Fisher’s r-to-z transformation. Each
row of this cross-correlation matrix reflected the connectivity profile of a
given pulvinar voxel with all cortical voxels of the brain.

Parcellation of the pulvinar was then performed for each individual
using a standard K-means clustering method (implemented in the MAT-
LAB Statistics Toolbox, using the “correlation” option as the distance
measure). K-means is an iterative, non-hierarchical clustering algorithm
that segments a region into K non-overlapping clusters by minimizing the
within-cluster variance of each voxel in this region from the (randomly
initialized) centroids. Given that we did not have a strong a priori hy-
pothesis about the possible number of functional subregions of the pul-
vinar other than the multiarchitectonic anatomical subdivision into four
nuclei proposed by Morel et al. (1997), we computed parcellations from
K = 3 to K = 8 clusters. For each K, the best solution was chosen from 100
repetitions with a new centroids initialization each time.

Finally, to estimate a representative clustering group solution from all
the individual partitioning obtained for each K, we adopted a consensus
clustering approach (Monti et al., 2003; Janssen et al., 2015; Jeub et al.,
2018). We computed a co-assignment matrix Q for each participant based
on the individual clustering solution, where g;j = 1 if voxel i and j are
assigned to the same cluster and g;; = 0 if voxel i and j are assigned to a
different cluster. Co-assignment matrices were then averaged across
subjects and the resulting mean matrix was submitted to a recursive
K-mean clustering algorithm to obtain a partitioning group solution.

2.3. Determining the optimal number of cluster

To determine the optimal solution of K clusters at the group level, we
considered three metrics based on topological consistency and informa-
tion theory criteria. Identification of the optimal number of cluster re-
mains a thorny issue that has not yet been fully solved in the
computational science literature (e.g. Jain et al., 1999; Handl et al.,
2005). The absence of a ‘perfect’ mathematical metric or algorithm to
address this problem has led to multiple methods to provide estimates for
optimal clustering. Here, our procedure was guided by a combination of
criteria at the level of both individual and group solutions.

First, as a topological criterion, for a solution with K clusters, we
assessed the percentage of voxels that were not related to the dominant
parent cluster compared with the K-1 solution, either at the individual or
group level clustering solution. This metric derives from the hierarchy of


https://www.humanconnectome.org

C. Guedj, P. Vuilleumier

A A

Left or right Pulvinar
503 or 501 voxels

g=1

Ul
(same cluster)

Q matrices

Neurolmage 221 (2020) 117162

Correlation scores
) with the GM
30007 voxels

Individual clustering
solution

2

K-mean algorithm

>

Consensus clustering

approach

4

Co-assignment matrix
of Pulvinar voxels

subj 1, subj2, ..., subjn

K-mean algorithm

Group clustering solution

Fig. 1. Method pipeline overview. (1) Correlation matrix of rs-fMRI data for high-resolution left or right pulvinar voxels (2 x 2x2 mm®) with concomitant data for
low-resolution grey-matter (GM) voxels in the rest of brain (4 x 4x4 mm?), excluding the pulvinar region. (2) Computation of the K-means algorithm (from K = 3 to K
= 8) for each participant to obtain individual parcellation solutions. (3) Comparison of individual partitions to find a consensus partition at the group level, by
computing co-assignment matrices for each participant. (4) Averaging of these matrices to obtain a co-assignment matrix over all subjects. (5) Computation of the K-
mean algorithm on the average co-assignment matrix to obtain a final group clustering solution.

clusters (Kahnt et al., 2012) and corresponds to the number of voxels that
are not consistent across the hierarchy, i.e., that disperse in a K solution
to a cluster different from the parent cluster in the K-1 solution. We
retained a ‘good solution’ for a given K parcellation when the percentage
of lost voxels was below the median calculated across all other solutions.

Second, as a segregation criterion, we computed the silhouette value
coefficient (Rousseeuw, 1987). This metric ranges from —1 to +1 and
corresponds to the difference between the average distance of a voxel
with the other voxels of its own cluster versus those in the other neigh-
boring clusters. A ‘good solution’ was one with a higher silhouette score
for K clusters (or at least no significant decrease of the silhouette coef-
ficient) relative to the K-1 solution.

Finally, we calculated the variation of information (VI) index (Meila,
2007) as a stability measure. The VI index is based on information theory
and represents the shared information distance between clusters. Using a
split-half comparison procedure, we randomly divided all participants
into two equal groups. Then, we compared the clustering solution of one
group (C) to the clustering solution of the other group (C’) with the VI
index. This procedure was repeated 100 times, each time with a different
split-half group. Solutions with local minima of VI index, i.e., a signifi-
cant decrease or increase of VI index compared to the previous or sub-
sequent clustering solution, respectively, were considered stable.
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2.4. Consistency of the best clustering solution

We assessed the spatial correspondence between clusters identified at
the group-level and those identified in individual subjects. For each pair of
group and individual cluster (A,B), we calculated the number of over-
lapping voxel using conjunction maps (ANB, where N is the intersection
between the two clusters). Then, we selected the cluster obtained at the
individual-level with the highest degree of matching with each of the
group clusters. Probability maps for each cluster were created by summing
the binary conjunction maps across subjects. We also quantified the cor-
respondence with traditional anatomical subdivisions of the pulvinar
defined by Morel and colleagues (Morel et al., 1997; Krauth et al., 2010),
using a percentage overlap for each cluster calculated as the number of
shared voxels between a given cluster of the Morel’s anatomical subdivi-
sion and a cluster of our functional subdivision, divided by the total
number of voxels in the cluster of the Morel’s anatomical subdivision.

2.5. Characterization of resting-state connectivity

In a next step, we characterized the brain networks associated with
each of the pulvinar subregions identified by the clustering analysis
described above. Importantly, to avoid a methodological bias related to
circular analysis, this step was carried out on a different rs-fMRI dataset,
which corresponded but using the second resting-state session of the
original database. To ensure that the networks were statistically inde-
pendent, we used a multilevel multiple regression approach. For each
subject, we extracted the average time-course for each of the pulvinar
subregions (left and right) identified at the group-level, and entered them
into a multiple linear regression model. The resulting statistical t-maps
were subject to Fisher’s r-to-z transformation and thresholded at Z > 4 to
retain only the most significant correlations. We then combined these
maps at the group level using a two-way ANOVA, separately for each
hemisphere, with the ‘cluster’ and ‘participants’ as fixed and random
factors respectively. A false discovery-rate (FDR) adjusted p-value of p <
0.001 was used to create the statistical maps, which were then averaged
across the two hemispheres.

2.6. Characterization of co-activation pattern

If the subdivisions revealed by the clustering analysis are meaningful,
they should not only have a particular functional connectivity fingerprint
at rest, but also reflect a distinctive activation pattern in task-based
studies (Toro et al., 2008; Smith et al., 2009). To validate this predic-
tion, we used the ‘Neurosynth’ database (http://neurosynth.org, Yarkoni
et al.,, 2011), that contained activation data for 14’371 studies and
reporting more than 150’000 brain locations at the time of our study
(released July 2018). From this database, we identified the brain net-
works that co-activate with each symmetric (left and right taken
together) pulvinar clusters using a meta-analytic approach (note that we
also identified these networks for each cluster of each hemisphere
separately, and given the strong overlap of co-activation patterns we
have chosen to group them together). Activation in each voxel was rep-
resented as a binary vector of length corresponding to the total number of
studies. A value of 1 indicated that at least 20% of the cluster of interest
(in the pulvinar) was activated simultaneously with the given voxel (of
the rest of the brain) and that it felt at the activation peak reported in a
particular study, with a tolerance of 10 mm radius applied (i.e. a 0 value
was attributed to the voxel if it was not within 10 mm of the reported
focus) (Wager et al., 2009). For each voxel in the brain (n = 231 202),
statistical inference maps were then computed using a Chi-Square test of
independence, with a significant result predicting the co-activation status
(presence or absence of activation in each study). A false discovery-rate
adjusted p-value of p < 0.001 was used to threshold the statistical maps.

Finally, to delineate regions commonly involved in task-dependent
and task-independent functional connectivity of the each pulvinar clus-
ter, we used a conjunction analysis using strict minimum statistics
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(Nichols et al., 2005), i.e. the voxels considered were those that were
cumulatively statistically significant in the two analyses performed, using
a common FDR-corrected threshold at Z > 3.

All connectivity maps (i.e. resting-state or co-activation, unthre-
sholded maps), as well as the optimal parcellation of the pulvinar are
available on Neurovault at https://identifiers.org/neurovault.collectio
n:7959.

2.7. Meta-analytic decoding of network function

Another benefit of the Neurosynth database is the possibility to
“decode” brain networks, based on automatically generated meta-analysis
maps for thousands of behavioral or psychological terms. Thus, Neuro-
synth can be used to make quantitative inferences about the hypothetical
cognitive functions associated with distributed activation patterns (Pol-
drack, 2011; Yarkoni et al., 2011). Here we calculated a voxel-wise
Pearson correlation coefficient between the co-activation maps identi-
fied for each cluster and each of the 50 topic-based meta-analysis maps
(Poldrack et al., 2012). Simply stated, a “topic” consists of an independent
group of words that frequently occur together. The topics were generated
by the Latent Dirichlet Allocation model (Blei et al., 2003) applied to the
abstracts of all articles in the Neurosynth database in order to reduce se-
mantic representation and avoid redundancy issue. This statistical model
assumes that each article can be considered as a mixture of a small number
of underlying ‘topics’, each of which are linked with a distribution over
words. Thus, using Bayesian inference implemented by the MALLET
toolbox we were able to estimate the topics and words distribution over
the Neurosynth database (McCallum, 2002; Poldrack et al., 2012). For
example, the ‘pain’ topic loads highly with the words ‘painful’, ‘nocicep-
tive’, ‘chronic’, whereas the ‘attention’ topic loads highly with the words
‘attentional’, ‘visual’, ‘target’. Topic maps were then created for each topic
separately by comparing studies that loaded highly on a given topic with
all other studies. Over the 50 generated topics, 23 were excluded because
they concerned non-psychological phenomena such as methods or subject
population (see Table S1 in Supplementary Material). Finally, we gener-
ated functional profiles by conducting correlation analyses between these
topics maps and each of the pulvinar cluster’s co-activation maps. These
topics were then classified into four behavioral domains, namely action,
cognition, emotion, and perception, in order to provide a more comprehen-
sive characterization of pulvinar functions.

3. Results
3.1. Optimal parcellation of the pulvinar

We first parcellated the pulvinar at the voxel-by-voxel level based on
data from the first resting-state session (2 runs) of 100 healthy in-
dividuals. Given a lack of any substantiated or apparent difference be-
tween the right and left pulvinar when examined separately (data not
shown), our analysis considered the different topological and entropic
criteria for clustering with the goal to identify a common solution for
both hemispheres. At the individual level, the different metrics
converged to the solutions k = 5 and k = 6. First, the percentage of voxels
not related to the dominant parent was below the median for the solu-
tions 6-7, 7-8 (left pulvinar), and 5-6, 6-7, 7-8 (right pulvinar) (see
Fig. 2, top-left panel). Second, the segregation criterion was found to
decrease with increasing divisions of the pulvinar, suggesting more
effective partitioning with fewer clusters. However, the absence of sig-
nificant differences for solutions ranging from 5 to 8 (left pulvinar) or
from 6 to 8 (right pulvinar) indicated a good stability for these solutions
(Fig. 2, top-middle panel). Third, the variation of information metric
decreased (left pulvinar) or increased (right pulvinar) significantly from
3 to 4 clusters, but then increased significantly for both sides from 6 to 7
clusters with a local minima centered around the 5-cluster solution
(Fig. 2, top-right panel).

At the group level, these metrics also converged to a 5-cluster solution


http://neurosynth.org
https://identifiers.org/neurovault.collection:7959
https://identifiers.org/neurovault.collection:7959

C. Guedj, P. Vuilleumier

Topology: Hierarchically inconsistent voxels

Segregation: Silhouette coefficient

Neurolmage 221 (2020) 117162

Stability: Variation of information

% voxels lost

10.0

Individual solution
Average of the silhouette coefficients

VI score

34 45 56

clusters

6-7 7-8 3 4

clusters

6 7 8 3 4 5 6 7 8
clusters

0.525

0.500

% voxels lost
2
5
3

0.450

Group solution
Average of the silhouette coefficients

@ o left pulvinar
®- o right pulvinar

/

3-4 45 56

clusters

6-7 7-8

w
~

5

»
~
®

clusters

Fig. 2. Metrics used to estimate the stability of cluster solutions. [Left panel] Hierarchically inconsistent voxels, corresponding to the percentage of voxel not
related to the dominant parent cluster compared with the K-1 solution, as a function of K, for the left (black dots) and right (grey dots) pulvinar, at the individual (top)
and group (bottom) levels. The grey dotted line represents the median percentage. Small values indicate a low variation in topology. [Middle panel] Silhouette
coefficients as a function of K, for the left (black dots) and right (grey dots) pulvinar, at the individual (top) and group (bottom) levels. High silhouette scores indicate
an efficient segregation. [Right panel] VI index based on a split-half comparison procedure (100 repetitions) as a function of K, for the left (black dots) and right (grey
dots) pulvinar, at individual level. A local minimum is an indicator of stability. The orange (left pulvinar) and light orange (right pulvinar) circles indicate the “good
solutions” through the different panels. Collectively, these results point to an optimal solution with five clusters. Data are shown as means =+ standard deviation; ***p

value < 0.001; **p value < 0.01; *p value < 0.05.

(Fig. 2, bottom panel). First, the percentage of lost voxels was below the
median for the 4-5, 6-7, 7-8 (left pulvinar) and for the 6-7, 7-8 solutions
(right pulvinar) (Fig. 2, bottom-left panel). Second, a stability of the
silhouette values was found for the 5-cluster solution (Fig. 2, bottom-
right panel).

Therefore, based on these converging metrics, we selected a parcel-
lation into 5 clusters as the optimal solution, showing good agreement
between the different criteria and the two hemispheres, while avoiding
an over-segmentation of the pulvinar.

This final group-level clustering solution is illustrated in Fig. 3A. It is
remarkably symmetrical across the two hemispheres and splits the pul-
vinar into five regions: a dorsomedial cluster (cyan), a lateral cluster
(blue), an anterior cluster (yellow), an inferior cluster (green), and a
ventromedial cluster (red). Table 1 provides the coordinates of their
centroid locations and respective sizes.

To estimate how well each cluster was consistent across subject, we
calculated probability maps of matching with the group solution. As
illustrated in Fig. 3B, we found an average overlay percentage of 57%
(range 53%-62%) for the five-cluster solution. The most coherent across
the participants was the anterior cluster, while the dorsomedial cluster
was the least consistent (Fig. 3B, right panel). Overall, this shows a
globally similar correspondence across individuals for all clusters.

We also quantified the degree of overlap of our partition with a
classical anatomical subdivision of the pulvinar into four sub-regions
based on atlas data (Morel et al., 1997; Krauth et al., 2010). As dis-
played in Fig. 3C, the anatomical inferior pulvinar subdivision over-
lapped perfectly with our inferior cluster, while the anatomical anterior
pulvinar subdivision was mainly represented in our anterior cluster (and
marginally in the dorsomedial cluster for the left side). In contrast, the
anatomical lateral pulvinar subdivision was split into our inferior

(primarily) and lateral (secondarily) clusters. Finally, the anatomical
medial subdivision, which is the largest in this atlas, was dispersed across
the other clusters with a small majority of voxels found in the dorso-
medial cluster. It is noteworthy that the results were highly similar be-
tween our left and right partitions.

3.2. Functional connectivity fingerprints of the pulvinar parcellation

The primary concept behind parcellation based on functional con-
nectivity is that voxels of the same functional unit in pulvinar should
have a similar and specific resting-state signal correlated with the
remaining voxels in the brain. Following this idea, we used another rs-
fMRI dataset (second session of resting-state) to characterize the
whole-brain functional connectivity patterns of each of the pulvinar
clusters identified above. The obtained connectivity maps for each cluster
are represented in Fig. 4 (first row).

Apart from the ventromedial cluster (red) that extended over the vast
majority of the posterior neocortex, all other connectivity maps exhibited
specific anatomical patterns. The dorsomedial cluster (cyan) was func-
tionally connected with brain areas belonging to the default-mode
network (DMN) and parts of the saliency network (SN), such as the
medial and dorsolateral prefrontal cortex (DLPFC), anterior (ACC), pos-
terior cingulate (PCC), inferior parietal lobule (IPL), and precuneus (Fox
et al., 2005). The network associated with the lateral cluster (blue)
extended to brain areas involved in executive control and attention such
as the precentral (PreCG) and postcentral gyri (PostCG), middle frontal
gyrus (MFG), superior (IPS) and inferior (IPL) posterior parietal cortex,
superior temporal gyrus (STG), and precuneus, but also several regions in
visual cortex such as fusiform gyrus (FG) and cuneus. The anterior cluster
(yellow) was very selectively connected with areas belonging to
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Fig. 3. Connectivity-based parcellation of the human pulvinar. (A) [Left panel] Final group-level clustering solution of the pulvinar split into five clusters:
dorsomedial (cyan), lateral (blue), anterior (yellow), inferior (green), and ventromedial (red). The anatomical organization of the 5 clusters is highly similar in the two
hemispheres. [Right panel] Three-dimensional surface rendering of the left and right pulvinar. (B) [Left panel] Probability maps of the five-cluster solution of the
pulvinar, presented for each cluster separately (maps are thresholded at 50%). [Right panel] Distribution of overlapping scores of individual clusters relative to the
group solution (percentage across participants) for each cluster. The black dots indicate the mean across voxels. (D) Percentage of overlapping voxels of our partition
with the classical anatomical Morel’s subdivision of the pulvinar into four sub-regions (see right-hand insert).

Table 1
Description of the optimal 5-cluster solution of the pulvinar clustering.
Clusters left right
X y z  cluster X y z  cluster
size size
dorsomedial -9 -29 9 134 10 -29 8 99
(cyan)
lateral (blue) -19 —-29 8 81 19 —29 9 87
anterior -13 -25 3 94 15 —-25 4 100
(yellow)
inferior (green) —22 -30 0 118 24 -30 0 122
Ventromedial -11 —32 1 76 14 -32 1 93
(red)

X, ¥, z coordinates refer to the centroid location in MNI space (LPI orientation).
The cluster size refers to the number of voxels.

sensorimotor systems such as the PreCG, PostCG, and the medial frontal
gyrus (MedFG) (Hutchison and Everling, 2012; Mueller et al., 2013).
Finally, the inferior cluster (green) was also selectively coupled with
early visual areas in occipital cortex (V1,V2, V3). Together, these data
highlight a distinctive and widespread functional relationship of each
pulvinar cluster with largescale brain networks.

3.3. Co-activation patterns of the pulvinar parcellation

To link brain networks connected to pulvinar clusters with particular
functions, we further investigated the pattern of brain activation asso-
ciated with task-induced modulation of each cluster, as reported in the
Neurosynth database (Yarkoni et al., 2011; Poldrack et al., 2012). The
resulting co-activation maps are illustrated in Fig. 4 (second row). In
general, these co-activation networks were more widespread within
subcortical areas than the task-independent networks identified by
functional connectivity at rest above. The dorsomedial cluster (cyan) was
primarily coupled with nodes of the salience network (SN) such as ACC,
orbitofrontal cortex, striatum, and anterior insula (Seeley et al., 2007;
Menon and Uddin, 2010). The lateral cluster (blue) co-activated with
regions involved in attentional processing and executive functions,
particularly the frontal-eye-field and superior parietal lobule (SPL)/in-
tra-parietal sulcus (IPS), but also a few other areas in DLPFC, STG, and
precuneus (Corbetta and Shulman, 2002; Corbetta et al., 2008). Very
much like resting-state connectivity, the anterior cluster (yellow) showed
strong coupling with motor and somatosensory areas including the
PreCG and PostCG, supplementary motor area (SMA), as well as the basal
ganglia, superior colliculus, and cerebellum. The inferior cluster (green)
co-activated with several regions of visual cortex, mainly along the
ventral extrastriate pathways such as the lingual gyrus, fusiform gyrus
(FG), and middle occipital gyrus (MOG), but also with the amygdala and
a few other regions associated with executive functions such as the
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Functional Connectivity and Coactivation Maps

dorsomedial cluster anterior cluster inferior cluster

DY) D) BY) 4

Fig. 4. Functional connectivity and co-activation patterns of the pulvinar clusters. [Top row] Resting-state functional connectivity profiles (FC) for each
pulvinar cluster, based on correlation analysis of time-courses. [Middle row] Task-related co-activation patterns (CA) for each pulvinar cluster, based on meta-analytic
analysis (Neurosynth). All maps are FDR-corrected at p < 0.001. [Bottom row] Conjunction of FC and CA results (thresholded at Z > 3). n = number of study selected
to create the given co-activation map.

Table 2
Overlapping clusters between the functional connectivity and co-activation analyses.

Regions brodmann area X y z cluster size regions brodmann area X y z cluster size
dorsomedial cluster anterior cluster
R IPL area 40 60 -30 30 115 L PreCG area 3 —47 -21 45 1462
R Fusiform gyrus area 37 54 -59 -23 201 R PreCG area 3 51 -19 39 1470
L Precuneus area 19 —36 -75 41 121 R MedFG area 6 1 -27 62 204
R Lingual gyrus area 18 13 -89 -15 206 L Thalamus (Pulvinar) -13 -23 3 242
ACC area 32 0 35 29 335 R Thalamus (Pulvinar) 15 -23 4 246

area 24 0 ) 42 350 inferior cluster
Thalamus (Pulvinar) -1 =31 14 3369 L MOG area 19 -30 -91 8 116
lateral cluster L Cuneus area 17 0 -87 7 1392
L PostCG area 3 -56 -23 43 103 L Thalamus (Pulvinar) —22 -30 -2 394
R PostCG area 2 50 —-29 52 115 R Thalamus (Pulvinar) 24 -29 -1 429
L IPL area 40 —43 —40 56 127 ventromedial cluster
L ParaCL area 5 -2 —44 55 110 L IFG area 46 —45 38 14 186
L SPL area 7 —26 —60 58 187 L PreCG area 6 —44 -8 45 502
R Fusiform gyrus area 37 50 —60 —18 107 R PreCG area 4 19 -32 68 121
R Precuneus area 7 20 -70 54 300 L STG area 21 —62 —-23 -3 131
R MTG area 19 35 —82 22 161 L Precuneus area 19 -35 -77 34 370
L Cuneus area 19 -8 —81 35 290 PCC area 29 6 —47 9 21 954

—28 —87 23 191

R Cuneus area 17 6 —86 2 357

area 19 16 -93 22 133
L Thalamus (Pulvinar) -20 -30 9 258
R Thalamus (Pulvinar) 19 —-29 10 293

X, ¥, z coordinates refer to the centroid location in MNI space (LPI orientation). The cluster size refers to the number of voxels.

Conjunction analysis between functional connectivity and co-activation maps (Z > 3, FDR corrected); extent threshold of 100 voxels. Abbreviations: L, left; R, right;
ACC, anterior cingulate cortex; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; MedFG, medial frontal gyrus; MTG, middle temporal gyrus; MOG, middle oc-
cipital gyrus; ParaCL, paracentral gyrus; PreCG, precentral gyrus; PostCG, postcentral gyrus; STG, superior temporal gyrus.
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dorsolateral prefrontal cortex, posterior parietal cortex, and superior
colliculus. Finally, the network associated with the ventromedial cluster
(red) primarily encompassed the medial temporal lobe and subcortical
areas such as the amygdala, hippocampus and parahippocampal area,
plus ventral striatum and ventral visual extrastriate areas.

Furthermore, we determined statistically significant brain regions
that were jointly identified by both the task-related co-activation and the
resting-state connectivity patterns, using a conjunction analysis of these
two results. Common areas are shown in Fig. 4, last row, and their co-
ordinates are summarized in Table 2. The resulting conjunction maps
confirm distinct network associated with each cluster.

3.4. Decoding of network function

Lastly, we used the Neurosynth database to meta-analytically decode
the behavioral and psychological processes associated with the networks
that co-activated with pulvinar clusters. We correlated each of the task-
based co-activation networks (see previous section) with 23 selected
topics maps from Neurosynth (see Table S1 in Supplementary Material),
and then computed the average correlation scores for each behavioral
domain. Please note that this approach is purely qualitative and does not
provide any degree of significance for the calculated correlations.

Fig. 5A shows the pattern of behavioral domains for each co-
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activation network. Two of them exhibited strong specificity: the ante-
rior cluster’s network was highly associated with the action domain,
while the ventromedial cluster’s network was highly linked to the
emotional domain. The dorsomedial and the lateral clusters’ networks
showed more general and relatively similar profiles, but with preferential
links to emotion and action, respectively. In contrast, the inferior clus-
ter’s network was also generally involved with all domains, but prefer-
entially with cognition.

Fig. 5B further presents correlation scores for the top ten topics that
were the most frequently implicated across the whole set of co-activated
networks (see Table 3 for more details about these topics). Topics
related to cognition (green, 4 topics) and perception (blue, 3 topics) were
found across all networks. A few more specific topic terms were related to
particular networks only, in agreement with the general behavioral do-
mains above (Fig. 5A). Thus, we found a strong specificity of the anterior
cluster’s network for motor processes (positive correlation, r = 0.47), and
of the ventromedial cluster’s network with emotional processes including
pain (r = 0.12) and emotional faces (r = 0.18). The dorsomedial and the
lateral clusters’ networks shared associations with several cognitive pro-
cesses, with slightly stronger implication of emotion/pain for the former
and motor/task performance for the latter. Finally, the inferior cluster’s
network showed a preferential correlation with cognition and perception,
particularly face recognition (r = 0.21) and memory (r = 0.19).

Table 3
Description of the ten most represented topics through the identified co-activation maps.
Topics ID #  Num. studies Correlation coefficient (Pearson) Domains
dmPUL  latPUL  antPUL  infPUL  vmPUL
Motor 49 1076 0.11 0.16 0.47 —-0.06 -0.1 Action
motor, movement, movements, imagery, sensorimotor, primary, finger, areas, control, activation, sensory, tapping, force, somatosensory, tasks, execution, subjects,
bimanual, mi, coordination, active, activated, imagined, timing, ipsilateral, voluntary, paced, cortices, simple, gait, healthy, network, pre, performed, system, planning,
passive, walking, grip, sequential.
Memory 12 1212 —0.05 0.02 -0.24 0.19 0.14 Cognition
memory, retrieval, encoding, recognition, episodic, items, successful, recall, memories, words, information, subsequent, recollection, item, test, autobiographical,
participants, context, event, associative, source, events, semantic, word, studied, pairs, encoded, familiarity, false, performance, term, judgments, associations,
formation, correct, phase, success, remembered, support, suggest.
Task performance 2 2680 0.08 0.11 0.2 0.09 0.03
task, performance, cognitive, tasks, control, activation, executive, behavioral, increased, difficulty, switching, function, network, accuracy, recruitment, performing,
functions, performed, demands, ability, attention, correlated, set, participants, time, test, cognition, difficult, adults, level, goal, subjects, levels, visuospatial, switch,
behavioural, monitoring, suggest, compared, perform.
Language 7 389 0.07 0.09 0.19 0.03 0.02
language, hemispheric, lateralization, asymmetry, olfactory, lateralized, dominance, areas, odor, handed, laterality, dominant, handers, asymmetries, odors,
specialization, drawing, handedness, functional, processing, interhemispheric, unilateral, leftward, sided, difference, patterns, cp, strongly, activations, test, indices,
chemosensory, functions, spatial, measured, individual, investigated, asymmetric, index, humans.
Inhibition 8 522 0.13 0.08 0.17 —0.03 0.02
inhibition, response, inhibitory, control, stop, acupuncture, motor, signal, task, trials, nogo, error, suppression, responses, itch, activation, successful, phobia, inhibit, pre,
trial, role, inhibiting, inhibited, phobic, spider, action, reactive, behavior, acupoint, stopping, sst, prepotent, monitoring, phobics, rifg, impulse, evoked, reduced, errors.
Emotional faces 23 839 0.00 —0.07 —0.14 0.07 0.18 Emotion
emotional, faces, facial, emotion, expressions, neutral, processing, fear, fearful, happy, social, threat, emotions, face, responses, response, disgust, angry, anxiety, sad,
expression, perception, recognition, affective, affect, anger, threatening, signals, participants, sadness, anxious, individuals, cues, reactivity, masked, sensitivity,
viewing, happiness, emotionally, alexithymia.
Pain 48 585 0.27 0.14 0.37 —-0.05 0.12
pain, painful, stimulation, somatosensory, intensity, chronic, placebo, noxious, sensory, processing, induced, evoked, autonomic, responses, heat, nociceptive, primary,
central, areas, cortices, secondary, perception, stimulus, analgesia, experience, ratings, sensation, system, thermal, modulation, skin, hyperalgesia, healthy, cold,
perceived, interoceptive, patients, mechanisms, affective, treatment.
Object 1 804 —-0.15 —0.02 —0.13 0.2 0.07 Perception

object, category, visual, body, knowledge, categories, scenes, scene, representations, features, categorization, representation, images, perceptual, conceptual,
participants, stimulus, abstract, selective, pictures, information, recognition, context, concepts, experience, bodies, categorical, natural, animals, space, similarity, level,

human, represented, semantic, familiar, place, view, image.
Stimulation 35 579 0.1 0.11 0.38 -0.13

-0.1

stimulation, somatosensory, tms, tactile, primary, rtms, touch, motor, areas, transcranial, body, tdcs, applied, induced, magnetic, sensory, human, representation,
ipsilateral, repetitive, stimulated, secondary, muscle, swallowing, subjects, sensorimotor, site, healthy, finger, somatotopic, hz, perception, intensity, excitability,

system, electrical, evoked, stimulus, leg, bladder.
Faces recognition 5 566 —0.12 —0.05 —0.21 0.21

0.15

face, recognition, processing, identity, familiar, unfamiliar, selective, response, perception, adaptation, voice, fg, familiarity, visual, person, responses, famous, facial,
images, sensitive, compared, information, image, voices, effect, stimulus, laughter, people, human, names, participants, behavioral, repetition, selectivity,

trustworthiness, normal, representation, viewed, viewing.

Top terms associated with each topic. ID# = identity number related to the Neurosynth ‘v4-topics-50° database. Num. studies = number of studies associated with each

topic.
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Fig. 5. Functional decoding of the pulvinar clusters. (A) Pattern of behavioral domains and related topics associated with each co-activation network, based on the
Neurosynth database. The values reflect average Pearson correlation coefficients across topics that are associated with each domain. (B) Correlation scores of the top
ten most represented topics (across all networks), plotted for each network separately.

4. Discussion

Understanding the role of the pulvinar in human cognition is a chal-
lenging question (Fiebelkorn and Kastner, 2019b). It has been implicated
in various functions such as attention (e.g. (Petersen et al., 1987; Kastner
et al., 2004; Shipp, 2004; Lucas et al., 2019), emotion and social recog-
nition (Morris et al., 1999; Bertini et al., 2018), but also voluntary actions
and saccades (Kaas and Lyon, 2007; Berman and Wurtz, 2011; Wilke et al.,
2018), suggesting an important functional heterogeneity. Accordingly,
neuroanatomical investigations point to the existence of several sub-nuclei
within the pulvinar (Gutierrez et al., 1995; Stepniewska and Kaas, 1997).
Here, we used a data-driven approach to dissect its functional connectivity
with cortical networks in order to capture its intrinsic organization and
putative roles.

4.1. Anatomical versus functional subdivisions

Based on resting-state connectivity with the rest of the brain, we
found a robust subdivision into five units: dorsomedial, ventromedial,
lateral, anterior, and inferior. Previous attempts to anatomically sub-
divide the pulvinar identified four main regions based on cyto- and
chemoarchitectonic criteria (Olszewski, 1952; Morel et al., 1997).
Compared to an influential atlas which described a very large medial
sub-region relative to the others (Morel et al., 1997), our parcellation is
more proportioned with a more or less similar size for each of the
clusters. The smallest subdivisions in this atlas were the most consistent
with our functional partition. Conversely, their medial subdivision was
found to divide into different clusters in our partition, suggesting that
the larger the anatomical subdivision, the more heterogeneous its
functional profile.

4.2. Functional connectivity fingerprints reflect anatomical projections

Our results reveal distinct functional connectivity fingerprints asso-
ciated with each pulvinar cluster. These functional maps presumably
reflect the topology of anatomical projections from pulvinar to cortex,
which follow a particular organization with a main rostrolateral to cau-
domedial gradient that is reflected in an occipital-frontal axis along the
cortex (Shipp, 2001, 2003; Arcaro et al., 2015). Indeed, we found that
networks coupled with the ventromedial and dorsomedial cluster were
those extending most anteriorly in frontal cortices, while networks
associated with the lateral and inferior clusters predominated over pos-
terior cortical areas. Other studies described a dorso-ventral axis in
pulvinar projections, similarly reflected at the cortical level (Baleydier
and Morel, 1992; Baizer et al., 1993; Shipp, 2003). Accordingly, we also
observed a dorso-ventral dissociation whereby the lateral cluster’s
network extended dorsally towards the parietal and superior temporal
areas, unlike the inferior cluster’s network extending more ventrally.
Finally, although rarely studied in the literature, the anterior pulvinar
was reported to project towards the somatosensory cortex (Jones, 2012),
consistent with a tight coupling with sensorimotor areas observed here.

The ventromedial cluster exhibited a less clear connectivity profile
than other clusters, with diffuse functional connectivity at rest but more
restricted correlation with medial temporal lobe regions for task-based
activations. Various elements could explain this pattern. First, the loca-
tion of the ventromedial cluster was close to the pretectothalamic lamina,
which contains a high density of myelinated fibers (Marquez-Legorreta
et al., 2016). Although white matter signal was regressed out in our
analysis using an erode mask (Jo et al., 2010), it could contribute to
apparent global fluctuations of fMRI activity during resting state.
Another possibility is the proximity of the ventromedial cluster to the
choroidal artery (Neau and Bogousslavsky, 1996), which could also
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generate global physiological noise reflecting cardiovascular rather than
neural activity (Murphy et al., 2013). These aspects would not contam-
inate the task-based co-activation maps. Finally, a third possibility is that
diffuse functional connectivity of the ventromedial cluster may reflect
global influences of neuromodulators with widespread cortical pro-
jections, such as those implicated in arousal (Berridge and Waterhouse,
2003; Guedj et al., 2017) and possibly recruited during emotional-social
conditions (see Fig. 5). In the same vein, the medial part of the pulvinar is
mainly composed of matrix cells (i.e., calbindin-immunoreactive neu-
rons) that project widely and diffusely over the cortex (Jones, 2001;
Miiller et al., 2020) and could thus account for more distributed patterns
of functional coupling. Our results also converge with a recent parcel-
lation of the thalamus using 3D gradient modelling of functional con-
nectivity with fMRI (Tian et al., 2020), in which three posterior clusters
(DP, VP], and VPm) were found that partly overlapped with the pulvinar
and mainly distinguished between our dorso-ventral and medio-lateral
groups of nuclei.

Importantly, all functional connectivity maps observed in rs-fMRI
data showed substantial shared territories with co-activation maps
defined by the meta-analytical analysis of task-based studies. However,
several dissimilarities were noticeable between the two patterns, in
contrast with other studies highlighting strong overlaps between func-
tional networks identified with these two approaches (e.g. Cauda et al.,
2011). This observation might reflect the fact that the pulvinar’s coupling
with cortical networks could be more dependent on the context, leading
to some variability between resting-state connectivity patterns and the
task-based co-activation patterns, in keeping with the notion that this
subcortical structure plays a central role in the coordination and/or
transition between different activity states (Arcaro et al., 2018; Bourgeois
et al., 2020). Accordingly, recent studies combining pulvinar inactivation
with electrophysiological recordings in cortical cortex indicate that the
pulvinar is a core element in gating contextual interactions between re-
gions (Purushothaman et al., 2012; Zhou et al., 2016; de Souza et al.,
2020; see also Jaramillo et al., 2019 for a computational model).

4.3. Contribution to different behavioral domains

To characterize the role of the five pulvinar clusters identified by
connectivity analysis, we identified their co-activation patterns during
task-based fMRI, and then meta-analytically decoded them. A similar
meta-analysis of pulvinar activations was recently performed with
another database (i.e. BrainMap, Barron et al., 2015) and reported that
the pulvinar is mainly involved in the cognition domain, and to a lesser
degree in action, emotion, and perception. However, this study could not
identify specific functional roles associated with individual clusters. This
was made possible in the current work because our clustering analysis
(based on functional rest connectivity) was independent from functional
decoding (based on co-activation patterns), unlike in Barron et al. (2015)
where both clustering and decoding were based on co-activation
patterns.

Previous work suggested that the inferior and ventrolateral parts of
the pulvinar are primarily associated with striate and extra-striate
cortices and thus involved in visual processes (Benevento and Rezak,
1976; Adams et al., 2000), whereas the dorsolateral and medial parts are
coupled with ‘higher’ cortices and involved in either associative or limbic
functions (Yeterian and Pandya, 1985; Romanski et al., 1997; Gutierrez
et al., 2000). Our results converge with this view by demonstrating that
our lateral and inferior clusters are linked to visual areas in both func-
tional connectivity and co-activation analyses. However, these clusters
were also coupled with higher-level areas in dorsolateral prefrontal and
parietal cortex, suggesting a more integrative role than previously pro-
posed. In particular, the lateral cluster was differentially associated with
action (Wilke et al., 2018) and positively correlated with topics related to
cognition, suggesting a role in selective attention and planning (Grieve
et al., 2000; Bridge et al., 2016). On the other hand, the inferior cluster
was associated with perception of faces and objects, as well as memory
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(see also, Yuan et al., 2017). Such division between lateral and inferior
clusters is reminiscent of a segregation between dorsal and ventral visual
streams, respectively (Goodale and Milner, 1992).

In contrast, the anterior pulvinar seems consistently implicated in
sensorimotor functions (Jones, 2012; Kaas, 2012). Indeed, the anterior
cluster exhibited strong connectivity with primary sensorimotor areas
and correlated with the action domain. Moreover, its correlation with
networks implicated in cognition including language and task-related
performance suggests this sub-region may subserve motor selection and
programming functions (Krauzlis et al., 2013; Mizzi and Michael, 2014)
rather than elementary motor action itself (Acuna et al., 1983).

Finally, both the ventromedial and dorsomedial clusters were asso-
ciated with emotion domain in agreement with previous findings on
medial pulvinar (Ward et al., 2007; Arend et al., 2015). However,
network coupled to the dorsomedial cluster encompassed key nodes of
the salience network (Seeley et al., 2007; Menon and Uddin, 2010) and
thus correlated with pain and motor topics, suggesting a role in the
control of attention and detection of behaviorally relevant stimuli. This
may accord with impaired filtering of salient distractors in patients with
damage to the dorsal part of the pulvinar (Lucas et al., 2019). On the
other hand, the ventromedial cluster was coupled with widely distributed
areas but showed predominant task-based co-activation patterns in
medial temporal lobe and limbic structures such as the hippocampus and
amygdala, loading on topics related to the recognition of faces and
emotional faces as well as memory. This dovetails with previous findings
that ventromedial pulvinar could play a role in allocating affective values
to incoming sensory stimuli (Padmala et al., 2010).

Collectively, our results fit with models proposing a general role of
the pulvinar in attentional processes, in keeping with its widespread
connections with multiple sensory systems and higher-level cerebral
areas associated with top-down attention control (Saalmann et al., 2012;
Fiebelkorn and Kastner, 2019a; Bourgeois et al., 2020). According to this
view, it could be speculated that the different sub-regions of the pulvinar
make different contributions to these processes, by coordinating activity
within widely distributed networks. For instance, attentional selection of
perceptually and emotionally salient stimuli could rely on dorsomedial
and ventromedial clusters, respectively, while the lateral and inferior
clusters may select information based on internal task demands and
memory representations, and the anterior cluster could coordinate action
selection processes. Future work manipulating specific neuronal pop-
ulations within the pulvinar will be necessary to verify these conjectures.

4.4. Limitations

Our study provides an important step in the functional characteriza-
tion of pulvinar using a data-driven approach, but several caveats should
be noted. First, our parcellation is limited by the spatial resolution of
fMRI. Although the HCP data provides high-quality data (Smith et al.,
2013), it would be interesting to confirm our parcellation using even
finer resolution (Arcaro et al., 2015). Second, our meta-analysis with
Neurosynth is limited by the information available in this database (see
Yarkoni et al., 2011), based on quantitative associations between
frequent terms and brain coordinates in published articles, regardless of
precise methodological aspects. However, random noise in the database
should not bias results but rather make it more difficult to obtain sig-
nificant findings, and this should be minimized by the large number of
studies included. Finally, our decoding analysis was based on coarse
cognitive domains, not accounting for a wider and finer evaluation of
human cognition. Correlations observed with particular topics are
meaningful only in relative terms. The low correlation scores in this
analysis might be explained by the fact that all brain voxels are consid-
ered in the analysis even those with a null value (e.g., the map related to
the ‘motor’ topic may have no voxel activated in the visual cortex).
Conversely, however, high correlation scores might reflect a strong
co-activation specificity. In any case, a statistical comparison of corre-
lation scores would not be trivial in this case given 1) the high number of
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degrees of freedom associated with the large number of voxels tested,
and 2) it is extremely unlikely that two models of brain activity associ-
ated with different domains can be completely disconnected, and
therefore using a test to reject the null value cannot be applied. For these
reasons, our approach provides a qualitative descriptive comparison
only. Nevertheless, considered across the different domains and different
clusters, these data allow highlighting both the functional heterogeneity
and the major putative roles of pulvinar subregions in a comprehensive
and objective manner.

5. Conclusion

In sum, our data provide new insight into the functional organization
and role of the human pulvinar. By combining data-driven analysis of
resting-state connectivity and meta-analysis, we were able to identify five
distinct functional clusters with particular co-activation patterns and
links with specific behavioral domains. These results provide novel evi-
dence of a key role of the pulvinar in coordinating information processing
and communication across distributed brain networks.
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