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Abstract

Previous studies helped unraveling the functional architecture of the human cerebral cortex. However, a comprehensive
functional segregation of right lateral prefrontal cortex is missing. Here, we delineated cortical clusters in right area 44 and 45
based on their task-constrained whole-brain activation patterns across neuroimaging experiments obtained from a large
database. We identified 5 clusters that differed with respect to their coactivation patterns, which were consistent with resting-
state functional connectivity patterns of an independent dataset. Two clusters in the posterior inferior frontal gyrus (IFG) were
functionally associated with action inhibition and execution, while two anterior clusters were related to reasoning and social
cognitive processes. A fifth cluster was associated with spatial attention. Strikingly, the functional organization of the right IFG
can thus be characterized by a posterior-to-anterior axis with action-related functions on the posterior and cognition-related
functions on the anterior end. We observed further subdivisions along a dorsal-to-ventral axis in posterior IFG between action
execution and inhibition, and in anterior IFG between reasoning and social cognition. The different clusters were integrated in
distinct large-scale networks for various cognitive processes. These results provide evidence for a general organization of
cognitive processes along axes spanning from more automatic to more complex cognitive processes.
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Introduction Grafton 2008; Aron 2011; Lai et al. 2015; Liu et al. 2016; Matchin

The right inferior frontal gyrus (IFG) has been associated with
various cognitive functions, including attention, motor inhibi-
tion and imagery, as well as social cognitive processes or
speech functions (Corbetta and Shulman 2002; Hamilton and

and Hickok 2016).

Among these functions, several previous studies assigned
this region a key role in response inhibition (Aron et al. 2003;
Aron and Poldrack 2006; Chambers et al. 2006; Cai et al. 2014;
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Cieslik et al. 2015). In particular, the posterior-most part of the
right IFG, corresponding to area 44, was associated with response
inhibition during motor execution (Aron et al. 2014). Accordingly,
these authors argued that this region might be characterized as a
“brake” for stopping or pausing responses. Likewise, it was sug-
gested that right area 44 is also engaged in response inhibition
during speech processing (Neef et al. 2016). Other neuroimaging
studies have reported that both area 44 and area 45/47 are respon-
sive to increased control demands during word comprehension
(Lai et al. 2015) and when efficient sentence comprehension
requires inhibition and restructuring of information (Matchin and
Hickok 2016). In addition to its role in response inhibition and cog-
nitive control, area 44 was further associated with motor imagery
(Guillot et al. 2008), working memory control (Marklund and
Persson 2012), as well as imitation and action observation (Heiser
et al. 2003; Molnar-Szakacs et al. 2005; Caspers et al. 2010).

Two previous meta-analyses demonstrated that higher-level
social cognitive processing occurs in the anterior portions of the
right IFG (Bzdok et al. 2012; Adolfi et al. 2017). In particular, theory
of mind processing, that is, the attribution of cognitive and affec-
tive mental states to oneself and others (Baron-Cohen et al.
2001), was associated with right area 45 while empathy proces-
sing was located in both right area 45 and 44. Moreover, Adolfi
et al. (2017) reported an overlap of social cognitive, emotional,
and interoceptive processes (with the latter referring to processes
related to the sense of the physiological condition of the body) in
right area 45. In line with these observations, face-based menta-
lizing also necessitates intact right area 45 and 44 function as
revealed by a recent direct cortical stimulation study (Yordanova
et al. 2017).

Together, the above-cited studies suggest that the right IFG
might be divided into different functional clusters that contrib-
ute to various cognitive processes. One hypothesis arising from
these studies is the existence of a gradient of functional proces-
sing, with more automatic action-related cognitive processes
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like motor imagery and inhibitory functions being located more
posteriorly in right area 44 while more abstract (social-) cognitive
functions might be located more anteriorly, that is, in area 45. To
test this hypothesis, we conducted a meta-analytic connectivity-
based parcellation (Cieslik et al. 2013; Clos et al. 2013; Bzdok et al.
2016) of the right posterior IFG. Here, we first computed whole-
brain coactivation patterns (Eickhoff et al. 2010) for each voxel
within a region of interest formed by histologically defined
right area 44 and 45 (Amunts et al. 1999) across a wide range
of neuroimaging studies based on the BrainMap database (Fox
et al. 2014). The resulting individual coactivation profiles were
then compared between voxels to identify clusters of voxels
with similar coactivation patterns (Eickhoff et al. 2016b). A
follow-up meta-analytic connectivity modeling analysis on
the derived clusters was performed to reveal the overall and
specific coactivation networks of these clusters. Finally, func-
tional associations for the derived clusters were inferred from
the extensive meta-data in the BrainMap archive (Fox and
Lancaster 2002).

In summary, the present study addressed the question
whether different clusters within area 44 and 45 of the right IFG
can be associated with different cognitive processes. We thus
provide the first characterization of subdivisions, specific con-
nectivity profiles, and functions of the right IFG. Our results
show that functional processes in the right IFG can be located
along at least two principal functional posterior-to-anterior and
dorsal-to-ventral axes.

Materials and Methods

An overview of the workflow for this study is presented in
Figure 1. The different steps are briefly summarized in the fol-
lowing sections, for more detailed information, please refer to
recent coactivation based parcellation studies (e.g., Ray et al.
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Figure 1. Schematic overview of the analyses. For each voxel within the seed region of interest, activation foci from the x nearest experiments were selected from the
BrainMap database. Resulting activation foci were used to generate brain-wide coactivation profiles for each seed voxel and each filter size based on meta-analytic
coactivation modeling. Subsequent parcellation of the coactivation matrices was performed with K-means clustering. The optimal range of filter sizes was selected
based on the consistency of the cluster assignments. The ensuing evaluation of the K-means solutions was limited to the optimal filter range. The most stable
K-means solution was mapped back on the brain and the K clusters were functionally characterized based on their connectivity pattern and BrainMap meta-data.
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2015; Muhle-Karbe et al. 2016; Genon et al. 2017) and conceptual
overviews (Fox et al. 2014; Eickhoff et al. 2015, 2017).

Meta-analytic Connectivity Mapping

First, the region of interest (ROI) in the right IFG was defined by
using maximum probability maps for area 44 and 45 as pro-
vided by the SPM Anatomy Toolbox (Eickhoff et al. 2005, 2006).
These maps were derived from quantitative cytoarchitectonic
mapping of 10 post-mortem brains (Amunts et al. 1999).

In a second step, the BrainMap database (www.brainmap.
org) (Fox and Lancaster 2002; Laird et al. 2011) was used to com-
pute whole-brain coactivation maps for each voxel within our
ROL Analysis was limited to functional neuroimaging studies
in the healthy human brain and did not include interventional
studies or group comparisons. The rationale of coactivation
analysis is to compute the convergence across those BrainMap
experiments where the seed voxel of interest is reported as
active (Laird et al. 2013). To characterize task-based functional
connectivity, we used a standard pooling procedure across the
close spatial neighborhood, with the extent of the spatial filter
being systematically varied from including the closest 20-200
experiments in steps of 5 (Chase et al. 2015; Bzdok et al. 2016;
Genon et al. 2017). The retrieved experiments were then used
to compute the brain-wide coactivation profile of a given seed
voxel for each of the 37 filter sizes. We performed a coordinate-
based meta-analysis across all foci reported in these experiments
to quantify their convergence. The brain-wide coactivation pat-
tern for each individual seed voxel was computed by activation
likelihood estimation (ALE) meta-analysis (Turkeltaub et al. 2002;
Eickhoff et al. 2009, 2012; Laird et al. 2009) across the experiments
that were associated with that particular voxel. The probability
distributions of all reported foci were then combined into a mod-
eled activation map for that particular experiment (Turkeltaub
et al. 2012). The voxel-wise union of these values (across all experi-
ments associated with a particular seed voxel) yielded an ALE
score for each voxel of the brain that describes the coactivation
probability with the current seed voxel of each particular location
in the brain. Note that this coactivation profile was not thresholded
to retain the complete pattern of coactivation likelihood for each
voxel (Bzdok et al. 2013b; Cieslik et al. 2013; Bzdok et al. 2016).
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In the next step, the unthresholded brain-wide coactivation pro-
files for all seed voxel were combined into an Ng x Nt coactivation
matrix, where Ng denotes the number of seed voxels in our ROI
(2349 voxels) and Nt the number of target voxels in the gray mat-
ter of the reference brain volume (based on the gray matter proba-
bility map, thresholded for the top 10%, at a resolution of 2 x 2 x
2mm?). The use of 37 different filter sizes resulted in 37 individual
coactivation maps, each representing the whole-brain connectiv-
ity of the seed voxels at a particular filter size. The parcellation of
the VOI was performed with K-means clustering (Hartigan and
Wong 1979) implemented in Matlab with K = 2, 3, ..., 9, using one
minus the correlation between the connectivity patterns of the
individual seed voxels as the distance measure. This parcellation
was performed for each filter size independently, yielding 9 x 37
independent cluster solutions. K-means clustering aims at mini-
mizing the variance between elements within clusters while max-
imizing the variance between. For each of the 333 parcellations,
we recorded the best solutions from 10 replications (for a similar
procedure, see Clos et al. 2013; Bzdok et al. 2015, 2016).

Selection of Optimal Cluster Solution

The choice of the optimal cluster solution was based on a two-
step procedure that includes a first decision on the filter sizes
and a second decision on the optimal cluster solution (Clos
et al. 2013; Bzdok et al. 2015; Eickhoff et al. 2016a). We first
examined the properties of each filter size across all cluster
solutions to isolate the most stable range of filter sizes that
where then used to select the number of clusters. We selected
the filter range with the lowest number of deviants, which
minimizes the number of voxels that were assigned differently
as compared to the solution from the majority of filters. That
is, we identified those filter sizes that reflected solutions most
similar to the consensus solution across all filter sizes.
Selection was performed based on the weighted sum (across all
K) of the z-normalized number of deviant voxel assignments at
a cut-off at Z < -0.5, i.e, only those filter sizes where the num-
ber of deviants was at least half a standard deviation below the
average number of deviants across all filter sizes (85-165
experiments) were included (Fig. 2).

Weighted sum across clusters
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Figure 2. Deviants and stability. Z-scores on median-filtered deviants (normalized for K). The vertical lines specify the ultimately selected, most stable range of filter
size. (A) The proportion of deviants computed across filter size. Warm colors indicate high numbers of deviants and thus less stability; cold colors indicate low num-
bers of deviants and thus high stability. (B) Maximum z-score of median-filtered deviants.
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First, we selected the percentage of voxels that were not
related to the dominant parent cluster compared to the K — 1
solution (Fig. 3A). A given K cluster parcellation was regarded
as good solution if the percentage of lost voxels was below the
median across all steps and the following clustering step fea-
tured a local maximum at the percentage of lost voxels.
Secondly, we assessed the number of consistent voxels per
cluster, that is, the sizes of the individual cluster after removal
of hierarchically inconsistent voxels. K parcellations were eval-
uated by considering the proportion of the minimum cluster
size to the average cluster size provided by a given K solution
(Fig. 3B). Good solutions were those where the size for the mini-
mum cluster size was more than half of the average cluster
size within the K solution. Thirdly, we assessed the similarity
of cluster assignments between the current solution and the
neighboring (K - 1 and K + 1) solutions by using the variation of
information metric (Meila 2007) (Fig. 3C; see Kelly et al. 2010;
Kahnt et al. 2012), which assesses the degree of heterogeneity
across clusters. Solutions were considered stable if there was a
significant increase in the variation of information metric from
the current to the subsequent set of solutions (primary crite-
rion) or if there was a significant decrease from the previous to
the current clustering step (secondary criterion).

Note that for the subsequent analyses, we only considered
hierarchically and spatially consistent voxels located in gray
matter.

Characterization of the Clusters: Task-dependent
Connectivity

Functional connectivity profiles of the 5 clusters were charac-
terized with a follow-up meta-analytic connectivity modeling
(MACM) analysis that determined the coactivation patterns of
the individual clusters. Coactivation patterns for all clusters
were obtained by identifying all experiments in the BrainMap
database that featured at least one focus of activation in the
particular connectivity-based parcellation-derived cluster.
Thereafter, an ALE meta-analysis was performed on these
experiments. To establish significantly coactivated regions with
a given cluster, ALE scores for the MACM analysis of this cluster
were compared to a null-distribution reflecting a random spa-
tial association between experiments with a fixed within-
experiment distribution of foci (Eickhoff et al. 2009). The
observed ALE scores from the meta-analysis of experiments
activating within a particular cluster were then tested against
ALE scores obtained under a null distribution of random spatial
association yielding a P-valued based on the proportion of
equal or higher random values (Eickhoff et al. 2012). P-values
were transformed into Z-scores and thresholded at a cluster-
level corrected threshold of P < 0.05 (FWE corrected for multiple
comparisons, cf. Eickhoff et al. 2016b). To test for differences in
coactivation patterns between pairs of clusters, we performed
MACM separately on the experiments associated with either
cluster and computed the voxel-wise difference between the
ensuing ALE maps (Eickhoff et al. 2011). Finally, specific coacti-
vation patterns for all clusters were computed, indicating brain
regions significantly more coactivated with a given cluster than
with any of the other clusters.

Characterization of the Clusters: Task-independent
Connectivity

Additionally, specific whole-brain functional connectivity for
each cluster was assessed using resting state fMRI as an

independent modality of functional connectivity. These data
were obtained from the enhanced NKI/Rockland sample, a part
of the International Neuroimaging Datasharing Initiative
(http://fcon_1000.projects.nitrc.org/indi/enhanced/index.html;
Nooner et al. 2012). Preprocessing of the data was performed
with a standard pipeline in SPM 12 as described elsewhere
(Clos et al., 2013; for more details, please also refer to the
Supplementary Information: Results section on the additional
resting state fMRI-based parcellation analysis). The 5 CBP-
derived clusters were used as seeds for the resting state analysis.
Linear (Pearson) correlation coefficients between the time series
of the seed regions and all other gray matter voxels in the brain
were computed to quantify resting state functional connectivity
(Ciric et al. 2017; Varikuti et al. 2017). Voxel-wise correlation coef-
ficients were transformed into Fisher’s Z-scores and tested for
consistency in a flexible factorial model across subjects. The
main effect of connectivity for each cluster as well as contrasts
between the clusters was tested using standard SPM12 imple-
mentations (thresholded at an FWE-corrected cluster level of P <
0.05).

Functional Decoding

Functional characterization of the clusters was based on the
meta-data categories “Behavioral Domain and Paradigm Class”
in the BrainMap database. The former includes the main cate-
gories “action, cognition, emotion, interoception and percep-
tion”, and related subcategories. Paradigm classes categorize
the specific task. Functional profiles for all clusters were deter-
mined by using forward and reverse interference as described
previously (Clos et al. 2013; Amft et al. 2014; Balsters et al. 2014;
Muhle-Karbe et al. 2016). Functional profiles of the clusters
were compared at each level of splitting up to the most stable
5-cluster solution. For each comparison of the splitting cluster,
the analysis was constrained to all BrainMap experiments acti-
vating either cluster.

Results
Best Cluster Solution and Stability of the Clustering

K-means clustering was conducted to extract solutions from 2
to 9 clusters. Figure 2A displays the consistency of the cluster
assignment for the individual voxels across the 37 filters, indicat-
ing the stability of a particular filter size at a given K-means clus-
ter number. Figure 2B indicates that 85-165 nearest experiments
provide the most stable solution for the current analysis. For this
reason, the filter size for the nearest “X filter” of the current K-
parcellation was set to the nearest 85-165 experiments.

The 5-cluster solution was identified as the most stable par-
cellation of our right IFG ROI based on coactivation differences
within this region. This solution was supported by the cluster
criteria shown in Figure 3. For the criterion “hierarchically
inconsistent voxels” (Fig. 3A), the 5 cluster solution featured
the maximum in the percentage of lost voxels. The ratio
between the “minimum and the average cluster size” was
larger than 0.5 for K = 2, K = 3, K = 4, and K = 5 (Fig. 3B). The
“variation of information between cluster solutions” showed a
significant increase between the subsequent (K + 1) set of solu-
tions only for the 5 cluster solution (Fig. 3C).

Size and anatomical location of the 5 clusters are summa-
rized in Table 1 and displayed in Figure 4. The clusters are
labeled from 1 to 5 according to the hierarchical splitting order
(Fig. 4A). At K = 2, the right IFG was split into an anterior cluster
1 and a posterior cluster 2. At the next level K = 3, the posterior
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Figure 3. Cluster criteria. (A) Percentage of voxels not related to dominant parent cluster compared to the K - 1 solution. K = 3 is considered a good solution (—)
because it is located before the maximum and it is lower than the median across all K solutions; K = 5 is considered a good solution because the following K = 6 fea-
tures the maximum in the percentage of lost (hierarchically inconsistent) voxels. (B) Mean number of consistent voxel across cluster (blue) and the number of voxels
of the smallest individual cluster (red). The ratio between the minimum and the average cluster size was more than 0.5 for K =2, K =3,K =4, and K = 5 (good solu-
tions). (C) Variation of information between cluster solutions, significant increase (*) to the subsequent cluster solution only for K = 5 (primary criterion); significant

decrease (-) from previous cluster solution for K = 4 and K = 7 (secondary criterion).

Table 1 Center-of-gravity for BrainMap coactivation based clustering

Region Cytoarchitectonic area  x y z Cluster size
Cluster1  73% 45 52 30 17 625
Cluster2  46% 44/10% 45 53 15 5 770
Cluster 3 53% 45 54 30 2 573
Cluster 4 24% 45/22% 44 50 19 1 440
Cluster 5  63% 44/16% 45 52 14 19 381

cluster 2 remained the same, and the ventral portion split from
the anterior cluster 1. Thus, at K = 3 resulted the final cluster 3
(blue), which was localized at the anterior-ventral part of the
IFG (pars triangularis). At K = 4, the final cluster 4 (yellow)
emerged from the ventral portion of the posterior cluster 2
occupying the anterior-ventral part of the IFG pars opercularis
extending into the posterior insula. The remaining dorsal por-
tion contained the final cluster 4 (green) at the posterior-
ventral part of the IFG pars opercularis. At the last split at K =
5, the final cluster 5 (cyan) emerged from the posterior parent
cluster 1 (emerging at K = 3). Cluster 5 was located at the
posterior-dorsal part of the IFG pars opercularis merging into
the posterior-dorsal part of the IFG pars triangularis in close
vicinity of the inferior frontal junction. The final cluster 1 (red)
was located in the dorsal part of the pars triangularis of the IFG
extending into the inferior frontal sulcus.

Post-hoc Analysis of Coactivation Patterns of the
Clusters

The follow-up MACM analysis on the final cluster solution
revealed coactivation maps for each cluster. Specific coactivation
based meta-analytic maps are shown in Figure 5A and corre-
sponding peak maxima are reported in Table 2. A cluster-specific
connectivity map indicates brain regions that are significantly
more coactivated with a given cluster than with any of the other
clusters. Common to all coactivation maps is the recruitment of
surrounding voxels as well as the involvement of the homotopic
area in the left hemisphere. Additionally, cluster 1 showed a
specific coactivation with the right paracingulate gyrus, the right
superior frontal gyrus (SFG), the left middle frontal gyrus (MFG),
and left temporal occipital fusiform gyrus. Cluster 2 showed a
specific bilateral coactivation with the anterior cingulate cortex

(ACC), supplementary motor area (SMA), insular cortex, and
anterior inferior parietal lobe (IPL), extending into the postcen-
tral gyrus, parietal operculum, opercular cortex, and precentral
gyrus. Furthermore, cluster 2 maps showed subcortical regions
including the putamen, thalamus and cerebellum. Cluster 3
showed specific coactivation with the left amygdala and bilat-
eral frontal orbital cortex, frontal pole (FP), and the middle
temporal gyrus (MTG). Cluster 4 displayed specific coactivation
with the left insular cortex, right FP and right temporal pole.
Cluster 5 revealed a specific bilateral coactivation with the pre-
central gyrus, superior parietal lobe (SPL) and the intraparietal
sulcus (IPS) extending into the posterior IPL. In addition, clus-
ter 5 maps showed coactivations in the right MTG extending
into the right lateral occipital cortex.

Resting state functional connectivity likewise revealed distinct
networks associated with each cluster (Fig. 5B). The patterns of
functional connectivity, while spatially more diffuse, overlapped
with the domain-specific coactivation patterns generated by our
MACM analysis. In general, networks were symmetrically distrib-
uted across hemispheres and reflect prior divisions of the cerebral
cortex into large-scale networks (Yeo et al. 2011). Functional connec-
tivity of cluster 1 overlapped with the fronto-parietal control net-
work (Fig. 6), cluster 2 corresponded partly to the somatomotor and
the ventral attention network, cluster 3 overlapped with the default
mode network, cluster 4 resembled the ventral attention network,
and cluster 5 corresponded to the dorsal attention network.

Additional conjunction analyses across specific coactivation
maps and resting state maps for each cluster (Supplementary
Table 1) support the main findings and emphasize the stability
of our results across independent approaches.

Finally, we calculated an additional MACM analysis for right
area 44 only to compare our results with a previous study (Clos
et al. 2013) that reported a coactivation-based parcellation of
left area 44 only (see Supplementary Results and SI Figs 7-11).
While the optimal solution was ambiguous, the 3-cluster solu-
tion nicely overlaps with our previous clusters in the posterior
part of the larger IFG VOI.

Post-hoc Functional Characterization: BrainMap
Meta-data

In a first step, we determined the quantitative forward and
reverse inference on the behavioral domains and paradigm
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Figure 4. Parcellation of right IFG. (A) Pattern of cluster assignment and splitting of clusters across levels of K. (B) Similarity matrix of the seed voxels reordered
according to the splitting scheme derived from K-means clustering illustrated in (A) above. (C) The 5-cluster solution is rendered on the brain surface. The coronal
sections display the location of the clusters on the anatomical template of area 44 (light gray area) and area 45 (dark gray area, Zilles and Amunts 2009).

Figure 5. Specific connectivity patterns of the 5 clusters. (A) Regions significantly more coactivated with a given cluster than with any of the other 4 clusters. (B)
Regions showing significantly more resting state functional connectivity with a given cluster. All results survived a cluster-corrected threshold of P < 0.05, corrected

for multiple comparisons.

classes as sorted in the BrainMap database for each of the 5
clusters separately. Figure 7 displays this assignment of behav-
ioral domains and paradigm classes. Thereby forward inference
indicates the probability of activation within a certain cluster
given a certain taxonomic label. In other words, activation of a
particular cluster is more likely if a certain task was performed.
Reverse inference in turn indicates the probability that a particu-
lar behavioral domain or paradigm class was present when a
given cluster is activated. This inference was constrained by the
structure and taxonomic labeling in the BrainMap database.

Inference assigned diverse cognitive domains to the identi-
fied clusters, including reasoning, memory, attention, action,
and perception (Fig. 7). Specifically, cluster 1 was associated
with cognitive reasoning and conflict processing. Cluster 2 was
related to action imagination and action execution including
speech, music cognition, perception, and deception. Cluster 3
was linked with social cognition and the processing of emotion.
Cluster 4 was associated with action inhibition, music cogni-
tion, and pain perception. Finally, cluster 5 was associated with
memory, encoding, and (spatial) attention.
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Table 2 Coactivated regions: specific connectivity

Region Cytoarchitectonic area X y z Cluster size
Cluster 1

RIFG 46 36 6 1349
LIFG —46 34 16 426
o L middle frontal gyrus —-40 20 32

R paracingulate gyrus 2 28 46 227
e R superior frontal gyrus 6 38 40

L temporal occipital fusiform cortex —42 -52 -18 140
Cluster 2

LIFG area 44 —48 4 10 1503
e LIFG area 44 -58 4 16

e LIFG area 44 —62 6 20

e L putamen -26 -6 4

e Linsular cortex —40 -6 0

e L putamen -26 8 4

RSTG TE1.2 56 4 0 1490
e R central opercular cortex 48 4 0

e R putamen 28 4 2

e Rinsular cortex 34 4 12

L cingulate gyrus, anterior division -2 4 44 1217
LIPL PPFopop -58 -24 28 1038
e LIPL PFcm —42 -34 18

e LIPL PF -60 -28 42

e L SMG, anterior division area 2 -52 -28 42

RIPL PF 60 -32 24 802
e RIPL PFop 64 -18 24

e RIPL PF 60 -32 40

e R parietal operculum OP1 48 -26 24

e R postcentral gyrus areal 60 -14 40

e RIPL PFcm 48 -34 34

R precentral gyrus area 4p 48 -4 34 209
e R precentral gyrus area 6 60 6 38

R cerebellum VI 22 -58 -26 188
R thalamus MD 14 -20 6 143
L thalamus VPM -14 -18 -2 121
Cluster 3

R frontal orbital cortex 52 26 -12 852
L frontal orbital cortex —48 32 -8 416
e LIFG area 45 -54 22 10

o L frontal orbital cortex area 47 —40 16 -18

R frontal pole 6 58 22 198
LIPL PGa -50 -58 28 141
RMTG 64 -34 -2 106
LMTG -56 -38 0 103
L amygdala -26 0 -18 87
Cluster 4

R temporal pole 48 10 -10 1134
L insular cortex —42 18 -4 643
e LIFG area 44 -40 20 12

R frontal pole 38 44 32 167
Cluster 5

RIFG area 44 48 14 14 788
R SPL 7A 32 -52 56 667
o Rlateral occipital cortex 34 -78 24

e RSPL 7P 30 -70 42

L SPL 7A -34 -62 54 521
e LIPS hipP3 -24 —64 46

e LIPS hIP1 —-40 -50 50

R lateral occipital cortex 52 —64 -12 378
¢ Rinferior temporal gyrus 54 -58 -6

R middle frontal gyrus 30 -4 56 246
e R precentral gyrus area 6 42 2 42

(Continued)
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Region Cytoarchitectonic area X y Cluster size
LIPS hip3 -38 —40 42 108
e LIPS hipP2 —46 -38 42
e LIPL PF =52 —42 46
e LIPL PFt —46 -32 38
LIFG area 44 =52 8 26 92
o L precentral gyrus area 6 -54 8 38
Thresholded at P < 0.05, FWE-corrected for multiple comparisons.
A 7 networks by Yeo et al. (2011)

W Visual

B Somatomotor

B Dorsal Attention
@ Ventral Attention
O Limbic

O Frontoparietal =
E Default [

B Specific MACM networks C Specific resting-state networks

Figure 6. Overlap of the right IFG clusters with the widely used seven-network parcellation by Yeo et al. (2011). (A) Seven-network parcellation by Yeo et al. (B)
Distribution of the averaged contribution of each of the 5 coactivation maps and (C) of the cluster-specific resting state networks to the 7 modalities. All values are

given as Fisher’s Z-scores.

To further explore the consistent and distinct functional
features of the cluster solution, we examined the features that
split at each stage of the clustering hierarchy. Information for
contrasting cluster pairs, i.e., where 2 clusters show different
behavioral domain and paradigm class information, are shown
in Supplementary Figures 1 to 4. At the level of a two-cluster
solution (see Supplementary Fig. 1), coactivation maps reflect a
fronto-parietal gradient with long-distance coactivations of the
anterior IFG with posterior parietal regions also including the
MTG and lateral occipital gyrus; and with short-distance coacti-
vations of the posterior IFG with anterior parietal regions also
including the postcentral gyrus. The anterior cluster in the right
IFG was associated with cognitive functions such as reasoning,
memory and conflict processing. In contrast, the posterior clus-
ter of the right IFG was associated with action processing such
as action imagination and action execution. At the level of a
three-cluster solution (see Supplementary Fig. 2), coactivation
of the emerging anterior-dorsal cluster involved parietal, infe-
rior temporal, and lateral occipital regions. Coactivations of the
emerging anterior-ventral cluster involved perisylvian parietal
in superior temporal regions. Both clusters seem to be involved
in social cognitive and emotion processing. Furthermore, the
anterior-ventral cluster seems to be additionally recruited dur-
ing action imagination and the cognition of time. At the level of
a four-cluster solution (see Supplementary Fig. 3), coactivation
of the emerging posterior-dorsal cluster occurred mainly in the
frontal lobes also including the anterior IPS and the posterior
IPL (PFm) extending into the posterior division of the STG. In
contrast, the emerging posterior-ventral cluster was coactive
with regions in close proximity to the central sulcus including
large portions of the precentral gyrus in the frontal lobe and

the parietal operculum, the anterior division of the IPL (PFt),
and the anterior IPS extending into the SPL and the postcentral
gyrus. Both clusters were associated with action processing.
Likelihood ratio and probability are higher for the posterior-
dorsal cluster to be involved in action execution and action
imagination, whereas it is more likely for the posterior-ventral
cluster to be involved in the inhibition of an action. Finally, at
the level of a 5-cluster solution (see Supplementary Fig. 4),
coactivation of the emerging anterior-dorsal cluster is
restricted to the frontal lobe, while coactivation of the final
cluster 5 involves the precentral gyrus expanding into the MFG,
the postcentral gyrus expanding into the SPL and anterior IPS,
and the lateral occipital gyrus. It emerged that the final cluster
5 is preferably involved in processes of action execution, spatial
attention and imagined movements also involving, for exam-
ple, mental rotation. In contrast, the final cluster 1 is more
likely associated with higher-level executive task processing
such as planning and cognitive control.

To further support our main findings, we performed an addi-
tional resting state fMRI-based parcellation (see Supplementary
Results). In general, these results converge with our main find-
ings, although this analysis favored a 4-cluster solution (see
Supplementary Figs 5 and 6). In this analysis, the posterior
action-related clusters (i.e., cluster 2 and 4) were merged, which
is plausible given the superordinate functional action domain.

Discussion

This study provides the first coactivation-based parcellation of
the right posterior IFG. Our main finding was the segregation of
S functionally distinct clusters within this region (Fig. 8A). A
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Figure 7. Assignment of behavioral domains and paradigm classes to a certain cluster. (A) Forward inference on final clusters: significant activation probability of the
cluster given a certain domain (left column) or paradigm (right column). (B) Reverse inference on final clusters: significant probability of domain (left column) or para-
digm (right column) occurrence given activation in a cluster. Color code: red = cluster 1, green = cluster 2, blue = cluster 3, yellow = cluster 4, cyan = cluster 5. All func-

tional associations survived a significance threshold of P < 0.05.

subsequent meta-analytic connectivity modeling of these clus-
ters revealed several principal functional axes. The main axis
spanned from motor and perception related functions in poste-
rior portions of the right IFG to more abstract cognitive func-
tions in its anterior part. In addition, two dorsal-to-ventral axes
related posterior clusters (cluster 2 and 4) to action inhibition
and execution, whereas anterior clusters (cluster 1 and 3) were
associated with lower-level mental reasoning and conflict reso-
lution, and with higher-level social cognition and emotion.
Finally, we identified a fifth cluster in the most posterior-dorsal
part of the IFG that was functionally associated with encoding
and spatial attention (Fig. 8B). Notably, none of the here delin-
eated clusters of the right IFG was dedicated to language.

The resulting principal axes exemplify the topography of
the macroscale cortical organization (Margulies et al. 2016). For
instance, previous studies suggested a posterior-to-anterior
gradient for the left prefrontal cortex (Koechlin et al. 2003;
Badre 2008; Jeon and Friederici 2013) or the right dorsal premo-
tor cortex (Genon et al. 2017). In the left prefrontal cortex, the
functional dissociation is determined by degree of automaticity
on the one end and cognitive hierarchy or increasing abstract-
ness on the other end. Highly automatized processes are
located in close proximity to the unimodal primary motor areas
because they require less heteromodal integration of informa-
tion. In contrast, increasingly abstract computations that
require a stronger amount of cognitive control and transmodal
integration are located with increasing distance to primary

areas in anterior portions of the lateral prefrontal cortex (see
Jeon and Friederici 2013). Another example is the right dorsal
premotor cortex where distinct subregions form a cognitive-
motor gradient along a rostro-caudal axis (Genon et al. 2017).
We argue that the right IFG can be characterized by a similar
organization.

Cytoarchitectonically, the main component of the posterior
action-related clusters in our study was area 44, whereas
cognition-related clusters were located in area 45 (see Fig. 4C
and Table 1). Accordingly, the coactivation based parcellation
of the right IFG finds anatomical support for the overarching
functional segregation into two domains. Besides cytoarchitec-
ture, receptor architecture enables a more granular parcellation
of the inferior frontal gyrus. It was previously demonstrated
that left as well as right area 44 could be further segregated
into a dorsal and a ventral area, while area 45 was subdivided
into an anterior and a posterior cluster (Amunts et al. 2010).
Because areas of similar functions show similar receptor pat-
terns (Zilles and Amunts 2009; Amunts et al. 2010; Zilles et al.
2015), the current functional parcellation of the right posterior
IFG converges with the anatomical level. Accordingly, the
robust functional segregation of subareas across modalities
assembles a meaningful regional differentiation (Eickhoff et al.
2017).

We wish to emphasize that while we identified functionally
distinct subregions, however, segregated clusters do not pro-
cess certain functions alone but are implemented in large-scale
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Figure 8. Processing domains in the right inferior frontal gyrus. (A) Rendering of the 5 cluster solution on the surface of the right hemisphere. (B) Posterior-to-anterior

and dorsal-to-ventral axes of processing domains in the right inferior frontal gyrus.

circuitries. Previous resting state functional connectivity stud-
ies have shown that discrete regions of the prefrontal cortex
form networks with distributed regions across parietal, tempo-
ral, and midline cortex (Yeo et al. 2011). This converges with
the notion that despite the existence of functional specializa-
tions among areas, functions arise as emergent properties of
reciprocally connected brain areas (Mesulam 1981, 1990). More
specifically, both task-coactivations and resting state functional
connectivity patterns overlapped with modality-specific net-
works previously described in the neuroimaging literature (i.e.,
somatomotor network, ventral attention network, dorsal
attention network, fronto-parietal control network, and default
mode network) (e.g.,, Yeo et al. 2011). These networks were
characterized by distinct topographies with a replication of
adjacencies of areas that subserve certain functions along gra-
dients. Such gradients or axes of functional segregation are
evident throughout the cerebral cortex and indicate processing
streams with input or output systems on one end and the
highest level of abstraction on the other end (Margulies et al.
2016).

Action Processing in the Right Posterior IFG

The two posterior clusters (cluster 2 and cluster 4) were located
adjacent to the ventral premotor cortex. Functionally, these
two clusters were mainly related to action processing such as
action execution, speech execution, action imagination, and
action inhibition. Correspondingly, the functional assignment
fits well with the earlier mentioned principle of functional orga-
nization that is the processing of motor-related or highly
automatized cognitive aspects in close proximity to primary
and secondary motor areas. A similar topographic organization
was observed in a previous coactivation-based parcellation of
left area 44 (Clos et al. 2013).

For instance, action imagination such as imagining to move
a hand activates the posterior-dorsal part of both the left and the
right IFG (Szameitat et al. 2007). Furthermore, predicting the reach-
ing range of a person’s foot or hand does likewise involve the right
posterior-dorsal IFG (Lamm et al. 2007). Particularly, the integra-
tion of the perceptual or emotional domain into motor acts such
as visuomotor integration (Macuga and Frey 2011; Papadelis et al.
2016), auditory-motor integration (Tourville et al. 2008; Parkinson
et al. 2012; Behroozmand et al. 2016), somatosensory-motor inte-
gration (Ehrsson et al. 2000), or the integration of an emotional
state in speech production (Pichon and Kell 2013) involve the
posterior-dorsal cluster of the right IFG.

Action inhibition has been frequently linked with activity in
the right IFG (Aron et al. 2014). Accordingly, our finding that the
posterior-ventral cluster 4 was related to inhibitory control con-
verges with multiple quantitative meta-analyses (Cai et al.
2014; Cieslik et al. 2015). However, it is possible to classify 3
subcategories of action inhibition: action cancellation, which is
commonly assessed by stop signal tasks, action withholding
commonly assessed by Go/NoGo tasks, and inference resolu-
tion, which requires the inhibition of competing response pro-
grams triggered by Stroop, Simon, Flanker, or antisaccade tasks
(Zhang et al. 2017). Specifically the cancellation of an already
initiated motor response has been associated with the cluster
of the right posterior-ventral IFG as described in cluster 4
(Sebastian et al. 2013; Zhang et al. 2017). Additional support for
the assignment of inhibitory control to this cluster comes from
a virtual lesion study with transcranial magnetic stimulation.
Stimulating the right posterior-ventral IFG impairs stop-signal
inhibition under specific attentional demands; the stop signal
reaction time is prolonged if and only if a competing flanker
stimulus interferes with the stop signal response (Chambers
et al. 2007). It appears that the right posterior-ventral IFG is
especially relevant for inhibiting already initiated motor
response and for inhibitory control during the suppression of
competing responses. This implies an involvement of this clus-
ter in the processing of heteromodal aspects during the inhibi-
tion of particular motor responses.

Ultimately, heteromodal activity emerges from recurrent
interactions within large-scale brain networks. The specific
coactivation pattern of the action inhibition cluster involved
the right frontal pole, the left IFG and the left insula, a plausible
observation that converges with the literature (Swick et al.
2011; Sulpizio et al. 2017). Furthermore, the topography of the
resting-state functional connectivity of the action inhibition
cluster is reminiscent of the ventral attention network as
described by Yeo et al. (2011). Morphological landmarks of the
ventral attention network are the inferior frontal gyrus, the
frontal pole, the inferior parietal lobe (PFcm), the temporo-
occipital part of the middle temporal gyrus, the anterior and
posterior division of the cingulate gyrus, and the insular cortex.
The ventral attention system is largely lateralized to the right
hemisphere and is specialized for the detection of stimuli to
direct attention to salient events (Corbetta and Shulman 2002).
It is activated when reorienting is unexpected and requires cog-
nitive control (Corbetta and Shulman 2011). Our observation of
an overlap between the resting-state network of the right
posterior-ventral IFG and the ventral attention network
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suggests that a task-related coupling of this control system is
likely. Specifically, the involvement of the ventral attention
network might help to monitor the switch between perception
and action in support of adequate behavior such as the inhibi-
tion of a motor response under conditions of heightened
response competition.

Encoding and Spatial Attention Processing in
the Right Dorsal IFG

The posterior-dorsal cluster 5 showed specific coactivations in
regions previously associated with spatial attention and orient-
ing, including the precentral gyrus, superior parietal lobe (SPL),
and the intraparietal sulcus (IPS) extending into the posterior
inferior parietal lobe (IPL) (Corbetta 1998; Corbetta and Shulman
2011; de Haan et al. 2015).

Specifically, a region overlapping with our cluster 5 was
associated with top-down control during attentional orienting
(Yeh et al. 2007; see also Tops and Boksem 2011; Wang et al.
2016). This region has also been proposed to play a role in audi-
tory orienting (Rossi et al. 2014). Moreover, Hampshire et al.
(2009) reported increased task-related activity of this IFG cluster
in a target detection task under increased attentional load,
when targets and distractors were equally frequent. These
authors reasoned that the IFG responds to those stimuli of the
most relevance to an intended task schema. Another study
found increased sensitivity of an IFG cluster that overlapped
with our cluster 5 for the processing of novel stimuli that was
taken to reflect the evaluation of the potential relevance of
incoming sensory stimuli (Downar et al. 2001).

The previously identified role of the right IFG in attention
processing converges with the results from our resting-state
functional connectivity analysis that revealed a strong overlap
with the dorsal attention network (see Yeo et al. 2011), that
reflects the coordination of attention to external stimuli
(Corbetta and Shulman 2002; Dosenbach et al. 2007).

Aside from the role of cluster 5 in spatial attention, this
cluster was also functionally associated with encoding, that is,
the memorization of different stimuli. This converges with pre-
vious studies that reported increased activity in this cluster of
the right IFG during explicit encoding of item-specific letter
strings or associative memory formation (Fletcher et al. 1999,
2005; Becker et al. 2017). Congruent with the findings from our
specific connectivity analysis, Fletcher et al. (1999) found increased
functional connectivity between the right IFG and the right IPL
during rule acquisition. Accordingly, Ishai et al. (2002) identified
the right IFG as core node for attention, encoding, and visual
imagery. These authors reasoned that the right IFG plays a key
role for the successful initial encoding of information.

Social-cognitive and Emotional Processing in
the Right Anterior IFG

The two anterior clusters (cluster 1 and 3) showed specific con-
nectivity with regions previously associated with more abstract
cognitive functions, including cognitive control and emotional
processing. In particular, the dorsal red cluster 1 in area 45
showed specific connectivity with regions that were associated
with higher-order executive task processing, planning and
monitoring of goal-oriented behavior and higher cognitive
operations (e.g., Petrides 2005; Buda et al. 2011; Hart 2016),
including the right paracingulate gyrus, right superior and mid-
dle frontal gyrus and left temporal occipital fusiform gyrus.
Accordingly, functional decoding across forward and reverse

inference associated this region with cognitive reasoning and
flanker task processing. Cognitive reasoning subsumes pro-
cesses related to the mental faculty of forming conclusions,
judgments and inferences from facts (see BrainMap database,
www.brainmap.org). The flanker task requires cognitive con-
trol, attentional resources, inhibition and response suppres-
sion. In particular, this task is assumed to probe interference
suppression, that is, the ability to filter out irrelevant informa-
tion in the environment (Vaidya et al. 2005). A previous study
reported increased activity in a right IFG cluster at the border
between our clusters 1 and 5 when a colored patch flanked a
word target (Morimoto et al. 2008). The upregulation of the right
IFG was interpreted as increased cognitive control that served
interference suppression. This finding is well in line with our
finding that the right anterior IFG was functionally associated
with mental reasoning and flanker task processing. This fur-
ther converges with a recent meta-analysis on interference
processing (Xu et al. 2016) that associated a region of the IFG
overlapping with our cluster 1 with emotional processing in a
face-word conflict task and non-emotional processing when
subjects performed a color-word Stroop task. These results show
a common neural substrate for emotional and non-emotional
interference processing. Together, our findings and other previ-
ous results (e.g., Tops and Boksem 2011) provide evidence for a
key role of the right anterior IFG in interference resolution, an
important cognitive control process (Nee et al. 2007). This notion
is further corroborated by the observed resting-state functional
connectivity profile for cluster 1 that converges with the previ-
ously described fronto-parietal control network (Dosenbach et al.
2007; Yeo et al. 2011), and might be of special relevance for highly
adaptive control processes (Cole et al. 2014).

In contrast to cluster 1, the specific connectivity profile for
the second anterior cluster 3 in area 45 encompassed regions
that were previously associated with emotional processing and
higher-level social-cognitive functions, including left amygdala
and bilateral frontal orbital cortex, frontal pole and the middle
temporal gyrus (Bzdok et al. 2013a; Caruana et al. 2015; Adolfi
et al. 2017). In line with the MACM profile for this cluster, func-
tional decoding revealed associations with social cognitive and
emotional processes, including film viewing, with the latter
triggering core processes of the social cognitive faculty. The
assigned role of a subpart of right area 45 in social cognitive
and emotional processing fits well with a number of previous
studies (Bzdok et al. 2013a; Caruana et al. 2015; Adolfi et al.
2017; Yordanova et al. 2017). For instance, Mossad et al. (2016)
reported stronger activation in an IFG region overlapping with
our cluster 3 during a false belief task, which converges with a
number of previous studies (van Veluw and Chance 2014) and
provides further evidence for a contribution of the right IFG to
the “mentalizing” network. In particular, the authors suggest
that the contribution of the IFG to false belief processing might
reflect the inhibition of one’s own belief. The role of this cluster
in emotional processing is further supported by the findings of
Meder et al. (2016) who reported that outcome valence of a choice
task modulated activity in this part of the right IFG. Specifically,
the IFG showed stronger activity increases with positive-going
prediction errors in a reward-seeking compared to a punishment-
avoidance condition, indicating a stronger responsiveness to “bet-
ter-than-expected” outcomes. The task-independent resting state
functional connectivity profile for cluster 3 associated this region
with the default mode network (Yeo et al. 2011). It was suggested
that the default mode network may set the stage for self-
projection and scene construction in the switching between inter-
oceptive and exteroceptive mind states (Buckner and Carroll 2007;
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Mars et al. 2013; Li et al. 2015; Bzdok et al. 2016) and strongly over-
laps with the previously identified core regions for social cognitive
processing, including the prefrontal and parietal cortex (Uddin
et al. 2005; Bzdok et al. 2016).

The Multi-functional Nature of Right and Left
Posterior IFG

A previous coactivation-based parcellation study (Clos et al.
2013) characterized the contribution of the left posterior IFG
(BA 44) to different cognitive domains. That study reported a 5-
cluster solution for right BA 44, with the specific connectivity
profiles and associated functions for the different subclusters
partly overlapping with and partly diverging from the networks
for the posterior part of the right IFG as investigated here.

Our additional MACM analysis for right area 44 only allowed us
to compare our results with the previous study (Clos et al. 2013).
This additional parcellation revealed inconsistent results with
respect to the optimal cluster solution. While the optimal solution
was ambiguous, the strong overlap of the 3-cluster solution with
our previous clusters in the posterior part of the larger IFG VOI
provides further support for our main findings. Specifically, the
posterior cluster of our supplementary coactivation-based parcel-
lation (see Supplementary Fig. 8A; green) was associated with
action execution and action imagination (Supplementary
Fig. 9) and showed a strong overlap with the action execution-
related cluster 2 of our main coactivation-based parcellation
(Supplementary Fig. 8B; green). The ventral cluster (Supplementary
Fig. 8A, blue) was associated with Go/No-Go tasks (Supplementary
Fig. 10) and showed a strong overlap with our previously described
action inhibition-related posterior-dorsal cluster 4 (Supplementary
Fig. 8B; yellow). Finally, the dorsal cluster (Supplementary Fig. 8A,;
red), which lied adjacent to the posterior inferior frontal sulcus,
had an association with cognitive control such as visual attention
(Supplementary Fig. 11), and showed a strong overlap with our
previously described posterior-dorsal cluster 5 (Supplementary
Fig. 8B; light-blue). Altogether, this coactivation-based parcellation
of right area 44 only already reflects a posterior-to-anterior gradi-
ent with a posterior action and an anterior cognition part.

Most notably, Clos and colleagues (2013) describe a similar
functional gradient of left area 44 with a posterior action and
an anterior cognition part. This shows that in general both
regions are functionally organized alike. However, some func-
tions are shared by both hemispheres, while others are stron-
ger lateralized in either right or left posterior IFG. In particular,
we note a congruency of network connectivity and associated
function between our posterior action-related clusters and the
previous action clusters, that is, cluster 1 for overt speech and
cluster 4 for action imagination and rhythmic sequencing in
Clos et al. (2013). This points towards a bilateral organization of
action processes with a left hemisphere specialization for
speech fluency and a right hemisphere specialization for the
stopping of motor responses (Neef et al. 2016). The strongest
differences between the previous and present study in turn
become apparent for language functions. In the previous study,
all 5 clusters of left area 44 were associated with various com-
ponents of language processing, in particular phonological,
syntactic, and semantic processing. In contrast, our study con-
verges with other previous results demonstrating that the right
posterior IFG harbors a region particularly specialized for spa-
tial attention processes (e.g., Hampshire et al., 2009). With
respect to the findings by Clos et al. (2013) in left area 44, it
should be noted that we did not find evidence for a 5-cluster
solution in right area 44 but for a 3-cluster solution.

Conclusion

The right inferior frontal gyrus is a heterogeneous area for dif-
ferent processes mainly related to response inhibition and cog-
nitive control. We provide evidence for a segregation of this
region into 5 functionally distinct clusters. These regions were
distributed among three different principal axes. A first posterior-
to-anterior axis located motor functions in the posterior part and
more abstract cognitive functions in the anterior IFG. Two dorsal-
to-ventral axes provided a more fine-grained description of both
faculties, segregating the posterior cluster into a dorsal part for
action inhibition and a ventral part for action execution. The
anterior IFG was further subdivided into a dorsal cluster for men-
tal reasoning and conflict resolution, and a ventral cluster for
higher-level social cognition and emotion. A fifth cluster in the
most posterior-dorsal part of the IFG was functionally associated
with encoding, spatial navigation and attentional processes.

The different clusters were integrated in distinct large-scale
functional networks for various cognitive processes. In sum-
mary, our results provide further evidence for a general organi-
zation of cognitive processes along large-scale axes in the
human cortex spanning from more automatic functions to
more complex higher-level cognitive processes.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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