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Abstract

The anterior insula is a multifunctional region involved in various cognitive, perceptual and socio-

emotional processes. In particular, a portion of the left anterior insula is closely associated with 

working memory processes in healthy participants and shows gray matter reduction in 

schizophrenia. To unravel the functional networks related to this left anterior insula region, we 

here combined resting state connectivity, meta-analytic-connectivity modeling (MACM) and 

structural covariance (SC) in addition to functional characterization based on BrainMap meta-data. 

Apart from allowing new insight into the seed region, this approach moreover provided an 

opportunity to systematically compare these different connectivity approaches. The results showed 

that the left anterior insula has a broad response profile and is part of multiple functional networks 

including language, memory and socio-emotional networks. As all these domains are linked with 

several symptoms of schizophrenia, dysfunction of the left anterior insula might be a crucial 

component contributing to this disorder. Moreover, although converging connectivity across all 

three connectivity approaches for the left anterior insula were found, also striking differences were 

observed. RS and MACM as functional connectivity approaches specifically revealed functional 
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networks linked with internal cognition and active perceptual/language processes, respectively. 

SC, in turn, showed a clear preference for highlighting regions involved in social cognition. These 

differential connectivity results thus indicate that the use of multiple forms of connectivity is 

advantageous when investigating functional networks as conceptual differences between these 

approaches might lead to systematic variation in the revealed functional networks.
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INTRODUCTION

The anterior insula (AI) is a multifunctional integration region that has been associated with 

various sensory, cognitive and socio-affective processes (Kurth et al., 2010; Mutschler et al., 

2009) and is hypothesized to implement the integration of external and internal processes by 

large-scale interactions with other brain regions (Craig, 2009; Menon and Uddin, 2010; 

Singer et al., 2009). Moreover, two recent meta-analyses highlighted the left AI as a core 

region in working memory (Rottschy et al., 2012) and as a region displaying structural 

abnormalities in schizophrenia (Nickl-Jockschat et al., 2011). This left AI region thus seems 

to be a key component of cognitive functioning in healthy subjects and shows aberrations in 

a highly prevalent mental disorder, prompting questions about the functional networks 

associated with it.

When aiming to delineate the functional interactions of this region, it is noteworthy that 

functional connectivity analysis is actually a rather heterogeneous construct. In particular, 

there are several different approaches to detect functional networks on the basis of non-

invasive neuroimaging. Firstly, task-free resting state (RS) connectivity can be used to 

reveal brain regions that display temporal correlations with the seed region in functional 

MRI time-series obtained while no explicit task is presented (Fox and Raichle, 2007; Smith 

et al., 2013). Secondly, task-based functional connectivity using meta-analytic co-activation 

modelling (MACM) has been established as another functional connectivity approach 

(Eickhoff et al., 2010; Laird et al., 2013). Here, co-activation of regions with a certain seed 

region across many experiments recorded in the BrainMap database (Fox and Lancaster, 

2002; Laird et al., 2011, 2009, 2005) is used to identify functional networks. Furthermore, 

the meta-data specifying the kind of task and contrast employed by experiments activating 

the region of interest may be used to functionally characterize the resulting networks and 

thus reveal their functional implication. Thirdly, structural covariance (SC) is an analysis 

method to infer structural networks which in turn result from to a combination of genetic, 

maturational and functional interaction effects (Evans, 2013). As such, the examination of 

SC networks can possibly contribute to the understanding of functional connectivity 

although it is not yet entirely clear to what degree structural covariance can directly infer 

functional networks. In particular, this approach is based on the correlation of gray matter 

characteristics such as volume or thickness across participants (Albaugh et al., 2013; Lerch 

et al., 2006). Conceptually, gray matter covariance is thought to reflect shared maturational 

and functional specialization processes of these regions in addition to genetic factors 
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(Alexander-Bloch et al., 2013; Evans, 2013). Such structural covariance patterns have been 

shown to exist between brain regions belonging to the same functional system in healthy 

participants (Andrews et al., 1997; Mechelli et al., 2005). Moreover, the learning of specific 

skills has been demonstrated to lead to training-induced structural plasticity in the networks 

subserving these skills (Draganski et al., 2004; Driemeyer et al., 2008; Haier et al., 2009; 

Maguire et al., 2003). Also in patient populations specific structural covariance 

abnormalities have been observed (Bernhardt et al., 2008; Bullmore et al., 1998; Mitelman 

et al., 2005; Spreng and Turner, 2013). In this context, it needs to be stressed that all three 

approaches RS, MACM and SC share the same goal of delineating regions that interact with 

the seed. In spite of this shared goal, however, substantial conceptual differences are also 

evident and in particular for SC there is still some debate regarding the extent that 

anatomical covariance networks represent functional connectivity. While there has been 

some evidence for convergence between RS and MACM (Cauda et al., 2011; Hoffstaedter et 

al., 2014; Jakobs et al., 2012), between RS and SC (He et al., 2007; Seeley et al., 2009), as 

well as convergence between RS, MACM and SC onto a common insular architecture 

(Kelly et al., 2012), a systematic comparison of all these three approaches is still lacking. 

Such a comparison, however, seems highly warranted given the increasing focus on network 

interactions in neuroimaging (Kousta, 2013) and the conceptual differences between the 

approaches. In particular, these raise the question to which degree these methods may reveal 

common but also differential interactions, i.e., whether there is a bias in the delineated 

networks. A multimodal region such as the left AI might be particularly suited to tackle this 

question as it offers the possibility to discern multiple functional networks that could be 

preferentially delineated by the different conceptual approaches to functional connectivity. 

We thus examined RS-, MACM- and SC-derived networks seeded from the left AI as 

defined by two previous meta-analyses on working memory activations (Rottschy et al., 

2012) and atrophy in schizophrenia (Nickl-Jockschat et al., 2011).

MATERIAL AND METHODS

VOI definition and functional characterization

The seed volume of interest (VOI) was based on converging findings in the left anterior 

insula reported in two meta-analyses. The first identified the anterior insula as one of four 

regions showing significant reductions in gray matter volume in patients with schizophrenia 

compared with healthy controls across 38 morphometric MRI studies (Nickl-Jockschat et al., 

2011). Secondly, the anterior insula was one of the core regions for working memory as 

identified in a meta-analysis across 189 task-based fMRI studies (Rottschy et al., 2012). We 

computed the intersection between the left anterior insula (AI) volumes resulting from these 

two meta-analyses and used this overlap as a seed VOI for the current study (Fig. 1A). The 

seed region was thus not explicitly drawn around the centre MNI coordinates but determined 

by this intersection between the two volumes. This intersection volume had an extent of 90 

voxels at 2 × 2 × 2 mm resolution. As this overlap between the two volumes was fully 

localized in the left anterior insula, no additional steps were necessary to ensure that the AI 

seed region was limited to the insula.
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We furthermore functionally characterized the AI seed region based on the Behavioral 

Domain and Paradigm Class meta-data from the BrainMap database (http://

www.brainmap.org; Fox and Lancaster, 2002; Laird et al., 2011, 2009). Behavioral domains 

include the main categories cognition, action, perception, emotion, and interoception, as 

well as their related sub-categories. Paradigm classes categorize the specific task employed 

(see http://brainmap.org/scribe for more information on the BrainMap taxonomy). The 

functional profile was determined using forward and reverse inference. Forward inference is 

the probability of observing activity in a brain region given knowledge of the psychological 

process, whereas reverse inference is the probability of a psychological process being 

present given knowledge of activation in a particular brain region. In the forward inference 

approach, the functional profile was determined by identifying taxonomic labels for which 

the probability of finding activation in the respective region was significantly higher than the 

overall (a priori) chance across the entire database. That is, we tested whether the 

conditional probability of activation given a particular label [P(Activation|Task)] was higher 

than the baseline probability of activating the region in question per se [P(Activation)]. 

Significance was established using a binomial test (p < .05, corrected for multiple 

comparisons using FDR; Müller et al., 2013; Rottschy et al., 2013). In the reverse inference 

approach, the functional profile was determined by identifying the most likely behavioral 

domains and paradigm classes given activation in a particular region. This likelihood 

P(Task|Activation) can be derived from P(Activation|Task) as well as P(Task) and 

P(Activation) using Bayes rule. Significance (at p < 0.05, corrected for multiple 

comparisons using FDR; Müller et al., 2013; Rottschy et al., 2013) was then assessed by 

means of a chi-squared test.

Resting state functional connectivity

Task-independent functional connectivity of the anterior insula was investigated by means 

of a seed based resting state (RS) analysis. RS fMRI images of 132 healthy volunteers 

between 18 and 85 years (mean age 42.3 ± 18.08 years; 78 males) from the NKI/Rockland 

sample were obtained through the 1000 Functional Connectomes project (www.nitrc.org/

projects/fcon_1000/; Nooner et al., 2012). During the RS scans subjects were instructed to 

keep their eyes closed and to think about nothing in particular but not to fall asleep. For each 

subject 260 RS EPI images were acquired on a Siemens TimTrio 3T scanner using blood-

oxygen-level-dependent (BOLD) contrast [gradient-echo EPI pulse sequence, TR = 2.5s, TE 

= 30ms, flip angle = 80°, in plane resolution = 3.0 × 3.0mm2, 38 axial slices (3.0 mm 

thickness) covering the entire brain]. The first four scans were excluded from further 

processing analysis using SPM8 to allow for magnet saturation. The remaining EPI images 

were first corrected for movement artifacts by affine registration using a two pass procedure 

in which the images were first aligned to the initial volumes and subsequently to the mean 

after the first pass. No slice time correction was applied as this correction has minimal effect 

on functional connectivity (Wu et al., 2011). The mean EPI of each subject was then 

spatially normalized to the MNI single subject template using the “unified segmentation” 

(Ashburner and Friston, 2005). The ensuing deformation was applied to the individual EPI 

volumes. To improve signal-to-noise ratio and to compensate for residual anatomical 

variations the images were smoothed with a 5-mm FWHM Gaussian kernel.
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The time-series data of each voxel were processed as follows (Satterthwaite et al., 2013): In 

order to reduce spurious correlations, variance that could be explained by the following 

nuisance variables was removed: i) The six motion parameters derived from the image 

realignment, ii) the first derivative of the realignment parameters, iii) mean gray matter, 

white matter and CSF signal per time-point as obtained by averaging across voxels 

attributed to the respective tissue class in the SPM8 segmentation (Clos et al., 2014). All 

nuisance variables entered the model as first and second order terms. Data was then band 

pass filtered preserving frequencies between 0.01 and 0.08 Hz, since meaningful resting 

state correlations will predominantly be found in these frequencies given that the BOLD 

response acts as a low-pass filter (Biswal et al., 1995; Fox and Raichle, 2007).

The time-course was extracted from the left AI seed volume for every subject by computing 

the first eigenvariate of the time-series of those 50% of the seed’s gray matter voxels 

(median split) that had the highest probabilities of representing gray matter according to the 

SPM8 segmentation. To quantify RS functional connectivity, linear (Pearson) correlation 

coefficients were computed between this seed time-series and the time-series of all other 

gray matter voxels in the brain (Reetz et al., 2012; zu Eulenburg et al., 2012). The voxel-

wise correlation coefficients were then transformed into Fisher’s Z-scores and tested for 

consistency across subjects by a second-level analysis of variance (ANOVA, including 

appropriate non-sphericity correction). The results of this random-effects analysis were 

family-wise error (FWE) corrected at a cluster level threshold of p < .05 (cluster-forming 

threshold: p < .001 at voxel level).

Meta-analytic connectivity modeling

Meta-analytic connectivity modeling (MACM) is a relatively new approach to the analysis 

of functional connectivity that assesses the correlations of neural activity in different brain 

areas over studies, i.e., co-activation (Eickhoff et al., 2010). MACM draws upon the 

advantage of high standardization in the publication of neuroimaging data, e.g., the 

ubiquitous adherence to standard coordinate systems (Talairach, MNI) and the emergence of 

large-scale databases that store this information. The key idea behind MACM is to first 

identify all experiments in a database that activate a particular brain region (seed VOI), and 

then test for convergence across (all) activation foci reported in these experiments (Eickhoff 

et al., 2010). Obviously, as experiments were selected by activation in the seed, highest 

convergence will be observed in the seed region. Significant convergence of the reported 

foci in other brain regions, however, indicates consistent co-activation over experiments 

with the AI seed region. To identify studies reporting neural activation within the AI region 

we used the BrainMap database (http://www.brainmap.org; Fox and Lancaster, 2002; Laird 

et al., 2011, 2009). To date, this database contained activation coordinates from over 10,000 

neuroimaging experiments. Of these only imaging studies which examined task-based 

activations in a group of healthy subjects were considered, while between-group contrasts, 

patient populations and intervention-studies were excluded. These criteria yielded ~7200 

eligible experiments at the time of analysis. As the first step of the MACM analysis we 

identified all experiments that featured at least one focus of activation within the AI VOI. 

The convergence of reported neural activation across the retrieved experiments was then 
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modeled using the revised version of the activation likelihood estimation (ALE) algorithm 

(Eickhoff et al., 2009b).

The ALE approach is based on modeling the coordinates reported in the identified 

experiments as centers of 3D Gaussian probability distributions. These modeled activation 

fields reflect spatial uncertainties due to between-subject variability but also additional 

uncertainty caused by differences in spatial normalization and data analysis across single 

experiments (between-template variance). For each experiment, the probability distributions 

of all reported foci are combined into a modeled activation (MA) map (Turkeltaub et al., 

2012). Taking the union across these MA maps yields voxel-wise ALE scores representing a 

quantitative description of activity convergence over all experiments at each particular 

location of the brain. To distinguish “true” convergence from random convergence, ALE 

scores are compared to an analytically derived null distribution reflecting a random spatial 

association between experiments [random effects analysis (Eickhoff et al., 2012)]. The ALE 

maps reflecting the convergence of co-activations with the AI VOI were family-wise error 

(FWE) corrected using the same statistical criteria as employed for the resting-state imaging 

data, i.e., at a cluster level threshold of p < 0.05 (cluster-forming threshold: p < .001 at voxel 

level), and converted to Z-scores for visualization.

Structural covariance

Structural covariance (SC) is based on the assumption that correlation between regional gray 

matter properties such as volume or cortical thickness across subjects is indicative of 

functional connectivity between these regions (Alexander-Bloch et al., 2013; Evans, 2013; 

He et al., 2007; Lerch et al., 2006). In particular, significant covariance of gray matter 

volume across individuals is thought to reflect shared developmental or recruitment and 

hence functional specialization of the respective regions (Alexander-Bloch et al., 2013; 

Zielinski et al., 2010). SC thus forms an alternative route to detect functional brain networks 

in vivo by reflecting the integrated effects of co-recruitment.

In order to investigate the brain-wide pattern of structural covariance with the AI seed, we 

used the anatomical T1-weighted images from the same subjects as described above for the 

RS analysis. For each of the 132 subjects T1-weighted images were acquired in sagittal 

orientation on a Siemens TimTrio 3T scanner using an MP-RAGE sequence (TR = 2.5 s, TE 

= 3.5 ms, TI = 1200 ms, flip angle = 8°, FOV = 256 mm (256 × 256 matrix), 192 slices, 

voxel size 1 × 1 × 1 mm). The anatomical scans were preprocessed using the VBM8 toolbox 

(dbm.neuro.uni-jena.de/vbm) in SPM8 using standard settings (DARTEL normalization, 

spatially adaptive non-linear means denoising, a Markov random field weighting of 0.15 and 

bias field modeling with a regularization term of 0.0001 and a 60 mm FWHM cut-off). The 

resulting normalized gray matter segments, modulated only for the non-linear components 

of the deformations into standard space, were smoothed using an 8 mm isotropic FWHM 

kernel. This smoothing kernel differs admittedly from the 5 mm kernel used for the RS data, 

however, smaller kernels around 5 mm for functional data and larger kernels around 10 mm 

for structural data have been employed previously in combined RS and structural studies 

(Kelly et al., 2012; Seeley et al., 2009). Furthermore, identical kernels do not guarantee 

identical smoothness, as the intrinsic smoothness of the functional and structural data will be 

Clos et al. Page 6

Neuroimage. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



different. Subsequently, these normalized and smoothed gray matter segments were 

statistically analyzed by non-parametrical statistics using the “permute” function in FSL. In 

particular, we first computed the volume of the AI seed by integrating the modulated voxel-

wise gray matter probabilities at the voxels corresponding to the seed cluster for each 

subject. This vector of subject-specific local volumes for the AI seed represented the 

covariate of interest in the statistical group analysis. The statistical analysis thus tested for 

each voxel whether the local volume at that particular voxel was significantly related to the 

volume of the AI. In the statistical model, we included age as a covariate of non-interest. In 

turn, as we modulated the gray matter probability maps by the non-linear components only 

to represent the absolute amount of tissue corrected for individual brain size, we did not 

include total brain volume as an additional covariate in the analysis. That is, given that the 

correction for inter-individual differences in brain volume was applied directly to the data it 

was not performed (a second time) as part of the statistical model. While we used cluster-

level FWE correction at p < 0.05 for the RS and MACM data, this thresholding method is 

not valid for VBM data because cluster level correction requires stationary smoothness of 

the data, which cannot be assumed for VBM data (Ridgway et al., 2008). Therefore, we 

chose the currently recommended cluster-based correction for VBM data, namely threshold-

free cluster enhancement (TFCE; Smith and Nichols, 2009). Significance was thus evaluated 

at p < 0.05 (corrected for multiple comparisons using full permutation testing of TFCE 

images) as implemented in FSL.

Comparison of connectivity measures

Common connectivity with the AI across the three evaluated modalities (RS, MACM, SC) 

was identified by computing the overlap between the thresholded connectivity maps using a 

minimum statistic conjunction (Nichols et al., 2005; conjunction null). Pair-wise differences 

at p < 0.05 were evaluated by computing contrasts between the connectivity maps and 

inclusively masking the resulting map with the thresholded connectivity map of interest. 

That is, e.g. regions that showed stronger RS than MACM connectivity were identified by 

computing the differences RS – MACM and masking by the main effect of RS. Finally, for 

each of the three connectivity approaches, we performed a conjunction analysis across the 

contrasts with the two other connectivity maps to highlight connected regions specific to RS, 

MACM and SC, respectively. For example, computing MACM – RS in conjunction with 

MACM – SC and the main effect of MACM identified regions specific to MACM. All 

resulting conjunction and contrast maps were additionally thresholded with a cluster extent 

threshold of 100 voxels. Finally, the resulting commonly and specifically connected regions 

were functionally characterized based on the Behavioral Domain and Paradigm Class meta-

data from the BrainMap database as outlined above for the AI seed region.

RESULTS

The functional characterization of the left AI revealed no significant associations with any 

specific behavioral domain or paradigm class at p < 0.05 (FDR-corrected for multiple 

comparisons) indicating a broad functional response profile. At p < 0.05 uncorrected, the 

BrainMap meta-data pointed to a role of this region in (working) memory, emotions and 

particularly in language and speech processes (Fig. 1B), confirming a relatively broad 
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involvement in different cognitive functions. Significant connectivity with the left AI seed 

was observed for various brain regions in all three approaches at p < 0.05 (corrected for 

multiple comparisons). Highest connectivity was in all cases observed for the vicinity of the 

left AI seed extending into the surrounding inferior frontal cortex as well as for its right 

homotope and the (pre-) supplementary motor area (SMA; Fig. 2).

Regions commonly connected to the AI in all three approaches were identified by a 

conjunction analysis across the RS, MACM and SC connectivity maps. Three converging 

clusters were identified by this conjunction (Fig 3A and Table 1). Two of these were 

centered on the bilateral AI (on the left reaching into the putamen) extending into the IFG 

and the precentral gyrus. The third was localized in the posterior medial frontal cortex 

(SMA/pre-SMA).

The functional characterization of these regions that were shown to be coupled with the AI 

across all three approaches pointed to a strong association of these with language and 

speech-related processes including semantics, phonology and syntax. Additionally, an 

association to attention, working memory and action inhibition was revealed (Fig. 3B).

Pairwise conjunctions (Fig. 4A, C and E) and contrasts (Fig. 4B, D and F) of these three 

connectivity maps indicated both commonalities of and differences between the three 

approaches to functional connectivity. We thus assessed the specific AI connectivity 

revealed by each of the three methods compared to the two other ones by computing the 

conjunction across each pair of contrasts displayed in Fig. 4B, D and F. Note that as strong 

local ispilateral and contralateral AI connectivity was revealed by all approaches, the AI was 

unsurprisingly not revealed to be a part of any of these specific networks.

Specific RS connectivity of the AI, i.e., RS connectivity that was significantly stronger than 

the connectivity revealed by MACM and SC analysis, was observed in the bilateral superior 

temporal gyrus (STG)/posterior insula (extending on the left into the parietal operculum), 

ventrolateral prefrontal cortex (VLPFC), inferior parietal cortex (IPC), V1/V2, anterior 

midcingulate cortex (aMCC), SMA, putamen and left precentral gyrus. Specific MACM 

connectivity was observed in the bilateral fusiform gyrus/cerebellum and in the right IPC. 

Specific SC with the AI was found bilaterally in the ventromedial (VMPFC), dorsomedial 

(DMPFC) and dorsolateral prefrontal cortex (DLPFC), in the middle temporal gyrus (MTG), 

posterior cingulate cortex (PCC), in the right ventrolateral prefrontal cortex (VLPFC), right 

hippocampus/amygdala, left temporal pole and left angular gyrus (AG; Fig. 5A and Table 

2).

Subsequently, these specific networks were likewise functionally characterized using the 

BrainMap meta-data. The regions specifically revealed by RS connectivity were primarily 

associated with auditory perception (including music), cognition, pain perception and 

reward. The regions specifically connected to the AI in the MACM analysis were 

significantly associated with several cognitive processes including vision and spatial 

processing but also with more language-related processes such as phonology, orthography, 

semantics and working memory. Finally, the regions specifically highlighted as connected to 
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the AI by the structural covariance were mainly associated with emotion, social cognition, 

reward and memory (Fig. 5B).

DISCUSSION

The aim of the current study was to delineate the function of a left anterior insula (AI) 

region and to compare structural covariance with task-free and task-based functional 

connectivity of this particular region. The choice of this left AI region as a seed for the 

connectivity analyses was motivated by its central role in working memory in healthy 

participants (Rottschy et al., 2012) and by findings of atrophy in patients with schizophrenia 

in this region (Nickl-Jockschat et al., 2011). Using the left AI as a seed thus allowed us to 

compare the three connectivity mapping approaches for a region involved in a key 

component of cognitive functioning in healthy subjects and affected by a highly prevalent 

mental disorder. Moreover, the high baserate of activation across many different tasks 

reported for the anterior insula (Chang et al., 2013; Yarkoni et al., 2011) and 

neuropsychological lesion evidence (Jones et al., 2010) indicates that this region contributes 

to a large variety of functional networks. This presumed broad functional involvement 

makes the anterior insula an ideal target to investigate differences between connectivity 

approaches as specific networks might preferably be revealed by the different approaches. 

Thus, the rather little functional specialization of the left AI should increase the chance of 

establishing a (potential) link between a method and the functional networks that it is biased 

to.

Converging AI connectivity

Importantly, all three connectivity approaches converged on a network comprising the right 

AI homotope, the bilateral inferior frontal gyrus (IFG), precentral gyrus, supplementary 

motor area (SMA) as well as the left putamen. This finding, in combination with previous 

reports that RS and SC yield similar connectivity patterns (He et al., 2007; Seeley et al., 

2009) thus supports the assumption that covariance of gray matter volume reflects functional 

networks in the brain. Extending previous comparisons of SC and task-free RS functional 

connectivity measured in the same sample of participants, the current study furthermore 

demonstrated convergence with task-based MACM functional connectivity computed across 

many experiments and subject samples. We have thus verified that common networks may 

be revealed across highly divergent methods. Moreover, the characterization of this common 

network indicated a primary role in language processes including semantics, phonology, 

syntax, overt speech and reading. Although other processes such as working memory, 

attention, action inhibition, visual and gustatory perception were linked with this network as 

well, the relative dominance of language processes indicated that the common denominator 

of this consistently revealed network is language. This dominance of language processes is 

in agreement with meta-analytic findings showing that language-related processes 

preferentially activate the anterior-dorsal part of the insula (Mutschler et al., 2009) and with 

studies linking AI activation with lexico-semantic (Crepaldi et al., 2013; Vigneau et al., 

2011) as well as with orthographic processing (Montant et al., 2011). However, it is peculiar 

that this convergent AI network does not feature typical temporal and parietal regions 

associated with language processing such as the STG/MTG and AG. Moreover, the 
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language-characteristic lateralization towards the left is only observed for the putamen. Of 

note, temporal and left parietal regions are present in the structural covariance network but 

not in the resting state nor in the MACM network. Therefore, parts of the typical language 

network are also missing in the convergent network. However, the link of this convergent 

network with semantic, phonological and syntactic processes resulted directly from the 

quantitative reverse inference employed in the functional characterization and thus is not 

merely a subjective interpretation. Hence, the IFG, SMA, precentral gyrus and left putamen 

seem to share a common involvement in language processes, although they might not 

represent the complete language network. It is also possible that only a certain sub-function 

of these language processes might be the common denominator of this convergent AI 

network. Given that the functional characterization indicated working memory and attention 

mechanisms as additional domains of the convergent AI network, verbal working memory 

might be a prime candidate for a common function of these regions. Moreover, all these 

regions are known to be involved in motor control and could thus reflect predominant 

implication in speech articulation processes (Brown et al., 2009; Eickhoff et al., 2009a). 

Indeed the AI has been proposed to play a central role in the articulation of speech 

(Ackermann and Riecker, 2004).

Networks specifically associated with the individual connectivity approaches

Despite this common connectivity observed across all three approaches, striking differences 

were also found when contrasting the connectivity networks of the three techniques. In 

particular, specific RS functional connectivity of the left AI (compared to MACM and SC) 

highlighted the bilateral superior temporal gyrus, visual cortex, posterior insula, 

ventrolateral prefrontal cortex (VLPFC), inferior parietal cortex (IPC), SMA, anterior 

midcingulate cortex (aMCC), basal ganglia and the left precentral gyrus. These regions were 

found to be related with cognition, auditory perception, pain perception, reward as well as 

monitoring and discrimination in various sensory domains. The revealed connectivity 

pattern is highly similar to previous RS investigations of the (dorsal) AI reporting significant 

RS correlations in frontal, anterior cingulate, parietal and subcortical regions (Cauda et al., 

2011; Chang et al., 2013; Deen et al., 2011). In contrast, specific MACM results highlighted 

language and covert speech processes as well as visual/spatial perception and working 

memory processes involving the fusiform gyrus and the cerebellum bilaterally as well as the 

right IPC. This specific MACM pattern deviates from previous findings based on meta-

analytic co-activation of the dorsal AI using the Neurosynth framework rather than the 

BrainMap database (Chang et al., 2013). It may be noted that these authors also reported a 

very similar network as found with RS functional connectivity; however, connectivity 

patterns were not explicitly contrasted in the previous analyses. Thus, the differences 

between the connectivity approaches are likely not that obvious and hence only revealed 

when directly comparing the resulting networks.

It may be argued that these diverging connectivity patterns are at least in part attributable to 

the conceptual differences of the functional connectivity approaches and, more specifically, 

the mental state of the subjects. RS functional connectivity is based on correlation of fMRI 

time-series measured under resting conditions, that is, it represents intrinsic synchronized 

activity that emerges in the absence of external stimulation (Deco and Corbetta, 2011; Fox 
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and Raichle, 2007). Therefore, RS functional connectivity might tend to reveal networks of 

regions involved in the internal generation of events such as spontaneous cognition but also 

in the monitoring of internal needs and goals (Doucet et al., 2011; Jakobs et al., 2012; 

Schilbach et al., 2012) required for pain perception, reward processing as well as for 

discrimination processes in auditory and other sensory modalities. We would thus argue that 

the specific RS connectivity pattern reflects interactions of the seed during undirected 

attention covering both the internal milieu and external environment. In contrast, MACM 

represents conjoint, robust activation in response to exogenously controlled events and thus 

will most likely fail to reveal connectivity underlying internally initiated, spontaneous 

behavior and cognition (Eickhoff and Grefkes, 2011). Rather, MACM should mainly 

delineate regions that interact with the seed during the performance of structured tasks 

involving the maintenance of previously given task-set, the processing of sensory stimuli 

according to specified rules and the selection of a response from a predefined set. Therefore, 

the divergent functional connectivity patterns of the left AI associated with internal 

cognition and active perceptual and language processes might very well reflect the resting 

vs. active task state used for evaluating RS and MACM functional connectivity, 

respectively.

In contrast to the above mentioned functional connectivity approaches, structural covariance 

revealed an extensive network specifically devoted to (negative) emotions, social cognition, 

reward and explicit memory composed of ventromedial (VMPFC), dorsomedial (DMPFC) 

and dorsolateral prefrontal cortex DLPFC), the middle temporal gyrus (MTG), posterior 

cingulate cortex (PCC), the right ventrolateral prefrontal cortex (VLPFC), right 

hippocampus/amygdala, left temporal pole and left angular gyrus. Firstly, it should be 

stressed that this network shows a strong functional relation despite the fact that it was 

defined by anatomical covariance. In combination with the conjunction results across 

structural and functional connectivity, this again emphasizes that SC should reflect 

functionally specific brain networks. However, it may be noted that the specific SC network 

showed a striking association with social cognition and (mainly negative) emotional 

processing compared to the functional connectivity networks. That is, whereas RS and 

MACM revealed predominantly perceptual and language networks, this was not the case for 

SC. The strong dominance of social cognition is particular remarkable as the functional 

characterization of the left AI seed region as well as the conjunction network across 

connectivity approaches did not indicate a specific involvement of the left AI in social 

processing. However, a central role for the AI in aspects of social cognition processes 

including empathy (Singer et al., 2009, 2004) is widely recognized. It is thus not the 

association of social-emotional processes with left AI per se, but rather the exclusive 

reflection of these processes in the SC network that may be surprising. In support of the 

validity of our SC results, the current network strongly resembles a previously reported SC 

pattern of a left AI seed with several regions that clearly stood out in the current SC analysis 

including the VMPFC, DMPFC, VLPFC, DLPFC, as well as the lateral and medial temporal 

cortex (Bernhardt et al., 2013). Furthermore, this earlier study showed that the SC between 

VLPFC and the left AI correlated positively with empathy. Thus, the current SC findings of 

the left AI are well in line with a previously detected SC network of the left AI and a 

proposed role of this network in social cognition.
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Still, the question remains why this “social” network is so much more dominant in SC as 

compared to the other functional connectivity approaches. While the exact biological basis 

of SC is still rather unclear, SC networks have been hypothesized to arise from mutual 

trophic effects mediated by axonal connections and experience-related plasticity affecting 

regions within a functional network similarly (Evans, 2013; Mechelli et al., 2005) in 

addition to genetic factors determining brain morphology (Thompson et al., 2001). The SC 

pattern of the left AI might thus reflect dominant long-term synchronized developmental 

patterns within the social cognition network, which could indicate that the brain is literally 

wired for social interactions, as also proposed by the social brain hypothesis (Dunbar and 

Shultz, 2007; Dunbar, 2009; Insel and Fernald, 2004). Importantly, these would represent 

relatively “slow” processes continuously shaping the brain over years and decades. 

Approaches to task-based (MACM) and task-free (RS) functional connectivity on the other 

hand might rather highlight more flexibly employed functional network interactions. 

Therefore, they would pick up the transients of brain connectivity in a particular context 

(mind-wandering or experimental tasks) but much less such anatomically imprinted long-

term interactions in a complex (social) world. This would imply that also other forms of 

anatomical connectivity of the AI should primarily reveal regions involved in social-

emotional processes. Indeed there is some evidence for this, as anatomical tracer studies in 

monkeys found strong reciprocal interconnectivity between the AI and various limbic 

regions including the orbitofrontal cortex, temporal pole and amygdala (Mesulam and 

Mufson, 1982; Mufson and Mesulam, 1982). Noninvasive diffusion imaging of the human 

insula similarly identified anatomical connections the AI with orbitorfrontal, temporal, and 

inferior frontal regions (Cloutman et al., 2012; Jakab et al., 2012) as well as with the 

amygdala (Cerliani et al., 2012). While these studies did not observe particular anatomical 

connectivity between the AI and midline regions that was prominent in our SC pattern, 

remarkably strong anatomical connectivity (but no RS functional connectivity) between the 

insula and medial frontal gyrus as well as the PCC was reported by (Skudlarski et al., 2008). 

Of interest, most diffusion-based anatomical connectivity studies unequivocally report lack 

of anatomical connectivity between the insula and the ACC in humans (Beckmann et al., 

2009; Cerliani et al., 2012; Cloutman et al., 2012), which is in sharp contrast to functional 

connectivity findings (Cauda et al., 2011; Taylor et al., 2009). And indeed, despite the 

striking covariance between the AI and midline structures in the current study, the ACC 

seemed to be spared both in the specific and the non-specific SC pattern. These results thus 

imply that connectivity between the ACC and the insula is not captured by noninvasive 

connectivity methods based on anatomical characteristics.

In spite of the plausible hypotheses stated above, the small number of previously performed 

comparisons between SC approaches and functional connectivity in addition to the 

uncertainties regarding the biological basis of SC do not allow us to derive ultimate 

conclusions from the current study. Future studies comparing SC with functional 

connectivity approaches using other seed regions will be needed in order to establish 

whether SC indeed preferably reveals certain presumably hardwired networks such as social 

cognition and emotion networks and to what extent this pattern might depend on the seed 

region. Also, a better understanding of the biological processes driving SC would help with 

the interpretation of the specific functional implication reflected in the SC networks. 
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Moreover, it is important to acknowledge that, in addition to the conceptual differences of 

the three connectivity approaches, unequal noise effects might also contribute to diverging 

connectivity patterns. That is, noise and measurement error may vary across the connectivity 

approaches (Eickhoff et al., 2011). For example, MACM is very vulnerable to variability in 

the location of activations reported across studies due to limited sample sizes and different 

templates used for normalization of imaging data (Eickhoff et al., 2009b), while RS 

fluctuations can be confounded by low-frequency physiological signals and movement 

(Bandettini and Bullmore, 2008; Fox et al., 2009) whose impact furthermore varies across 

brain regions (Skudlarski et al., 2008). For SC on the other hand, the accuracy of the 

segmentation of the brain tissue might differ across the cortex and distort connectivity 

results (Lerch et al., 2006).

Still, such biases in measurement noise fail to explain the clear differences in network 

characterization that point to specific functional roles in internal cognition for RS, active 

cognition and perception in MACM and social cognition in SC. In particular, the properties 

of the RS and MACM networks are well in accordance with what would be expected based 

on their conceptual differences in a resting and an active task setting, respectively. Likewise, 

long-term maturational effects in the brain reflecting the importance of social interactions 

could explain the preferential delineation of social cognition-related areas by SC analysis.

Role of the left AI in health and disease

The non-significance of the FDR-corrected functional characterization of the left AI 

indicated a high baserate of activation across many different tasks and thus little functional 

specialization in this region. This is in agreement with proposals of the anterior insula as an 

integrative region involved in multiple functions (Craig, 2009; Dosenbach et al., 2006; 

Kurth et al., 2010). Still, the uncorrected functional characterization results demonstrate that 

language, memory and emotion processes seem to dominate in this portion of the anterior 

insula. These findings are in accordance with the two meta-analyses that served to define the 

AI seed region. In this context, we would like to highlight that such accordance is not trivial 

or circular, as the previous analyses were not based on the BrainMap database. Firstly, the 

results reflect the importance of the left AI seed in working memory observed in the meta-

analysis by (Rottschy et al., 2012). In particular, this previous meta-analysis found the left 

AI to be part of a network involved in working memory independently of the type of stimuli 

and task which might thus qualify as the central executive network of the brain. Secondly, 

the characterization results converge with the findings of gray matter atrophy in this region 

in schizophrenia (Nickl-Jockschat et al., 2011). Schizophrenia is associated with symptoms 

in the language domain [e.g. auditory verbal hallucinations (Jardri et al., 2011; Seal et al., 

2004), but also with disorganized speech and alogia (Becker et al., 2012; DeLisi, 2001)], 

socio-emotional disturbances [e.g. flattened affect (Gur et al., 2006; Kirkpatrick et al., 2001) 

and social cognition deficits (Savla et al., 2013)] as well as working memory and executive 

function impairments (Dibben et al., 2009; Glahn et al., 2005; Lee and Park, 2005; 

Minzenberg et al., 2009). Given the interaction patterns revealed in the current study, we 

would suggest that a considerable amount of the symptoms displayed by schizophrenic 

patients might involve the left AI and the networks connected to it.
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Indeed, neuroimaging studies have pointed to abnormal insular involvement in 

schizophrenic symptoms including auditory-verbal hallucinations (Clos et al., 2014; Dierks 

et al., 1999; Hoffman et al., 2008; Shergill et al., 2000; Sommer et al., 2008), impairment of 

verbal fluency (Curtis et al., 1998), working memory (Glahn et al., 2005; Hashimoto et al., 

2010) and emotions (Crespo-Facorro et al., 2001; Lee et al., 2014; Phillips et al., 1999; 

Seiferth et al., 2009). Previous proposals of insular dysfunction in schizophrenia have 

mainly focused on its role in distinguishing internal and external sensory events (Crespo-

Facorro et al., 2000; Wylie and Tregellas, 2010) and salience (Menon and Uddin, 2010). 

While these accounts could explain how hallucinations and other disturbed perceptions 

could arise from insular dysfunction, the connectivity patterns and the functional 

characterization of the left AI moreover suggest that also other symptoms including working 

memory impairments and socio-emotional deficits might result from insular dysfunction. 

Together with the structural abnormalities in the left AI (Nickl-Jockschat et al., 2011), the 

current findings thus indicate that abnormal functioning of the AI and its associated 

functional networks might lead to impaired integration within and between language, 

working memory and socio-emotional systems in schizophrenia. Moreover, with regard to 

healthy brain functioning, our results are in line with previous accounts proposing that the 

integration of internal and external events across multiple modalities into a coherent 

experience (Craig, 2009; Kurth et al., 2010; Sterzer and Kleinschmidt, 2010), salience 

detection (Menon and Uddin, 2010) or task-set maintenance (Dosenbach et al., 2006) could 

be the core function of this region. The current results emphasized the AI’s role in various 

cognitive domains including language, working-memory and affect under both active task 

and resting state. Thus, the AI is involved in processes underlying spontaneous, internally 

generated cognition and action as well as behavior in response to exogenously controlled 

events. Moreover, social cognition heavily relies on the successful integration internal 

needs, emotions and goals with the demands of the environment. Therefore, the AI seems to 

be extremely suited to integrate perception, cognition, affect and action caused by internal 

and external events into a coherent whole. This interpretation in turn would be in accordance 

with the often suggested integrative role of the AI.

Finally, the comparison of the connectivity approaches point out that some functions of the 

left AI are differentially highlighted by different connectivity approaches. In particular, the 

association of RS functional connectivity with internal cognition, MACM functional 

connectivity with active perceptual and language processes and SC with social cognition 

stresses the importance of investigating multiple connectivity forms when trying to 

understand the contribution of certain brain regions as well as the brain networks underlying 

complex psychiatric disorders.
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Highlights

The left anterior insula is part of language, memory and socio-emotional networks

• Three connectivity approaches were systematically compared examining this 

region

• Resting state specifically highlighted regions involved in internal cognition

• MACM specifically highlighted regions involved in active perception/language

• Structural covariance specifically highlighted regions involved in social 

cognition
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Fig. 1. The left anterior insula seed
A) The left anterior insula seed displayed on sagittal, coronal and axial sections of the mean 

anatomical image of the NKI sample. x, y and z values represent the center of gravity in 

MNI space. B) Behavioral Domains (upper row) and Paradigm Classes (lower row) from the 

BrainMap database significantly associated with the anterior insula seed (uncorrected p < .

05).
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Fig. 2. Connectivity of the left anterior insula seed
A) Regions showing significant resting state connectivity with the left anterior insula seed 

(cluster-level FWE-corrected at p < .05). B) Regions showing significant MACM 

connectivity with the left anterior insula seed (cluster-level FWE-corrected p < .05). C) 

Regions showing significant structural covariance with the anterior insula seed (TFCE-

corrected at p < .05).
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Fig. 3. Conjunction analysis of the left anterior insula and functional characterization
A) Conjunction across resting state connectivity, MACM connectivity and structural 

covariance (additional cluster extent threshold of 100 voxels). B) Functional characterization 

of the commonly connected regions based on the Behavioral Domain and Paradigm Class 

meta-data of the BrainMap database. All terms shown are significantly associated with the 

regions shown in A) at p < .05 (FDR-corrected for multiple comparisons).
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Fig. 4. Pairwise comparisons of the different connectivity measures of the left anterior insula
A) Conjunction (yellow) and B) contrast of resting state connectivity (red) and MACM 

connectivity (green). C) Conjunction (violet) and D) contrast of resting state connectivity 

(red) and structural covariance (blue). E) Conjunction (cyan) and F) contrast of MACM 

connectivity (green) and structural covariance (blue). An additional cluster extent threshold 

of 100 voxels is applied.
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Fig. 5. Specific connectivity of the left anterior insula and functional characterization
A) Specific contrasts between resting state connectivity (red), MACM connectivity (green) 

and structural covariance (blue). An additional cluster extent threshold of 100 voxels is 

applied.

B) Functional characterization of the specifically connected regions based on the Behavioral 

Domain and Paradigm Class meta-data of the BrainMap database. All terms shown are 

significantly associated with specific resting state connectivity (red), specific MACM 
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connectivity (green) and specific structural covariance (blue) of the anterior insula at p < .

05, respectively (FDR-corrected for multiple comparisons).
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