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Abstract 

 

There are continuing uncertainties regarding whether performance monitoring 

recruits the anterior insula (aI) and / or the frontal operculum (fO). The proximity and 

morphological complexity of these two regions make proper identification and 

isolation of the loci of activation extremely difficult. The use of group averaging 

methods in human neuroimaging might contribute to this problem. The result has 

been heterogeneous labelling of this region as aI, fO, or aI/fO, and a discussion of 

results oriented towards either cognitive or interoceptive functions depending on 

labelling. In the present article, we adapted the spatial preprocessing of functional 

magnetic resonance imaging data to account for group averaging artefacts and 

performed a subject by subject analysis in three performance monitoring tasks. 

Results show that functional activity related to feedback or action monitoring 

consistently follows local morphology in this region and demonstrate that the activity 

is located predominantly in the fO rather than in the aI. From these results we propose 

that a full understanding of the respective role of aI and fO would benefit from 

increased spatial resolution and subject by subject analysis. 
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Introduction 

Neuroimaging studies have shown that an extensive region located at the junction of 

the anterior insula (aI) and the frontal operculum (fO) is an integral part of the 

performance monitoring network. The aI and the fO are distinct cytoarchitectonic 

areas: whereas aI is an agranular area, fO is a dysgranular area (Foundas et al., 2001; 

Anwander et al., 2007; Keller et al., 2009; Amunts et al., 2010; Keller et al., 2011; 

Nieuwenhuys, 2012). Differences in the presence and extent of granular layer IV have 

been shown to relate to differences in function. For instance, a striking difference is 

observed between primary sensory (granular) and primary motor (agranular) areas 

initially described by Brodmann. On a more fine-grained level, adjacent motor regions 

for example show different granularity (primary motor cortex agranular, premotor 

cortex dysgranular), for which a functional theory has been put forward (Shipp 2013). 

As such, the difference in granularity in aI and fO would point towards distinct 

functional contributions of these areas to performance monitoring but which have 

been difficult to disentangle thus far.  

The functional discrimination of these areas is difficult for different reasons: 

First, the morphological complexity of the region makes the proper identification of 

the locus of activation extremely challenging, especially using voxel-based 

neuroimaging methods. More precisely, whereas the circular insular sulcus (cris) 

delineating the insula is very stable across subjects, the intersection between aI and 

fO displays morphological heterogeneity (Naidich et al., 2004; Nieuwenhuys, 2012). In 

addition, because of the local cortical folding, smoothed activation-related voxels may 

cover both fO and aI subparts. Second, the fact that most studies use conventional 

linear group averaging methods amplifies this problem. As a result of these anatomical 

and technical challenges, authors label activity maxima in this region in various 

manners: they have been described as belonging to aI (Preuschoff et al., 2008; 

Christopoulos et al., 2009; d'Acremont et al., 2009; Tobler et al., 2009; Rutledge et al., 

2010; Ullsperger et al., 2010; Wessel et al., 2011; Amiez et al., 2012b; Harsay et al., 

2012; Klein et al., 2013; Becker et al., 2014; Koban and Pourtois, 2014; Rothkirch et 

al., 2014), to fO (Higo et al., 2011; Nelissen et al., 2013), or to both (aI/fO) (Menon et 

al., 2001; Dosenbach et al., 2006; Dosenbach et al., 2007; Fair et al., 2007; Seeley et 
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al., 2007; Sridharan et al., 2008; Amiez et al., 2012a; Vaden et al., 2013). Consequently, 

this imprecise labelling often leads to discussions of results orientated in the context 

of an aI-related interoceptive/emotional perspective (e.g. Klein et al., 2007; Brass and 

Haggard, 2010; Ullsperger et al., 2010; Koban and Pourtois, 2014) or a cognitive 

perspective focussed on the fO (e.g. language) (e.g. Friederici et al., 2006; Higo et al., 

2011). The specific aim of the present study was to assess whether these two regions 

can be dissociated with the spatial resolution of fMRI, and whether events related to 

performance monitoring recruit fO and/or aI.  

We took advantage of three studies originally designed to assess the function 

of the midcingulate cortex (MCC) in performance monitoring (Amiez et al. 2013; 

Wutte et al. in prep) and we resorted to subject by subject analysis to assess precise 

structure-to-function relationships. Such analysis consists in performing linear 

registration in MNI space of individual subject data and assess local relationship 

between sulcal morphology and functional activity in each hemisphere of each 

subject. This analysis has the advantage to keep intact the within subject relationships 

between sulci and gyri and that the MNI coordinates can be compared with other 

neuroimaging studies (and may be used for future meta-analyses). This analysis has 

already demonstrated its value for the understanding of the anatomo-functional 

organization of the primary hand motor cortex (Yousry et al. 1997), the dorsal 

premotor cortex (Amiez et al. 2006; Amiez and Petrides, 2009), the inferior frontal 

junction (Derrfuss et al., 2012), the mid-cingulate cortex (Amiez et al., 2013; Amiez 

and Petrides, 2014; Procyk et al. 2014), the angular gyrus (Segal and Petrides, 2013), 

the postcentral cortex (Zlatkina et al. 2015), and the dorsolateral prefrontal cortex 

(Amiez and Petrides, 2007) (for comments on this method, see Tomaiuolo and 

Giordano 2015). Note that such precise analysis may contribute to the improvement 

of future group-averaging methods based on non-linear/diffeomorphic brain 

registration targeted in this aI/fO region, and therefore to allow a better spatial and 

statistical detection of activity increases (Auzias et al 2011; Pizzagalli et al 2013).  

Previous work shows systematic co-activation of MCC and aI/fO during 

performance monitoring (Dosenbach et al., 2006; Dosenbach et al., 2007; Higo et al., 

2011; Amiez et al., 2012a; Amiez et al., 2012b; Amiez et al., 2013), both after relevant 

feedbacks (Amiez et al., 2012a; Amiez et al., 2012b; Amiez et al., 2013), and action 
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errors (Klein et al., 2007, Ullsperger & von Cramon, 2004, Wessel et al., 2012). We 

here focus on this co-activated aI/fO region and perform subject by subject analyses 

in order to assess the relationships between local aI and fO morphology and activation 

related to performance monitoring.  

Classical cytoarchitectonic studies have delineated the opercular cortical 

region that lies next to the pars opercularis (BA 44) and pars triangularis (BA 45) (see 

Petrides 2014 for discussion). For instance, Economo and Koskinas refer to the 

opercular region adjacent to the pars opercularis as area FCDop and the opercular 

region adjacent to the pars triangularis as area FDop (Economo and Koskinas, 1925) 

and Petrides (2014) as areas 44op and 45op. A recent receptor architectonic study 

(Amunts et al., 2010) demonstrated the existence of four fO areas: Op8, located 

adjacent to area 44; Op9, located adjacent and ventral to area 45; Op7, located 

adjacent to Op8, and Op10, located adjacent to Op9 (Fig. 1). These fO areas display 

different receptor types distributions than those observed in area 44 and 45. Taking 

differences in granularity and receptor organization together, we can hypothesize 

important functional dissociations between aI, fO areas (Op7, 8, 9, 10), and lateral 

frontal areas 44/45, as other authors suggested (Nieuwenhuys, 2012; Morel et al., 

2013; Neubert et al., 2014). This anatomo-functional organization is also supported by 

a diffusion-weighted magnetic resonance imaging study showing a segregation of 

areas 44, 45, and fO on the basis of differential connectivity (Anwander et al., 2007).  

--------------Figure 1 about here------------ 

The current study aimed therefore to locate the activations observed at the 

intersection of the circular insular sulcus and frontal operculum with reference to the 

organization of the cytoarchitectonic areas described above. The results 

demonstrated that performance monitoring activity is mainly associated to the fO and 

not (or very weakly to) the aI. We provide precise methodological steps to help further 

studies in the identification of the locus of activations in the aI/fO region. 

 

Materials and Methods 
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The methods related to study 1 have been published previously (Amiez et al., 2013) 

and will therefore be presented briefly here. The methods of studies 2 and 3 have not 

been published and will be presented in greater detail.  

Study 1 and 2 relate to feedback monitoring during trial and error learning with 

respectively juice feedback and visual feedback. Study 3 corresponds to a 

compatibility task challenging action monitoring and error processing referred to as 

‘internal’ feedback processing.  

These studies were performed in accordance with the Declaration of Helsinki 

and approved by the local ethics committees. All participants gave written consent to 

participate in these studies. All of them had normal or corrected-to-normal vision. 

None of them was taking medication or had any history of neurological disease.  

 

Participants 

Studies 1 and 2. Fifteen right-handed healthy volunteers (7 female, mean age = 26.3), 

participated in the first fMRI study. Twelve of them (6 female) participated in the 

second study.  

 

Study 3. Thirty-two healthy volunteers participated in this study. Two subjects were 

excluded from the MR analysis due to neurological findings resulting in a final cohort 

of 30 subjects (10 female, mean age = 23). Handedness was assessed with the 

’Handedness Inventory’ (Oldfield, 1971). All but one subject were right handed, with 

handedness scores from 33-100 (+100 fully right handed, -100 fully left-handed). 

 

Protocol 

Studies 1 and 2 

In these two studies, subjects performed a problem-solving task in which they had to 

discover by trial and error in successive trials which one of three simultaneously 

presented abstract stimuli was associated with positive feedback. In each successive 

“problem”, subjects searched for and then exploited the correct response. Hence, two 

periods were distinguished in this task: an exploration period in which negative 

feedback (instructing change in the stimulus choice, called “NEGexplore”) and the first 
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positive feedback (instructing the subject to stop exploring and to start exploiting, 

called “POSexplore”) were received, and an exploitation period in which the subject 

repeated the correct choice and in which positive feedback was received (called 

“POSexploit”). In each trial, three abstract unknown stimuli appeared simultaneously 

at the three possible locations on the screen for 2s. During these 2s, the subjects had 

to select one of these stimuli by pressing the corresponding mouse button. Note that 

the spatial position of each stimulus varied randomly from trial to trial throughout a 

problem, thus rendering the spatial information irrelevant to task performance. After 

a delay varying from 0.5 to 6s (average = 2s), a feedback was delivered. If the choice 

was incorrect, a negative feedback stimulus was presented and, after an inter-trial 

interval pseudo-randomly varying from 0.5 to 8s (average = 3.5s), the same 3 stimuli 

were presented again at different spatial positions and the subject would make 

another selection. Testing proceeded in this manner until the subject found the 

correct stimulus, the correct choice being indicated by the delivery of the positive 

feedback. After the first correct choice (associated with the delivery of the first 

positive feedback), the exploration period terminated and the exploitation period 

started. The exploration period lasted 1–3 trials and the exploitation period consisted 

of 2 trials during which the subject could keep selecting the correct stimulus. When a 

problem was solved, three new novel abstract stimuli were presented and the subject 

attempted to solve the new problem.  

--------------Figure 2 about here------------ 

In study 1 (Fig 2A), various volumes of fruit juice were used to provide the 

feedback. To equalize as much as possible sensory information provided for negative 

versus positive feedback, we designed 4 conditions in which negative feedback could 

be juice delivery. In every condition, the positive feedback corresponded to the largest 

reward delivery. In conditions 1, 2, 3, and 4, the positive and negative feedback values 

were 1.2 and 0 ml, 1.2 and 0.4 ml, 0.8 and 0 ml, and 0.8 and 0.4 ml of fruit juice, 

respectively. These four conditions were pseudorandomly selected for each problem. 

The subject was informed of the condition type by the color of the fixation cross 

presented in the center of the screen (see Fig 1A). To control for motivational state, 

subjects were asked not to drink for 12 h before the experiment. Note that 

behavioural data have been published in Amiez et al. (2013). 
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In study 2 (Fig 2B), negative feedback was a red square, positive feedback was 

a green square. These two types of feedback were presented during 1s. 

Problems were labelled as correct when no repetition of incorrect choices 

occurred in the exploration period and no incorrect choices occurred in the 

exploitation period. Only data obtained from problems solved correctly were used for 

fMRI analysis. 

 

Study 3 

Participants conducted an audio-visual accessory Simon task, during which they had 

to respond with a left or a right button-press to the color of a centrally presented 

stimulus (Fig 2C). Participants were instructed to respond as fast as possible. The 

stimulus color was either red or green. Concurrently, a distractor sound was played to 

the left or the right ear. The side of response and the sound were either on the same 

(compatible) or on opposite sites (incompatible). This caused a compatibility effect as 

observed in longer reaction times and higher error rates on incompatible trials. Color-

side of response instructions were counterbalanced across subjects. 

396 trials were presented in three runs of 132 trials each. The same number of 

compatible and incompatible trials was presented. Randomizations were controlled 

to allow for not more than 3 repetitions per feature (side of response, color or 

compatibility). 

 The protocol consisted of a fast event-related design with events of 1.4 s 

durations. Events included a preparation time of 0.4 s and a stimulus duration of 1s 

for the visual and 100ms for the auditory stimulus. The inter-stimulus-interval (ISI) was 

jittered between 2.4 and 8.8 s (exponential distribution). 

Trials on which participants did respond with the opposite hand than the one 

instructed to, are considered as errors and are at the core of this analysis. These 

erroneous responses are well known to recruit the action monitoring network 

(Ridderinkhof et al., 2004). Trials following errors showed post-error slowing (mean 

reaction times pre-error-trials: 374 ms, error trials: 344 ms, post-error trials: 398 ms, 

pre-error trials are faster than post-error trials, p < 0.001) Previous studies have shown 

that post-error slowing can be in great parts be attributed to an increase in response 

caution (Rabbitt, 1966; Ridderinkhof et al., 2004; Dutilh et al., 2011). We therefore 
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assumed that errors served as internal feedback to refocus action monitoring. Missed 

trials were excluded. All other trials are modeled as correct trials. Note that no 

external feedback was provided.  

 

MRI acquisition 

Studies 1 and 2. Each volunteer was scanned using a 1.5T Siemens Sonata MRI Scanner 

(Siemens). Brain imaging acquisitions were performed at the imaging facility 

(CERMEP-imagerie du vivant, Bron, France). After a high-resolution T1 anatomical scan 

(whole head, 1mm3 isotropic resolution, TR=1.97s, TE=0.393s, flip angle=15°), five 

functional runs of 260 images each (37 oblique T2* gradient echoplanar images, voxel 

size 3.4x3.4x3.4 mm, TR=3.5 s, TE=50 ms, flip angle=90°) sensitive to the blood 

oxygenation level-dependent (BOLD) signal were acquired. The field of view covered 

the whole brain. The first trial onset in each run was synchronized with the scanner 

acquisition via a trigger signal generated by the scanner. Behavioral and imaging data 

were acquired in all trials. 

 

Study 3. Imaging data was acquired on a 3-T Bruker Medspec 30/80 Advance whole 

body MRI system, equipped with a circular polarized head coil using Echo-planar 

imaging (EPI) (TR: 2.4 s, echo time: 30 ms, flip angle: 81.6°). Brain imaging acquisitions 

were performed at the Marseille fMRI center (Marseille, France). 36 slice volumes 

were acquired (interleaved acquisition) with a voxel size of 3 x 3 x 3 mm. Three 

functional runs of 191 volumes each were acquired. Before the functional runs, a high-

order shim was performed and a fieldmap was scanned. Additionally, a T1- weighted 

anatomical volume was acquired (whole head, 1mm3 isotropic resolution, TR=0.94s, 

TE=0.4424s, flip angle = 90°). For the purpose of another study, an additional 

functional run (auditory localizer, 141 volumes) and a diffusion-tensor imaging 

sequence were scanned in the same participants. 

 

Data analysis 

fMRI data: Studies 1 and 2 
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Preprocessing and data analysis were performed with Statistical Parametric Mapping 

software (SPM12b; Wellcome Department of Cognitive Neurology, University of 

College London, London, UK; http://www.fil.ion.ucl.ac.uk/spm) and Matlab 8.2 

(www.mathworks.com). In order to precisely assess the location of increased activity 

in aI/fO, preprocessing was optimized. The first five volumes of each run were 

removed to allow for T1 equilibrium effects. We applied a head motion correction 

using rigid-body realignment and an unwarped algorithm allowing to reduce spatial 

EPI distortion. Then, slice-timing correction was applied using the time center of the 

volume as reference. The Artifact detection Toolbox (ART, 

http://www.nitrc.org/projects/artifact_detect/) was used to remove outliers, i.e. 

volumes in which movement parameters were superior to 2 SD from the mean. The 

subject-mean functional MR images were then co-registered with the corresponding 

structural MR images using mutual information optimization. Functional images were 

spatially normalized into standard MNI space at the EPI resolution, i.e. 3.4mm3. Finally, 

functional images were smoothed using the EPI resolution 3.4mm fullwidth half-

maximum Gaussian kernel for the individual subject analysis and using the EPI 

resolution 6mm fullwidth half-maximum Gaussian kernel for the group analysis 

(Friston et al., 1995b; Friston et al., 1995a; Friston et al., 1995c). A 128s temporal high-

pass filter regressor set was included in the design matrix to exclude low-frequency 

confounds. 

At the first level, each trial was modelled with impulse regressors at the time 

of the presentation of the different types of feedback. These regressors were then 

convolved with the canonical hemodynamic response function and entered into a 

general linear model (GLM) of each subject’s fMRI data. The six scan-to-scan motion 

parameters produced during realignment and outliers were included as additional 

regressors in the general linear model to account for residual effects of subject 

movement. At the second level, we first generated single-subject contrast images and 

compiled the corresponding group (from 15 and 12 subjects in studies 1 and 2, 

respectively) contrast images. For both the group and individual subject levels, we 

performed whole-brain analyses. Increased activity at the occurrence of feedback 

during the exploration period was assessed by comparing the Blood Oxygen Level 

Dependent (BOLD) signal at the occurrence of negative feedback during exploration 
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with the positive feedback during exploitation (i.e. NEGexplore minus POSexploit), and 

by comparing the BOLD signal at the occurrence of the first positive feedback 

(exploration) with positive feedback in exploitation (i.e. POSexplore minus 

POSexploit). In the group analysis (see Figs. 3-4), we then performed a spatial 

conjunction (Friston et al., 2005), between these two comparisons. Specifically, the 

conjunction analysis was implemented using the minimum of the t statistic obtained 

from “NEGexplore minus POSexploit” and “POSexplore minus POSexploit” contrasts 

in the group analysis of studies 1 and 2 (Friston et al. 2005). Thus, only those voxels 

from each contrast that survived a common threshold were considered significantly 

activated in the conjunction analysis. Significance was assessed on the basis of the 

spatial extent of consecutive voxels. A cluster volume extent >190 mm³ in study 1 and 

>195 mm³ in study 2 with a t-value >3 was significant (P<0.05), corrected for multiple 

comparisons using the method of Friston et al. (1995).  

Because the group analysis revealed that the same brain regions showed 

increased activity in “NEGexplore minus POSexploit” and “POSexplore minus 

POSexploit” in both studies 1 and 2 (see result section), we combined negative 

feedback and first positive feedback of exploration and contrasted it with positive 

feedback in exploitation (i.e. [NEGexplore + POSexplore] – POSexploit) in the 

individual subject analysis (see Fig. 6-8). The resulting single-subject contrast images 

were used in the following group analyses and results are presented at p<0.001 

uncorrected. At the second level, we compiled the corresponding group (from 15 and 

12 subjects in studies 1 and 2, respectively) contrast images. The resulting t statistic 

images were thresholded using the minimum given by a Bonferroni correction and 

random field theory to account for multiple comparisons (FWE). Group level results 

are presented both at p<0.05 FWE and at p<0.001 uncorrected. 

Note that, in study 1, the group analysis comprised 3343 exploration trials (i.e. 

1825 negative and 1518 first positive feedback) and 2924 exploitative trials. The 

subject by subject analysis comprised, on average per subject, 223 exploration trials 

(i.e. 122 incorrect feedback + 101 first correct feedback) and 195 exploitation trials. In 

study 2, the group analysis comprised 1394 exploration trials (i.e. 702 negative and 

692 first positive feedback) and 1382 exploitative trials. The subject by subject analysis 
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included, on average per subject, 116 exploration trials (i.e. 59 incorrect feedback + 

58 first correct feedback) and 115 exploitation trials. 

 

fMRI data: Study 3 

Data analysis was performed as described for studies 1 and 2, with the following 

alterations: Deformations of the magnetic field were estimated from the fieldmap and 

were used for unwarping. As functional images were acquired with a resolution of 

3mm, they were smoothed at 3mm for individual analysis. For group analysis, data 

were smoothed at 6mm. 

At the first-level, error and correct trials were modeled with impulse regressors 

at the time of stimulus presentation. GLM analysis on first and second level was 

performed as described above. To assess the BOLD signal specific to error processing, 

i.e. internal feedback, error trials were contrasted with correct trials (contrast “Error-

Correct”). Note that there are considerably less error trials than correct trials (error-

rate: 5.6 % on average, therefore 22 error trials vs 374 correct trials on average per 

subject). Statistical thresholding was carried out as described above. 

 

Comparison between studies 

To assess the extent of the region commonly involved in the analysis of exploratory 

visual and juice external feedback and internal feedback, we also performed, at the 

group level, a spatial conjunction between the contrast “[NEGexplore + POSexplore] – 

POSexploit” in study 1, the contrast “[NEGexplore + POSexplore] – POSexploit” in 

study 2 and the contrast "Error-Correct" in study 3 (Friston et al., 2005). A cluster 

volume extent >179 mm³ with a t-value >3 was significant (P<0.05), corrected for 

multiple comparisons using the method of Friston et al. (1995). 

 

Anatomical criteria for subject by subject analysis: 

To define whether increased activity was located in Op8 or in Op9 in each subject, we 

first delineated areas 44 and 45, which occupy respectively the pars opercularis and 

the pars triangularis of the inferior frontal gyrus (Petrides and Pandya, 1994; Amunts 

et al., 1999; Petrides and Pandya, 2002; Amunts et al., 2010; Petrides, 2014). To assess 
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the antero-posterior extent of area 44, we therefore defined the inferior precentral 

sulcus (iprs) and the ascending anterior ramus of the lateral fissure (aalf), which 

correspond to the caudal and rostral limits of the pars opercularis (see Fig 2). To assess 

the antero-posterior extent of area 45, we identified the ascending anterior ramus of 

the lateral fissure (aalf) and the horizontal anterior ramus of the lateral fissure (half), 

which correspond to the caudal and rostral limits of the pars triangularis (Fig 1). 

Following the tradition in functional neuroimaging studies, the region located at the 

most anterior region of what seems a continuation of the insula was labelled as aI. 

Note, however, that the insular cortex correlates with the claustrum and at this most 

anterior region, the claustrum is no longer present and the cortex here is 

cytoarchitectonically not a part of the insular cortex (see Nieuwenhuis 2012 for a 

discussion on Insula/claustrum relationships).  

We then followed the operculum at the anteroposterior level of these regions 

up to the cris to define whether increased activity located in the operculum was in 

Op8 (44op) (if at the anteroposterior level of area 44) or in Op9 (45op) (if at the 

anteroposterior level of area 45). If increased activity was located at the intersection 

between Op8 and cris we labelled this region Op8/cris. If increased activity was 

located at the intersection between Op9 and cris, then we labelled this region Op9/cris 

(see Fig 1). 

 

Cluster analysis in individual subjects: overlap method. 

In order to assess the extent of the aI/fO region involved in the analysis of external 

juice (study 1), external visual (study 2), and internal (study 3) feedback, we employed 

the method used to identify maps of lesion coverage in groups of patients with brain 

lesions (Damasio and Frank, 1992). This method provides precise information about 

the overall extent of lesions in a group of patients but also about the number of 

patients contributing to each voxel of the lesion map. To this end, clusters of activation 

were extracted in individual subjects at a threshold of p<0.001 uncorrected. Then, 

clusters from all subjects were summed (with the ImCalc SPM tool). The resulting 

maps show a color-coded gradient of the extent of regions commonly involved in n 
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subjects (i.e. in red, activation zone common to the 15, 12, and 30 subjects in studies 

1, 2, and 3, respectively, and in purple, zones activated only in 1 subject).  

 

Results 

 

Group analysis 

 

STUDY 1: 

Group results with a commonly used 6mm smoothing revealed bilateral increased 

activity related to the analysis of feedback during exploration (i.e. contrast 

[NEGexplore + POSexplore] – POSexploit) localized at the intersection between the 

cris and the fO (left hemisphere: MNI coordinates (x, y, z) -30, 20, 8, t-statistic = 10.12; 

right hemisphere: MNI coordinates (x, y, z) 30, 20, 4, t-statistic = 11.15), spreading 

both into aI and fO (Fig 3A), preventing us from determining the precise location of 

this region. Note also that a group analysis with a smaller smoothing kernel (i.e. 

3.4mm) did not allow us to precisely identify which region was concerned (see Tables 

S1 and Fig S1-top panel). 

--------------Figure 3 about here------------ 

We then compared all feedback in exploration (i.e. negative and first positive feedback 

– called NEGexplore and POSexplore) to positive feedback during exploitation (called 

POSexploit) because the two contrasts “NEGexplore minus POSexploit” and 

“POSexplore minus POS exploit” revealed increased activity at the exact same location 

at the intersection between aI and fO (Figs 3B, 3C), as demonstrated by the group 

conjunction analysis (Fig 3D). Specifically, this analysis revealed increased activity at 

the intersection fO/aI at MNI coordinates 34, 21, 8, t=6.74 (voxel extent at t>3 = 

1808mm³) in the right hemisphere and -30, 24, 2, t=4.31 (voxel extent at t>3 = 

865mm³) in the left hemisphere. We therefore focused on the contrast [NEGexplore 

+ POSexplore] minus POSexploit.  

Although it was not the focus of the study, we verified the specificity of fO/aI 

activation regarding positive, negative feedback, and the amount of juice reward as in 

Amiez et al. (2013). The data revealed that the functional signature related to 
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feedback analysis in exploration/exploitation behaviors is similar in aI/fO and in MCC 

(Amiez et al. 2013), i.e. at the level of our analyses, activations do not discriminate 

reward size nor feedback valence (data not shown). 

 

STUDY 2: 

Given that a gustatory area has been described in the human frontal operculum (Small 

et al., 1999; Veldhuizen et al., 2011) and given that the feedback used in study 1 was 

juice reward, we conducted a second study in 12 subjects out of the 15 who 

participated in study 1, in which feedback was visual.  

Group results with a usual 6mm smoothing demonstrated a bilaterally 

increased activity focus at the intersection of the cris and the fO (left hemisphere: MNI 

coordinates (x, y, z) -30, 20, 8, t-statistic = 6.13; right hemisphere: MNI coordinates (x, 

y, z) 34, 22, 8, t-statistic = 9.07). The activation spread both into aI and fO (Fig 4A). 

Note also that a group analysis with a smaller smoothing kernel (i.e. 3.4mm) did not 

allow us to precisely identify the region (see Tables S2 and Fig S1-middle panel). 

------------------Figure 4 about here----------------- 

As in study 1, we compared all feedback in exploration to positive feedback in 

exploitation (i.e. contrast [NEGexplore + POSexplore] minus POSexploit) because the 

two contrasts “NEGexplore minus POSexploit” and “POSexplore minus POS exploit” 

revealed increased activity at the exact same location at the intersection between aI 

and fO (Figs 4B, 4C), as demonstrated by the group conjunction analysis (Fig 4D). 

Specifically, this analysis revealed increased activity at the intersection fO/aI at MNI 

coordinates (x, y, z) 30, 20, 4, t=6.96 (voxel extent at t>3 = 1965mm³) in the right 

hemisphere and -30, 20, 8, t=7.42 (voxel extent at t>3 = 2240mm³) in the left 

hemisphere. 

 

STUDY 3 

Group results revealed bilateral activation at the intersection of the cris and the fO, 

spreading both into aI and fO (left hemisphere: MNI coordinates (x, y, z) -39, 11, -1, t-

statistic = 7.77; right hemisphere: MNI coordinates (x, y, z) 30, 20, 4, t-statistic = 11.15). 

Finally, again, a group analysis with a smaller smoothing kernel (i.e. 3mm) did not 

allow us to precisely identify the region (see Tables S3 and Fig S1-bottom panel). The 
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increased activity was found at the same location as in studies 1 and 2 (Fig 5). The 

group analysis, thus, did not clarify whether the cluster of activation was located in fO 

or in aI.  

--------------Figure 5 about here------------ 

 

COMPARISON BETWEEN THE THREE STUDIES: 

In order to assess whether the fO/aI region involved in the analysis of external and 

internal feedback is the exact same region, we performed a conjunction between the 

contrasts [NEGexplore + POSexplore] minus POSexploit) in studies 1 and 2 and "Error-

Correct" in study 3. Data revealed a commonly located increased activity at the 

intersection between aI and fO (right hemisphere: MNI coordinates (x, y, z) 34, 22, 8, 

t=6.18 (voxel extent at t>3 = 2283mm³); left hemisphere: -30, 20, 8, t=5.32 (voxel 

extent at t>3 = 1649mm³)) (Fig 6). This reveals that external visual and juice feedback 

and internal error feedback induce activation in the same fO/aI region. 

-----------------Figure 6 about here------------------ 

 

Subject-by-subject analyses 

 

STUDY 1 

We then performed a subject by subject analysis. Results of a typical subject are 

presented in Fig 7A. As it can be appreciated on horizontal slices, two foci (maxima of 

BOLD signal) of external juice feedback-related activity are observed: one within the 

frontal operculum Op9 area, and one at the intersection between Op9 and cris.  

--------------Figure 7 about here------------ 

Maxima of activity observed in all subjects are described in Figs 8A and 9A, and 

in Supplemental tables S1.  

------------------Figures 8 and 9 here------------------ 

Results demonstrated that all subjects displayed, at least in one hemisphere, 

increased activity at the intersection between Op9 and cris (white circles, Fig 9A). A 

second maxima of activity was located within Op9 in 13 out of 15 subjects at least in 

one hemisphere (red circles, Fig 9A). Only 3 out of 15 subjects (in the left hemisphere 

of S10 and S11, and in the right hemisphere of S6, S10, and S11) displayed a maxima 

of activity within Op8 (pink circles, Fig 9A).  
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In order to assess the extent of the aI/fO cluster involved in the analysis of 

external juice feedback during exploration, we employed the overlap method (see 

Method section). The resulting map (Fig 10A) shows a color-coded gradient of the 

extent of regions commonly involved in n subjects (i.e. in red, activation zone common 

to the 15 subjects, and in purple, zones activated only in 1 subject). The resulting 

region extended from the intersection of the cris and the fO to Op8/9 (see Fig 10A). 

This activity zone never spread into aI.  

----------------Figure 10 here--------------- 

Neubert et al. (2014) recently subdivided the ventrolateral prefrontal cortex, 

including fO, in 12 subregions on the basis of their tractography pattern. This 

parcellation shows that areas 44v and 45 extend into the frontal operculum (Fig 10D). 

We superimposed these 12 subregions (with permission to use Supplemental Material 

“Neuroimaging S2”, Neubert et al. 2014) onto our anatomical average horizontal 

sections of interest (at MNI Z coordinates 9, 6, 3, 0, -3, -6, and -9). Results are displayed 

in Fig 10D and suggest that the region involved in performance monitoring covers Op 

and also parts of 44v and 45.  

 

STUDY 2 

As in study 1, the subject by subject results (Figs 7B, 8B, 9B) demonstrated two 

maxima of activity: one systematically located at the intersection between Op9 and 

cris (in 12/12 subjects in both hemispheres, white circles, Fig 9B) and one located 

within Op9 (in 11/12 subjects at least in one hemisphere, red circles, circles, Fig 9B). 

Some clusters were also located in Op8 (in 5 of 12 subjects at least in one hemisphere, 

pink circles, Fig 9B). Note that MNI coordinates of maxima of activity observed in all 

subjects are described in Figs 8B and 9B, and in Supplemental table S2. 

We further assessed the extent of the aI/fO cluster involved in the analysis of 

external visual feedback during exploration by employing the overlap methods (see 

above). The resulting region extended from the intersection of the cris and the fO to 

Op8/9 (see Fig 10B). According to Neubert et al.’s map (2014), the region involved 

would also cover parts of area 44v, 45 within fO (Fig 10D). Again, this activity increase 

was never located within aI per se. 
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STUDY 3: 

The subject by subject analysis (Fig 7C, 8C, 9C) demonstrated two clusters: one at the 

intersection of the cris and the fO (white circles, Fig 9C), the other in Op9 (red circles, 

Fig 5C). Some clusters were also located in Op8 (in 11 of 30 subjects, pink circles, Fig 

5C). Note that in two subjects (out of 30) one of the clusters was located in aI (S10, 

S18, see yellow circles in Fig 9C, and coordinates in figure 8C). MNI coordinates of 

maxima of activity observed in all subjects are described in Figs 8C, 9C, and in 

Supplemental table S3. 

We assessed the extent of the aI/fO cluster involved in the analysis of internal 

feedback by employing the overlap method. Results are presented in Fig 10C and show 

that the region involved would also cover parts of area 44v, 45 within fO, according to 

Neubert et al. (2014) (Fig 10D).  

 

COMPARISON BETWEEN THE THREE STUDIES: 

As shown in Figs 8 and 9, Table 1, and Tables S1, S2, and S3, activity maxima 

are found in a large majority of cases at the intersection between fO and cris or within 

Op8 or Op9. Importantly, the clusters extend predominantly in fO,  as displayed in Fig 

10.  

 

Discussion 

Feedback and error processing recruit a common network, including MCC and 

a lateral frontal region either termed aI, fO or aI/fO in the literature. Both summary 

analyses of activity maxima locations (Fig 9) and cluster extent in individual subjects 

(Fig 10) demonstrated that external feedback as well as error responses induce 

activation of cortex located at the intersection of the cris and the fO, spreading into 

fO. This region should correspond to Op10 and Op8/Op9 areas as described by Amunts 

and colleagues (2010) and covers the classical frontal operculum found along the 

inferior frontal gyrus, i.e. the opercular region next to the classical Broca region 

(Neubert et al., 2014). As such, we can reasonably conclude that the cortex involved 

in the analysis of internal (action error) and external feedback is not focussed on the 

anterior insular cortex (aI) per se, but rather in the ventrolateral opercular region (fO). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

19 

It should be noted here that the insular cortex is anatomically related to the extent of 

the claustrum. At the most anterior part of the opercular cortex, at the level of area 

45 (pars triangularis), the cortex that is often labelled as insula and appears a 

continuation of the anterior insula is not insular cortex (Petrides and Pandya, 1994). 

Thus, it is unlikely that activations so far anterior (i.e. at the level of area 45) would be 

insular activations. In any case, the present study shows that the activation does not 

even fall primarily within the region often labelled as aI, at this most anterior part of 

the opercular region.  

Our results have at least two implications. First, the anatomical location of 

fMRI local maxima falling in the region covering fO and aI should be discussed with 

particular care. As demonstrated, it is almost impossible to attribute functional activity 

to either fO or aI if one uses conventional linear group averaging methods, using either 

a large or a small smoothing kernel (Fig S1). Performance monitoring has been 

previously described as recruiting this broad region although in many studies it was 

referred to as either aI (Preuschoff et al., 2008; Christopoulos et al., 2009; d'Acremont 

et al., 2009; Tobler et al., 2009; Rutledge et al., 2010; Ullsperger et al., 2010; Wessel 

et al., 2011; Amiez et al., 2012b; Harsay et al., 2012; Klein et al., 2013; Becker et al., 

2014; Koban and Pourtois, 2014; Rothkirch et al., 2014), fO (Higo et al., 2011; Nelissen 

et al., 2013), or aI/fO (Dosenbach et al., 2006; Higo et al., 2011). This approach creates 

major confusion not only concerning the respective implication/non-implication of the 

aI and fO in performance monitoring, but also in the functional interpretation of action 

monitoring, since labelling this region as aI or fO leads to very different discussion of 

results, either in terms of  interoceptive/emotional  (e.g. Klein et al., 2007; Brass and 

Haggard, 2010; Ullsperger et al., 2010; Koban and Pourtois, 2014) or cognitive 

perspective focussed on the fO (e.g. Friederici et al., 2006; Higo et al., 2011). The 

present studies show that performance monitoring recruits fO. Further experiments 

using optimized spatial preprocessing and precise analysis of relationships between 

sulcus morphology and functional activity at the individual subject level should allow 

a better understanding of the respective role of aI and fO.  

As shown in the present paper, linear group averaging methods do not allow 

to disambiguate the respective involvement of aI and fO and constitute therefore a 

limitation to the group analysis in the present study. However, precise sulcal 
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morphological analysis could help the implementation of local diffeomorphic methods 

allowing to perform optimized non-linear group averaging analysis. Indeed, such 

method allows to independently normalize EPI data of a group of subjects according 

to local morphology (sulci patterns) in a given brain region (Auzias et al 2011; Pizzagalli 

et al 2013), and therefore to improve both the spatial localization of activation clusters 

and their statistical power.  

Detailed comparisons of the anatomical organization of the aI/fO region in the 

human with that of the monkey would certainly help understanding the functional 

dissociations observed in aI versus in fO in the human brain (Petrides and Pandya, 

1994). Future studies should establish anatomical correspondences of the sub-regions 

of aI and fO between human and monkey. Based on the available literature, we might 

describe one converging point between the two species: the circular insular sulcus in 

the human and the corresponding limiting sulcus in the monkey might not be a 

landmark separating aI from fO. Rather, at the intersection of the circular/limiting 

sulcus and the frontal operculum, there is an area called ldfa in monkey (see Evrard et 

al. 2014). In human, Amunts et al. (2010) describe an area called Op10, located 

medially to Op9. Whether this area extend within and beyond the circular/limiting 

sulcus, and whether this area and the monkey ldfa area are homologous are open 

questions.  

The fO/aI region is consistently co-activated with the mid-cingulate cortex 

(MCC), a key region for monitoring external and internal behavioural feedback 

(Holroyd et al., 2004; Rushworth et al., 2007a; Rushworth et al., 2007b; Rushworth et 

al., 2011; Amiez et al., 2012a; Amiez et al., 2012b; Amiez et al., 2013). In the MCC, as 

in fO, we observed increased activity in relation to the analysis of both gustatory 

(Amiez et al., 2012) and visual feedback during exploration (Amiez et al. in 

preparation). Both structures display similar functional signatures during our trial-and-

error task and thus the present data do not allow to disentangle the respective role of 

MCC and fO in performance monitoring. It is interesting to note that these two regions 

share a similar cytoarchitectonic dysgranular organization. They might also both 

contain spiral-shaped neurons in the fifth layer, the so-called “von Economo neurons” 

(VENs) (von Economo and Koskinas, 1925; Allman et al., 2011; Nieuwenhuys, 2012). 

However, as for brain imaging data, the precise location and relative distributions of 
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VENs in the fO/aI region are unclear. Precise anatomical accounts have shown the 

presence of VENs in the aI (Morel et al. 2013). Other descriptions of the putative 

presence of VENs in fO are often insufficiently documented although they mention 

the presence of VENs in the transition cortex between aI and fO (area FI of Economo 

and Koskinas) (Nimchinsky et al., 1999; Seeley et al., 2012; Nieuwenhuys, 2012). Thus 

whether VENs are present in the pure fO, and whether they reflect a specific 

functional cognitive network including MCC, fO and/or aI, remains to be elucidated.  

To conclude, the present data show that it is possible to dissociate activations 

in aI or fO using a single subject description, and that in fact performance monitoring 

recruits fO. Discussion of performance monitoring related activity within this region 

should therefore be oriented in the light of the anatomo-functional organization of 

fO, not of aI. Further studies using precise protocols to disentangle specific dimensions 

of performance monitoring will gain important information by using single subject 

analyses.  
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Table 
 

 Left hemisphere Right hemisphere 

Op8 15 7 

Op9 35 44 

Op9/cris 45 45 

Op8/cris 1 0 

aI 1 1 

 

Table 1.Counts of location of maxima found in individual subjects in each region of 

interest in the three studies combined. 
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Fig 1. Anatomical description of the region of interest in a typical subject (S2, study 

1), according to Amunts et al. (2010) nomenclature. Areas 44 and 45 are represented 

on the cortical surface of the left hemisphere of S2 (left panel). Area 44 is delimited 

rostrally by the anterior ramus of the lateral fissure (aalf) and caudally by the inferior 

precentral sulcus (iprs). Area 45 is delimited caudally by the ascending anterior ramus 

of the lateral fissure (aalf) and rostrally by the horizontal anterior ramus of the lateral 

fissure (half). Dorsally, both areas 44 and 45 are delimited by the inferior frontal sulcus 

(ifs). On the left panel, the orange and pink arrows indicate the point of the frontal 

operculum in the depth of which Op9 and Op8 are located, respectively. Op8 is located 

adjacent to area 44, at the same anteroposterior level, as it can be observed on the 

coronal section presented in the bottom right panel (see dotted line on the cortical 

surface at MNI coordinate Y 12). Op7 is located adjacent to Op8, at the intersection 

between the operculum and the circular insular sulcus (cris). Op9 is located adjacent 

to area 45, at the same anteroposterior level, as it can be observed on the coronal 

section presented in the top right panel (see dotted line on the cortical surface at MNI 

coordinate Y 21). Op10 is located adjacent to Op9, at the intersection between the 

operculum and the circular insular sulcus (cris). Note that the limit of Op7 and Op10 

within the insular wall is not represented because it has not been described by Amunts 

et al. (2010). Abbreviations: cs, central sulcus; ds, diagonal sulcus.  

Fig. 2. Protocols. A. The subjects had to find by trial and error which one of the three 

stimuli led to the highest juice feedback value (correct feedback) by selecting one 

stimulus through a press on the corresponding mouse button. Note that the same 

stimuli appeared on successive trials until the problem was completed, i.e. after 

discovery and repetition of the correct response. There were four conditions, 

presented pseudo-randomly, and indicated by the color of the fixation cross 

throughout the entire trial (see table inset). B. The subjects had to find by trial and 

error which one of the three stimuli led to the correct feedback (i.e. presentation of a 

green square) by selecting one stimulus through a press on the corresponding mouse 

button. Note that the same stimuli appeared on successive trials until the problem 

was completed. C. Subjects were instructed to respond with a left or a right button-

press to the color of a centrally presented stimulus (e.g. green left, red right). 

Legends 
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Concurrently to visual stimulus presentation, an auditory unilateral stimulus was 

played either compatible or incompatible to the response side. The presence of the 

distractor led participants to commit errors in 5.6 % of trials. 

 

Fig 3. Group analysis: Frontal operculum region involved in the analysis of external 

juice feedback (15 subjects). A. BOLD signal at the occurrence of all juice feedback 

during exploratory trials (both incorrect and first correct feedback) compared with the 

BOLD signal at the occurrence of feedback during exploitative trials (i.e. (NEGexplore 

+ POSexplore) minus POSexploit). B. Difference in the feedback-related BOLD signal 

change observed in fO/aI between the negative exploratory and the positive 

exploitatory trials (i.e. NEGexplore minus POSexploit). C. Difference in the feedback-

related BOLD signal change observed in fO/aI between the first correct exploratory 

and the positive exploitatory trials (i.e. POSexplore minus POSexploit). D. Results of 

conjunction between these two comparisons. Functional maps are represented on 

sagittal sections in the left (L) and right (R) hemispheres of the average anatomical 

brain from 15 subjects, at the mediolateral, anteroposterior, and dorsoventral levels 

described, respectively, by the X, Y, and Z values. The color scale represents the range 

of t-values. Note that the yellow line represents the location of fO in different 

anteroposterior levels on coronal slices, in different dorsoventral levels in horizontal 

slices, and in different mediolateral levels on sagittal slices. Abbreviations: fO, frontal 

operculum, cris, circular insular sulcus. 

 

Fig 4. Group analysis: Frontal operculum region involved in the analysis of external 

visual feedback (12 subjects). A. BOLD signal at the occurrence of all juice feedback 

during exploratory trials (both incorrect and first correct feedback) compared with the 

BOLD signal at the occurrence of feedback during exploitative trials (i.e. (NEGexplore 

+ POSexplore) minus POSexploit). B. Difference in the feedback-related BOLD signal 

change observed in fO/aI between the negative exploratory and the positive 

exploitatory trials (i.e. NEGexplore minus POSexploit). C. Difference in the feedback-

related BOLD signal change observed in fO/aI between the first correct exploratory 

and the positive exploitatory trials (i.e. POSexplore minus POSexploit). D. Results of 
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conjunction between these two comparisons. Functional maps are represented on 

sagittal sections in the left (L) and right (R) hemispheres of the average anatomical 

brain from 12 subjects, at the mediolateral, anteroposterior, and dorsoventral levels 

described, respectively, by the X, Y, and Z values. The color scale represents the range 

of t-values. Note that the yellow line represents the location of fO in different 

anteroposterior levels on coronal slices, in different dorsoventral levels in horizontal 

slices, and in different mediolateral levels on sagittal slices. Abbreviations: fO, frontal 

operculum, cris, circular insular sulcus. 

 

Fig 5. Group analysis: Frontal operculum region involved in the analysis of internal 

(action) feedback (30 subjects). The BOLD signal at the occurrence of incorrect motor 

responses is compared to the BOLD signal at the occurrence of correct motor 

responses. Results are presented on the anatomical average of 30 subjects. They 

reveal that the maxima of activity is localized bilaterally at the intersection of the 

frontal operculum and the circular insular sulcus. X, Y, and Z correspond to the X, Y, 

and Z coordinates within the MNI stereotaxic space. The color scale represents the 

range of t-values. Note that the yellow line represents the location of fO in different 

anteroposterior levels on coronal slices, in different dorsoventral levels in horizontal 

slices, and in different mediolateral levels on sagittal slices. Abbreviations: fO, frontal 

operculum, cris, circular insular sulcus. 

 

Fig 6. Conjunction group analysis between the contrasts (NEGexplore + POSexplore) 

minus POSexploit) in study 1 (juice feedback) and 2 (visual feedback) and “Error minus 

Correct” in study 3. Functional maps are represented on sagittal sections in the left (L) 

and right (R) hemispheres of the average anatomical brain from 45 subjects (15 

subjects in Studies 1/2 and 30 subjects in study 3), at the mediolateral, 

anteroposterior, and dorsoventral levels described, respectively, by the X, Y, and Z 

values. The color scale represents the range of t-values. 

 

Fig 7. Subject by subject analysis: Frontal operculum region involved in the analysis 

of juice external feedback (A), visual external feedback (B), and internal feedback (C) 
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in typical subjects. See legends of Figs 3-4. Statistic t-maps thresholded at p < 0.001, 

uncorrected. 

 

Fig 8. Distribution of MNI coordinates of increased activity in aI, Op8, Op9, Op8/cris 

and in Op9/cris observed in individual subjects in Study 1 (A), Study 2 (B), and Study 

3 (C). The figure displays the location of maxima of BOLD signal observed at juice 

external feedback occurrence in the exploratory period as compared to the 

exploitatory period (A), at visual external feedback occurrence in the exploratory 

period as compared to the exploitatory period (B), and at error trials compared to 

correct trials (C). Maxima of activity observed in the left and right hemispheres are 

represented, respectively, as red and blue dots. The radius of the dot represents the 

size of the t-value of each maximum of activity. Several points can refer to one single 

subject.  

 

Fig 9. Relationship between local morphology within the frontal operculum region 

and activity related to the analysis of juice external feedback (A), visual external 

feedback (B), and internal feedback (C). Red and pink circles represent the location 

of the highest t-value in the frontal operculum, anterior (red) or posterior (pink) to the 

ascending anterior ramus of the lateral fissure (aalf in fig 1). White circles show the 

clusters located at the intersection between the frontal operculum (Op9 and Op8) and 

the circular insular sulcus. Yellow circles represent locations within the insula. Data 

from all subjects are represented on horizontal sections on the dorso-ventral axis 

(from MNI coordinates Z=9 to Z=-9). Abbreviations: cris: circular insular sulcus, 

Op9/Op8: frontal Operculum regions, nomenclature following Amunts et al. (2010). 

 

Fig 10. Extent of activation zone involved in the analysis of juice external feedback 

(A), visual external feedback (B), and internal feedback (C). Clusters of activation 

were extracted in individual subject at a threshold of p<0.001 (study 1 and 2) or p<0.01 

(study 3) uncorrected, and summed. The resulting color-coded maps show in red an 

activation zone common to (A) 15 subjects (for the task involving juice external 

feedback, (B) 12 subjects (for the task involving visual external feedback), and (C) 30 

subjects (for the task involving internal feedback) and in purple zones activated only 
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in 1 subject. The figure shows that the region involved in the analysis of juice and 

visual external feedback and internal feedback is located at the intersection between 

the circular insular sulcus and fO and spreads into fO. X and Z correspond to the X and 

Z coordinates within the MNI stereotaxic space. In (D) the tractography-based 

parcellation of the ventrolateral prefrontal region from Neubert et al. (2014) 

(Reproduced with permission from Neubert et al. 2014) and the superimposition of 

the 12 subregions resulting from this parcellation onto our anatomical average 

horizontal sections of interest (at MNI Z coordinates 9, 6, 3, 0, -3, -6, and -9) (with 

permission to use Supplemental Material “Neuroimaging S2”, Neubert et al. 2014). 

Data show that the analysis of visual/juice external feedback and internal feedback 

recruit area 44v and 45 within fO.  
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