
Material and methods 

Participants and recordings 
Thirty-one patients (aged 31.8 ± 8.3 years, 16 women; See Table 1 for full details) with drug-resistant focal 

epilepsy, hospitalized at the Pitié-Salpêtrière Hospital in Paris, participated in this study after giving their 

informed consent (CPP Paris VI, Pitié-Salpêtrière Hospital, INSERM C11-16). Three patients were excluded 

post hoc because of severe cognitive impairments and abnormally long response times (1 patient) or 

because of the presence of wide-spread brain lesions (2 patients), leaving a total of 28 included patients. 

For medical reasons, patients underwent intracerebral recordings by means of stereotactically implanted, 

multilead intracerebral depth electrodes (iEEG). Patients were implanted with 5–12 platinum electrodes 

(AdTech®, Wisconsin) endowed with 4-12 contacts with a diameter of 1.12 mm and length of 2.41 mm, 

with nickel-chromium wiring. The distance between the centers of two contacts is 5 mm. Electrode 

placement was uniquely determined by clinical criteria. In 13 patients neuronal recordings were performed 

using an audio–video–EEG monitoring system (Micromed), which allowed simultaneous recording of 128 

depth-EEG channels sampled at 1024 Hz (0.18 - 220 Hz bandwidth). In 18 patients the recording was done 

with a Neuralynx system (ATLAS, Neuralynx, Inc.), allowing to record up to 160 depth-EEG channels sampled 

at 4 KHz (0.1 - 1000 Hz bandwidth). The least active electrode (preferably in white matter) was defined as 

the reference electrode. Before analysis, all signals were down sampled to 512Hz and re-referenced to their 

nearest neighbor on the same electrode, yielding a bipolar montage. Bipolar montage helps eliminating 

signal artifacts common to adjacent electrode contacts (such as 50Hz line artifact) and achieves a high local 

specificity by cancelling out effects of distant sources that spread equally to both adjacent sites through 

volume conduction.   

Spatial localization of the electrode was automatically computed in native space using the Epiloc toolbox 

(1) developed by the STIM engineering facility at the Paris Brain Institute  (https://icm-

institute.org/fen/cenir-stim//)  using  co-registered  pre-implantation 1.5T or 3T MR scans and post-

implantation CT scans.  Each contact localization was automatically labeled according to the Desikan-

Killiany-Tourville atlas parcellation (2) in patients’ native space, using Freesurfer image analysis suite 

(http://surfer.nmr.mgh.harvard.edu/) that is embedded in Epiloc. In 10 participants with low quality MRI 

scans for which automatic contact labelling was not possible, two experimenters  labeled  manually  and  

independently  the  contacts  (inter-rater  reliability  R=0.99)  based  on  anatomical  landmarks  in  the  

patients’  native  space,  according  to  the  parcellation  of  the  Desikan-Killiany-Tourville atlas (2).  

Experimental task 
A PC Dell Latitude D600 running E-prime 3.0 software (Psychology Software Tools, Pittsburgh, PA) 

controlled the presentation of stimuli, timing operations, and data collection. Stimuli were presented on a 

black background. Two grey empty boxes (3° long and 2.5° large) were horizontally arranged around a 

central fixation point, located at the center of the screen. The distance between the center of the fixation 

point and the center of each box was 7.7°. The fixation point consisted of a grey plus sign (0.5° x 0.5°). Cues 

consisted of a 100-ms thickening (from 1 mm to 3 mm) of the contour of one lateral box. The target was a 

white “X” (1° in height), appearing at the center of one of the lateral boxes, with equal probability. Patients 

sat in front of the computer screen at a distance of approximately 57 cm. Fig. 1A illustrates the experimental 

procedure. Each trial began with the appearance of the fixation point and the two placeholder boxes for 

1,000 ms. The cue followed for a duration of 100 ms. After a stimulus-onset asynchrony (SOA) of either 150 

http://surfer.nmr.mgh.harvard.edu/


ms or 600 ms, the target appeared and remained visible for 150 ms. The placeholder boxes disappeared 

when a response was detected or after 3000 ms if no response was made. The experiment consisted of a 

total of 3 blocks of 112 trials, comprising 50 short SOA trials, 50 long SOA trials, and 12 catch trials, in which 

no target appeared after the cue, all randomly interleaved. Cues were non-informative, i.e. they indicated 

the target location on 50% of trials (Congruent location), and the opposite location (Incongruent location) 

on the remaining 50% of the trials. Patients were instructed to maintain their gaze at the central fixation 

point throughout the test, and to respond to the target as fast and accurately as possible, by pressing the 

right mouse button with their right index finger. Gaze position was verified by confrontation. The mouse 

was placed in an approximately central position with respect to the patient’s body midline. It was stressed 

that the position of cues was useless for predicting the target position, and should not be taken into account 

when responding. Before the first experimental block, patients performed 10 practice trials.  

Behavioral analysis 
For each participant, trials with response time (RT) exceeding 3 std or faster than 100 ms were excluded 

from analysis. Participants’ mean RT were compared using a 2-way repeated measures ANOVA, with 

Congruence and SOA as factors, using JASP software (version 0.14.1) (3). All post hoc comparisons were 

corrected for multiple comparisons using the Holm correction.  

iEEG preprocessing 
Data preprocessing was done using FieldTrip toolbox for EEG/MEG-analysis (4; Donders Institute for Brain, 

Cognition and Behaviour, Radboud University, the Netherlands. See http://fieldtriptoolbox.org) and Matlab 

(Matlab R2016b and R2020a, The MathWorks, Inc.). Continuous iEEG signals were visually inspected. 

Electrodes with excessive epileptic spikes, located at or near the epileptic focus, were rejected. Then, time 

windows showing epileptic transient activity were identified and excluded from further analysis. Next, 

epochs were extracted, between 1 s before target onset and 1.5 s after target onset. Additionally, epochs 

were extracted, between 1 s before the response time and 0.4 s after it. A second artefact rejection 

procedure was then performed on the epoched data, and trials with excessive variance, maximal signal or 

kurtosis of their signal distribution were semi-automatically rejected. After epileptic artifact removal, 1403 

of the bipolar contacts were usable for analysis, 671 of them were in the left hemisphere and 732 in the 

right hemisphere (see Fig. 1C and Table 2 for the localization of the usable contacts). According to the 

Desikan-Killiany-Tourville atlas parcellation (2), 336 (23.9%) of the contacts were located in the frontal lobe, 

689 (49.1%) in the temporal lobe, 48 (3.4%) in the occipital lobe, 138 (9.8%) in the parietal lobe, 46 (3.2%) 

in subcortical regions and 146 (10.4%) in white matter.  

A pseudo-whole-brain analysis approach was selected, focusing on high-frequency broadband (HFBB) 

activity (55–145 Hz a-priori range), a marker for multi-unit neural activity (5), which was associated with 

various cognitive processes (6–8). HFBB power was extracted from each bipolar contact time series, by 

convolving the signal with a set of complex Morlet wavelets (with 8 cycles), in 20 logarithmically spaced 

center frequency bands. Every trace was separately baseline-corrected by means of a z-score relative to a 

the trials’ baseline distribution in the 700 ms prior to cue onset. This approach accounts for the 1/f signal 

drop off in the high-frequency band with increasing frequencies. Finally, we discarded the edges to avoid 

filter artifacts and extracted individual non-overlapping trials relative to either target onset (−0.9 to 1.36 s) 

or relative to the response time (−0.9 to 0.3 s). HFBB signals were down-sampled to 50 Hz for further 

analysis.  

 



Trajectory k-means clustering 
In order to reveal contacts’ prototypical temporal patterns of activity across experimental conditions, we 

developed a novel clustering approach based on k-means clustering, implemented through Matlab (Matlab 

R2016b and R2020a, The MathWorks, Inc.). Clustering was done on responsive contacts, defined as having 

a target-locked significant effect (p≤0.05 uncorrected) of at least 100 ms in one or more of the eight 

experimental conditions compared to baseline. For each condition in a given contact, a time resolved 

independent samples t-test was performed, in which each time point across trials was compared to the 

distribution of all the baseline samples pooled over all that condition’s trials (-0.2-0 s prior to cue onset). 

This yielded 644 contacts (See Table 2 for their spatial localization), for which the trajectories of the mean 

target-locked or response-locked activity across the 8-dimensional condition space were entered into the 

clustering algorithm. Activity across conditions was z-scored relative to the distribution of the trials’ entire 

duration. Trajectories were iteratively partitioned (10000 iterations) into 2-9 clusters, in which each contact 

was assigned to the cluster with the nearest centroid trajectory. This was achieved by minimizing the sum 

of the Manhattan distances, time-point-by-time point to quantify trajectories similarity while preserving 

temporal order. The elbow method (9), used to assess the optimal number of clusters indicated that for 

the clustering of target-locked activity a 6-cluster solution was optimal (See Fig. S2), and for the clustering 

of response-locked activity a 7-cluster solution was optimal (See Fig. S4). In order to identify the 

correspondence between target-locked and response-locked clusters, a contingency analysis was 

performed using JASP (3). Figure S7 shows the clustering of target-locked activity for 2-8 cluster solutions, 

demonstrating the stability of the three clusters further analyzed across solutions. The distribution of the 

28 participants’ contacts across target-locked and response-locked clusters is shown in Fig. S8, 

demonstrating that clusters did not result from any single participant’s temporal activity, but rather 

reflected temporal patterns across many participants. Out of the six target-locked clusters, three had a 

temporal profile that changed across the different experimental conditions. These clusters were used as a 

type of functional region of interest for further analyses. 

Clusters hemispheric lateralization 
The hemispheric lateralization of the clusters was tested on a subgroup of contacts localized in cortical 

volumes that were sampled in both hemispheres. This was done to overcome the confound of unequal 

coverage within the hemispheres. To identify similarly-covered contacts, a 3 mm radius sphere 

(corresponding to the assumed volume recorded by iEEG contacts (10)) was fit around each contact using 

SPM12 (11), and the overlap between each of the spheres and the entire covered volume in the other 

hemisphere was calculated. The cluster-distribution of the 309 resulting contacts (148 in the left 

hemisphere and 161 in the right hemisphere) across the hemispheres was compared using a contingency 

analysis in JASP (3), and post hoc binomial test with holm correction were conducted to identify the clusters 

with significant hemispheric lateralization.  

iEEG statistical analyses 
All statistical analyses were performed using statistical toolbox in Matlab (Matlab, R2020a, The MathWorks, 

Inc.) and JASP (3). 

IOR-related neural activity 

In order to test in which of the clusters neural activity was IOR-related, we compared between Congruent 

and Incongruent trials in the long SOA condition, For each cluster, we performed a time resolved 3-way 

ANOVA (Fig. 2) with Congruence, Contact’s Hemisphere and Target Laterality (relative to the contact), on 



the target-locked HFBB signal in each time point (between 0-0.8 s post target onset), across all the cluster’s 

trials (pooled over contacts and participants). Holm multiple comparisons correction was applied over all 

the time points within each main effect and interaction. Post hoc comparisons were performed on time 

points in which the Congruence*Hemisphere interaction was significant, with Holm correction for multiple 

comparisons. Detailed Anova corrected p-values for each cluster are shown in Table S1. Similar analysis was 

performed on the response-locked clusters (Table S2). 

RT-modulation of target-locked neural activity and visual modulation of response-locked neural activity 

In order to test in which of the clusters neural activity was modulated by the RT, we sorted in each cluster 

all the trials pooled over the conditions according to their RT. We then binned them into 20 quantiles (Fig. 

3A). Within each cluster, we tested the effect of the RT-bin using a time-resolved 1-way repeated measures 

ANOVA, on mean target-locked HFBB signal across conditions, in each time point (between 0-0.8 s post 

target onset; pooled over contacts and participants). Holm multiple comparisons correction was applied 

over all the time points. Similar analysis was performed on the response-locked clusters. Because RT is 

defined as the time from target onset to the response, this procedure sorted the response-locked trials 

according to target onset, and thus could unveil visual modulation of response-locked activity. 

Cross-correlation of target-locked and response-locked RT-bins 

This analysis intended to explore the link between target-locked neural activity and RT. We sorted in each 

cluster all the trials pooled over the conditions according to their RT. We then binned them into 20 quantiles 

(Fig. S3A). In each cluster, a cross-correlation between target-locked activity at the fastest RT bin and all 

subsequent bins was computed for each experimental condition within a maximal lag of ±600 ms.  If cluster 

activity is target-related, maximal cross-correlation will be centered on target onset, resulting in a zero shift 

across all RT bins. If cluster activity is response-modulated, maximal cross-correlation will follow the RT, 

resulting in a negative shift of cross-correlation lags. Next, in order to test whether the maximal lag 

corresponded to the actual RT (expecting significant negative correlation coefficients for RT-modulated 

activity), a Pearson correlation between the maximal cross-correlation lag and the each bin’s mean RT was 

computed for each condition. Cross-correlation between response-locked activity at the fastest RT bin and 

all subsequent bins was similarly computed. Notably, if cluster response-locked activity is visually 

modulated, maximal cross-correlation will follow the RT (here marking quantile’s mean target-onset time), 

resulting in a positive shift of the maximal cross-correlation lag. If cluster activity is only response-

associated, maximal cross-correlation will be centered on target onset, resulting in a zero shift across all RT 

bins.  

Temporal gradient analysis 

Within each target-locked cluster, contacts’ time of the maximal HFBB power (between 0-0.6s post target 

onset) was identified, separately for Congruent and Incongruent long SOA conditions. Contacts’ peak times 

were compared across the three clusters using a mixed-repeated measures ANOVA, with Congruence as a 

within subjects factor and Clusters as a between subjects factor. A linear post-hoc polynomial contrast was 

used to test if peak time was linearly ordered across clusters. Similar analysis was performed on the 

response-locked clusters. 

Core-Periphery gradient analysis   

In order to test if the clusters’ anatomical localization followed the Core-Periphery gradients, the MNI 

coordinates of target-locked clusters’ contacts were assigned the closest voxel's gradient value on the two 

principle gradients described by Margulies et al. (12). The distances between contacts and the closest 



voxels did not differ across clusters (1-way ANOVA, F(2,230)=0.064, p=0.94). Contacts’ gradients’ values along 

the two gradients were compared using a 1-way ANOVA with Clusters as a factor. A linear post-hoc 

polynomial contrast was used to test if clusters were linearly ordered along the two gradients. Similar 

analysis was performed on the response-locked clusters. Here too, the distances between contacts and the 

closest voxels did not differ across clusters (1-way ANOVA, F(3,246)=1.23, p=0.30). 
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Figure S7 – Trajectory k-means solutions for different number of clusters. The three target-locked clusters analyzed in this 
study: The Visual cluster (yellow), the Caudal TPJ-Prefrontal cluster (red) and the Rostral TPJ-Prefrontal cluster (green), are 
present from 5-cluster solution onward.  

 



 

Figure S8 – Distribution of the partition to clusters within participants. A. The distribution of participants’ contributions to 
target-locked clusters. B. The distribution of participants’ contributions to response-locked clusters. Each row represents 
one participant. Color code denotes the ratio of contacts in each cluster per participant.    

 

 



 

Table S1 – IOR-related neural activity. Holm corrected p-values for the 3-way ANOVA testing the effects of Congruence, 
Hemisphere and Target laterality on the HFBB signal in the long SOA condition in the Visual (yellow), Caudal TPJ-Prefrontal 
(red) and Rostral TPJ-Prefrontal (green) clusters. Significant effects in shaded yellow. 

 

 

 

 

 

 

 

 



 

 

 

 

Table S2 – IOR-related neural activity. Holm corrected p-values for the 3-way ANOVA testing the effects of Congruence, 
Hemisphere and Target laterality on response-locked HFBB signal in the long SOA condition in the Early Visual (yellow), 
Early Caudal TPJ-Prefrontal (orange), Late Caudal TPJ-Prefrontal (turquoise) and Late Rostral TPJ-Prefrontal (green) 
clusters. Significant effects in shaded yellow. 

 


