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Decision and response monitoring during working
memory are sequentially represented
in the human insula

Anaı̈s Llorens,1,2,3,10,12,* Ludovic Bellier,1,10 Alejandro O. Blenkmann,6,7 Jugoslav Ivanovic,4 Pål G. Larsson,4

Jack J. Lin,5 Tor Endestad,6,7,8 Anne-Kristin Solbakk,4,6,7,8,11 and Robert T. Knight1,9,11

SUMMARY

Emerging research supports a role of the insula in human cognition. Here, we used intracranial EEG to
investigate the spatiotemporal dynamics in the insula during a verbal working memory (vWM) task. We
found robust effects for theta, beta, and high frequency activity (HFA) during probe presentation
requiring a decision. Theta band activity showed differential involvement across left and right insulae
while sequential HFA modulations were observed along the anteroposterior axis. HFA in anterior insula
tracked decision making and subsequent HFA was observed in posterior insula after the behavioral
response. Our results provide electrophysiological evidence of engagement of different insula subregions
in both decision-making and response monitoring during vWM and expand our knowledge of the role of
the insula in complex human behavior.

INTRODUCTION

Interest in the human insula has increased commensurate with the development of improved methods to study this structure.1,2 The insula is

located deep within the lateral sulcus of the brain.3 It is divided by the central insular sulcus into anterior (three short gyri and one accessory

gyrus) and posterior parts (two long gyri), and outlined by the circular sulcus.4,5 The insula shares bidirectional connections with multiple re-

gions of the neocortex, including prefrontal cortex (PFC), anterior cingulate cortex (ACC), supplementary motor area (SMA), parietal, occip-

ital, and temporal cortices. It also connects with medial temporal and adjacent limbic structures6,7 as well as with the basal ganglia.8,9 This

extensive connectivity places the insula as an ideal neuroanatomical hub supporting numerous cognitive and limbic functions1,10–12 with over-

lapping and distinct roles played by its different subregions and across both hemispheres.13–15 Some reports note differential inter-hemi-

spheric involvement, with the left insula preferentially observed in response inhibition and language processing and the right insula in error

prediction, error detection, memory, and attention.6,16–22

Cytoarchitectural, imaging, and modeling studies report a spatial posterior-to-anterior gradient linked to a progressive integration of

complex behaviors including top-down control.17,23–26 Broadly, the insula can be divided into three anatomical subregions which play distinct

functional roles in human cognition, albeit with some overlap.21,27 The posterior insula is preferentially connected to parietal, occipital, and

temporal association cortices and is involved in interoceptive experiences, emotional and affective states, somatosensory, viscerosensory,

and sensorimotor functions, speech production, and primary and association auditory responses.5,17,23,24,28–32 The anterior insular cortex

(AIC), composed of a ventral and a dorsal part,33 receives inputs from frontotemporal regions such as inferior frontal gyrus (IFG), dorsolateral

PFC (DLPFC), ACC, amygdala, limbic areas, and frontopolar regions. The ventral anterior insula (vAI), also known as the anterior inferior cor-

tex, encompassing the apex, the limen and the transverse gyrus,34,35 is involved in emotion and empathy processing.13,21,26,36 The dorsal ante-

rior plays a key role in core cognitive functions including executive control22,37 decision making, attention, salience processing through its

connection with the ACC,38 task switching, and error and deviancy detection.1,2,15,17,19,23,24,39–41 Neuroimaging studies have also reported
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3Université Paris Cité, Institute of Psychiatry and Neuroscience of Paris (IPNP), INSERM U1266, Team TURC, 75014 Paris, France
4Department of Neurosurgery, Oslo University Hospital, Oslo, Norway
5Department of Neurology and Center for Mind and Brain, University of California, Davis, Davis, CA, USA
6Department of Psychology, University of Oslo, Oslo, Norway
7RITMO Center for Interdisciplinary Studies in Rhythm, Time and Motion, University of Oslo, Oslo, Norway
8Department of Neuropsychology, Helgeland Hospital, Mosjøen, Norway
9Department of Psychology, University of California, Berkeley, Berkeley, CA, USA
10These authors contributed equally
11Senior authors
12Lead contact
*Correspondence: anaisllorens@hotmail.com
https://doi.org/10.1016/j.isci.2023.107653

iScience 26, 107653, October 20, 2023 ª 2023 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:anaisllorens@hotmail.com
https://doi.org/10.1016/j.isci.2023.107653
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107653&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


anterior insula involvement in working memory (WM,42,43see13 for a review) and verbal WM (vWM) processes such as maintenance, interfer-

ence resolution, and recency effects.44–51

This insular posterior to anterior gradient described previously has not been directly tested using a task involving the integration of distinct

processes recruiting different subregions of the insula. We hypothesized that high-order processes such asWM, which require a decision and

a potential motor response, might engage both anterior and posterior insulae, yet the spatiotemporal dynamics of the insula duringWM has

not been explored.

Here, we investigated the involvement of the insula during vWM using intracranial electrophysiology (iEEG). We analyzed the spatiotem-

poral dynamics of different frequency bandmodulations recorded from electrodes implanted in different subregions of the insula of patients

undergoing pre-surgical invasive monitoring for potential treatment of drug-resistant epilepsy.52 By analyzing different frequency bands, we

aimed to provide an extended overview of the anatomo-functional dynamics at play in the insula during the entire vWMprocess. We focused

on theta and beta oscillations as they have been reported as the most prominent spontaneous oscillations in the insula and are preferentially

organized along the anterior-posterior axis of the insula.53 In addition, theta band has been widely reported as the frequency band under-

pinning important aspects of the (v)WM process.54,55 We hypothesized that the different phases of vWM will modulate insular theta activity.

The specific role of beta bands during WM processes is under debate.54 We included it in our study to assess its potential involvement in

insular function. Lastly, iEEG recordings provide direct access to high frequency activity (HFA), known to be an index of local neuronal pop-

ulation activity.56–59 HFA has been observed in multiple cognitive processes including WM.60–62 Based on the extended literature we pre-

dicted HFA modulations in the insula related to the decision-making-based probe period. In accordance with this proposal, we assessed

the relationship between insular HFA and behavioral performance.

RESULTS

Behavioral results

Twelve patients performed a vWM task requiring them to encode and maintain in memory a list of five successive letters, then to answer

whether a probe letter had been presented in the list (Figure 1A). They executed the task well with an average of 79.2% of correct answers

Figure 1. Task design and behavioral results

(A) Design of the vWM task, composed of 3 phases: encoding of 5 letters, maintenance, and probe. Duration of each screen is displayed below the example

frames. During the probe, the correct responses was positive (‘‘yes, the letter was in the list’’) or negative (‘‘no, it was not in the list’’).

(B) Response time (RT) distribution of correct trials per participant. For each patient, the red central mark represents the median RT, the bottom and top edges of

the box are the 25th and 75th percentiles, respectively, and the lower and upper whiskers are the most extreme non-outlier RTs, respectively.
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(range 56%–95.1%). Themean response time (RT) across patients was 1031.8ms (SD 173.6ms; Figure 1B). No significant correlation was found

between RT and accuracy across patients (r = �0.38, p = 0.24). The age of participants was not correlated with RT (p = 0.75) nor with the per-

centage of correct answers (p = 0.70). Nogender effect was foundon RT (p = 0.55) or percentage of correct answers (p = 0.43). Correct trials for

positive (i.e., probe letter presented in the current list) and negative (i.e., probe letter not presented in the current list) response conditions did

not significantly differ in number (total number of correct trials across patients: 654 vs. 694) nor in RT (mean RT of positive vs. negative re-

sponses trials across patients: 1036 ms vs. 1030.7 ms).

Electrode coverage in bilateral insulae

Figure 2 shows the overall coverage of the insula. The 90 bipolar channels were distributed over the anterior and posterior regions of both

insulae (35 left, 55 right; Figure 2A). In both hemispheres, the posterior long gyrus (PLG) had the largest coverage (16.7% of electrodes in the

left insula and 17.8% in the right insula; Figure 2B). The main difference of coverage observed between hemispheres was the proportion of

electrodes implanted in the anterior long gyrus (ALG; 4.4% for left vs. 17.8% for right).

Prominent frequency band modulations occurred at the probe period

The linearmixed-effectsmodel comparing frequency activity across the anatomical location of the 90 channels, the three timeperiods and the

three frequency bands, revealed main effects of frequency bands (f(2,803) = 32.4, p < 0.0001) and time periods (f(2,803) = 3.2, p < 0.05) and a

trend for laterality (f(1,803) = 2.9, p = 0.09). Post-hoc tests revealed significant effects across the three frequency bands (p < 0.0001 for each of

the three tests: theta versus beta, theta versus HFA, and beta versus HFA).

A limited number of channels showed significant time-overlapping modulations (p < 0.05 for at least 25 ms consecutively) during the en-

coding and maintenance periods of the correct trials for the three neural frequency bands of interest. All the significant modulations

(power changes relative to baseline) were found in the right insula (see Figure S1). Significant theta modulations were observed for the en-

coding (N = 2/12; i.e., 2 channels with significant time-overlappingmodulations out of 12 responsive channels in the theta band) and themain-

tenance (N = 3/15) periods. Beta modulations were found at the end of the encoding (N = 2/8) and some HFAmodulations were found at the

encoding and the maintenance (N = 3/24 for both time periods). In contrast, prominent insular activity in all three frequency bands was

observed at the probe period (p < 0.05). Based on these observations, we focused the rest of the analyses on this probe time window. Among

the 90 insular channels, twenty-one were found responsive in theta (23%), 19 in beta (21%), and 39 in HFA (43%). Dynamics patterns of activity

were observed across channels for each frequency band of interest (see Figure S2).

In the theta band, 6 out of the 10 responsive channels in the left insula and 7 out of the 11 channels in the right insula showed overlapping

significant theta modulation during the probe period. A theta increase was observed 400ms after the probe presentation in the anterior parts

of both insulae (N = 2 out of the 5 channels located in the left anterior insula and N = 2/4 in the right anterior insula) as well as in the right

posterior insula (N = 5/7). In the left insula, the theta increase was followed by a theta decrease around 1,400 ms which was larger in its

Figure 2. Electrode coverage for each subregion of both insulae

(A) Projection of the 90 electrodes onto the 3D insula reconstructed from the MNI template brain. The color code for the 6 subregions is illustrated by the

schematic representation of the different subregions.

(B) Percentage of electrodes in the different subregions of the left (lighter colors) and right (darker colors) insula based on patient-wise localizations. ASG: anterior

short gyrus; MSG: middle short gyrus; PSG: posterior short gyrus; vAI: ventral anterior insula; ALG: anterior long gyrus; PLG: posterior long gyrus.
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posterior part (N= 3/5 left anterior and 3/5 left posterior; see Figures 3A and S2, left panel) while a secondpeak of theta at 1 s was observed for

2 channels in the right posterior insula (Figure 3D). The latency difference of theta modulations between the anterior and posterior parts of

both insulae was not significant (p = 0.38 for the left insula and p = 0.65 for the right insula, Figure 3G).

Overlapping beta bandmodulations were observed in 2 out of the 7 responsive channels in the left and 4 out of the 12 channels in the right

insula. In the left insula, 2 channels showed a beta increase at 2 s after the probe onset (Figures 3B and S2 middle panel). A significant beta

increase was found around 650 ms after the probe onset in the right insula, predominantly in its anterior part (N = 3/7 for right anterior insula

and N = 2/5 for posterior; Figure 3E). No timing difference was observed in the beta band along the anteroposterior axis of both insulae (left

insula: p = 0.4; right insula: p = 0.5).

Finally, overlapping significant HFA modulations were observed in both insulae for 6 out of 18 responsive channels were simultaneously

modulated in the left and 12 out of 21 channels in the right insula. An initial increase around 400 ms after the probe onset occurred in the

anterior parts of the insulae bilaterally (N = 5/9 for the left anterior insula and 8/10 for the right anterior insula) and a second HFA increase

was seen 1s after the probe onset in the posterior insulae bilaterally (N = 5/9 for the left posterior insula and 6/11 for the right posterior insula

Figures 3C, 3F, and S2, right panel), with the stronger increase in the left posterior one. The latency analysis confirmed the timing difference

for HFAmodulations between the anterior and the posterior parts of the right insula (p = 0.006) while a tendency was found for the left insula

(p = 0.011, Bonferroni-corrected alpha = 0.05/6 = 0.008, Figure 3G).

Distinct profiles of frequency activity at the probe period

We performed a clustering analysis in order to disentangle the different profiles of frequency modulations observed in the insula. For each of

the three frequency bands, we sorted the correct trials by increasing RT and formed 10 sub-averages. The optimal number of clusters of these

Figure 3. Frequency band modulations at the probe period

(A–F)Timecoursesof theta,beta, andHFAmodulations in the left (A–C) andright (D–F) insulae.Frequencybandmodulationsaveragedacrossall responsive channels

(Nc=numberof channels;Np=numberof participants) for thewhole insula (gray), theanterior part (blue), and theposterior part (green). Shadedareas represent the

standarderrorof themean (SEM).Theupper redbarhighlights the timepointsatwhichat least twochannels showedsignificantmodulation. Thecolor code indicates

the number of significant channels (the darker the more channels), see also Figure S2 for the time course of each responsive channel at the probe period.

(G) Comparison of the cumulative area under the curve (AUC) for each frequency band modulations between the anterior and posterior parts (blue and green,

respectively) of both insulae. The dotted line represents 50% of the normalized AUC. The Bonferroni-corrected alpha threshold is p = 0.008.
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sub-averaged time courses estimated over all responsive channels was two and differed in their pattern of frequency modulations (Figure 4A)

and anatomical location (Figure 4B).

Theta

The first cluster was composed of 13 channels and showed a theta increase locked at 500 ms after the probe onset, which was not correlated

with RT (r =�0.32; p = 0.35). This pattern of activity was predominantly found in the right insula with 10 channels (2 ASG, 1MSG, 1 PSG, 3 ALG,

and 3 PLG) compared to 3 channels in the left insula (2 MSG and 1 ALG; Figure 4, left column). The second cluster revealed a theta increase at

the probe onset, followed by a theta decrease with its trough correlated with RT (r = �0.88; p < 0.001). The 8 channels showing this pattern

were all located in the left insula (1 MSG, 1 PSG, 1 vAI, 1 ALG, and 3 PLG), except for one (right PLG). The 7 channels in the left insula were

ipsilateral to the response hand used by 2 participants of this cluster while the electrode in the right insula was contralateral to the hand used

by the third participant. The spatial distribution of channels across these two clusters was significantly different between the right and left

insulae (Fisher’s exact test, p < 0.01) but not along the anteroposterior axis (p = 1).

Beta

The first cluster encompassed 12 channels, predominantly in the right hemisphere (right: 3 ASG, 2 MSG, 1 vAI, 2 ALG, and 1 PLG; left: 2 ASG

and 1 ALG), and showed a beta increase 500 ms after the probe onset. The second cluster showed a beta increase at the probe onset in 7

channels located in both insulae, with 3 channels in the anterior insula and 4 in the posterior insula (right: 1 vAI, 1 ALG, and 2 PLG; left: 1

MSG and 2 PLG). None of these clusters correlated significantly with RT (r = �0.68; p = 0.03 and r = 0.42; p = 0.23 for cluster 1 and 2 res-

pectively; Figure 4, middle column). The spatial distribution of channels across clusters was not statistically different between hemispheres

(p = 0.33) nor along the anteroposterior axis (p = 0.074).

HFA

The first HFA cluster encompassed 17 channels showing an HFA increase 500 ms after the probe onset, not correlated with RT (r = 0.39;

p = 0.26). These channels were located predominantly in the anterior parts of both insulae (anterior insula: 8; ASG: 4 right/3 left, 7

Figure 4. Clustering analysis at the probe period for each of the frequency bands

(A) Cluster centroids as frequency band modulations sorted by increasing RT and sub-averaged, for each frequency band. Black dots represent mean RT across

patients. Red represents an increase of frequency power and blue a decrease. Asterisks represent significant correlations between mean RT and peaks (red

symbol) or troughs (blue symbol) of frequency band modulations.

(B) Clusters’ spatial distribution per frequency band projected onto the 3D MNI insula template, the color of the dots codes for electrode belonging to cluster 1

(purple) or cluster 2 (orange).
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MSG: 5 right/2left, 1 left vAI; posterior insula: 1 right ALG, and 1 left PLG). The second cluster was composed of 22 channels with an increase of

HFA occurring after the button press. The peak of HFA was correlated with RT (r = �0.95; p < 0.001; Figure 4, right column). This modulation

was predominantly observed in the posterior parts of both insulae (18 channels in posterior insula: 5 ALG: 2 right/3 left and 13 PLG: 8 right/5

left; 4 channels in anterior insula: 1 right ASG, 2 right PSG, and 1 left ASG). These 22 channels were all located in the insula ipsilateral to the

hand used by the 7 participants for whom channels were included in this cluster. The spatial distribution of channels across the HFA clusters

was significantly different along the anteroposterior axis (p < 0.0001) but not between insulae (p = 0.75).

DISCUSSION

Our study provides intracranial electrophysiological evidence for distributed spatiotemporal involvement of the human insula in the decision-

making process required during the probe period of a vWM task.We investigated the powermodulations elicited by vWMprocesses in three

neural frequency bands within the insula. We demonstrated that the task elicited a variety of different frequency band modulations. First, we

observed that the encoding and themaintenance periods elicit only a few frequency bandmodulations for transient periods of timemainly in

the right insula. Theta oscillations are known to be critically involved in (v)WM processes.54,55 However, they are marginally observed during

the encoding and the maintenance in our study. These results indicate that the insula might not be strongly recruited during these two time

periods.

We found that the probe period elicited the strongest insula involvement, with interhemispheric and sequential intra-insular asymmetries

observed across all frequency bands. The probe period elicited differential involvement of the left and right insula in theta band and, to some

extent in the beta band, as well as along their anteroposterior axes in HFA.

The interhemispheric asymmetry observed in the theta band may be due to differential roles, with the right insula being potentially more

involved in the attentional aspect of the task1,21,22 and the left insula in the linguistic aspect.43,47 Interestingly, a theta decrease was correlated

with RT in the left insula. Theta decrease during WM has also been observed in a few electrophysiology studies using scalp EEG (see54,63 for

reviews) and iEEG.64 Another iEEG study showed that a theta decrease in the DLPFC was predictive of WM performance.65 Moreover, mul-

tiple iEEG studies have reported a theta decrease, or reset, especially in the left MTL, related to successful memory retrieval.66–71 In our study,

it is interesting to note that 5 out of the 7 channels in the left insula showing a decrease of theta after the RT also showed an increase of HFA

during the same time period. These results are in line with literature reporting a decrease of theta power and increase of HFA power in fron-

totemporal regions during successful retrieval66,72 as well as successful memory encoding.67

Limited spatial clustering and functional activity observed in the beta band prevented us from drawing strong conclusions about its po-

tential role in vWM processes. These results are in agreement with the recent review by Pavlov and Kotchoubey 2022,54 where the authors

discuss the lack of agreement regarding the beta modulations duringWM reported in the EEG andMEG literature. Another potential expla-

nation could come from the fact that beta oscillations have been reportedmostly in the anterior part of the insula.53 Our lack of coverage in the

most anterior ventral part of the insula precludes us from making strong claims about the absence of clear beta modulations and clustering.

The time course of HFA revealed sequential activity in the insulae along an anteroposterior axis. Interestingly, limited anatomical overlap-

pingwasobservedacross the twoHFAclusters, in linewith functionaldifferentiationbetween theanterior andposterior insula.21,27 Theanterior

insulae were active at the probe presentation while subsequent posterior activity occurred after the behavioral response. The early HFAmod-

ulation in anterior insula provides evidence of its involvement in decision making related to the encoded verbal material,47,51 supporting the

assertion that the AIC is a crucial part of the cognitive control network.37,40,73–75 The posterior insula has been reported to be involved inmotor

activity due to its connectionwith theSMA.1,2However, theHFA increase that correlatedwith RT inour studyoccurredafter themotor response

and was only found in the insula ipsilateral to the motor activity. This observation does not support a role of the posterior insula in pure motor

preparation or activation.24,29,76 Instead, our findings support a key role in response monitoring, potentially achieved through its connection

with the cingulate gyrus7,77 and the sensory-motor system.24,33,36,78 The posterior insula may monitor the sensorimotor information triggered

by themotor response78–81 and integrate it with the cognitive informationoriginating from the anterior part of the insula. Further studieswill be

needed tobetter characterize the role of theposterior insula inmonitoringbehavior. In sum, our present study implicates the insula throughout

the vWM process, with a critical sequential involvement during the decision making and response monitoring phases.

Limitations of the study

Our study has the well-known limitations inherent to studies of intracerebral activity in epileptic patients.61,62 This population may show inter-

individual variability at different levels. First, there is heterogeneity of epileptic networks and potential functional reorganizations associated

with it. To address this, we removed any abnormal data and channels from our analyses, resulting in the exclusion of two patients and indi-

vidual electrodes in some of the remaining twelve subjects. We note that multiple prior iEEG studies adopting this strategy have reported

iEEG activity in accord with findings from fMRI and lesion analysis in a vast number of cognitive processes.60,61,82–84 Second, there is a het-

erogeneity of cognitive abilities across patients (e.g., poor memory abilities which could interfere with performance). In order to minimize this

effect, we only included in our study patients who performed the task with a performance well above chance level and had an IQ score

above 80.

In order to confirm the role of the posterior insula in response monitoring, we ran the same analysis pipeline over incorrect trials and no-

response trials. Unfortunately, we did not find enough significant channels in any frequency band to perform a robust analysis.

Finally, we acknowledge the relatively low number of insular electrodes which is a common limitation in the iEEG literature.28,62,85 The lack

of coverage in the most ventral anterior part of the insula, did not allow us to make any claims on the role of this subregion during the vWM
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process. In the same vein, some electrodes included here could have been implanted in subinsular areas. To prevent this, we verified the

anatomical location of each electrode included in this study based on the individual subject’s anatomy and we used a bipolar montage which

limits the neural activity recorded to less than 5 mm around the virtual bipolar channel.61
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hotmail.com).

Materials availability
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Data and code availability

d The datasets analyzed during this study have been deposited at ZENODO: https://zenodo.org/record/7995632.

d All original code has been deposited at GitHub: https://github.com/ludovicbellier/InsulaWM. The datasets and the code are publicly avail-

able as of the date of publications.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Fourteen patients (4 women, mean age 32.2 years old G 11.1 SD; 12 right-handed) with epilepsy undergoing stereotactic electroenceph-

alography (SEEG) for pre-surgical investigation at University of California Irvine (UCI; 2) and University of Oslo (OUH; 12) performed the

task. The inclusion criterion was the presence of electrodes located in the insula; 3 patients had bilateral implantation, 8 had a right im-

plantation and 3 had a left one, for a total of 90 electrodes. All patients had an IQ score above 80. Two patients, with 2 insular channels

each, were removed from the study due to epileptic activity recorded from this region, resulting in 12 participants. The insula of the re-

maining 12 patients was sampled using electrodes implanted orthogonally (6) or with a combination of oblique (or vertical) and orthogonal

electrodes (6). Prior to participation, each patient provided written informed consent as part of the research protocol approved by the

Institutional Review Board at every site and by the Committee for Protection of Human Subjects at the University of California, Berkeley,

and in accordance with the Declaration of Helsinki. The study was also approved by the Regional Committees for Medical and Health

Research Ethics of Norway.

METHOD DETAILS

Electrode localization

The electrodes were localized for each subject based on their individual anatomy and then transferred into the standard MNI space for rep-

resentation. Affine point-based registration was used to co-register post-implantation computed tomography (CT) images to the pre-implan-

tationmagnetic resonance (MR) images using the FieldTrip toolbox89,90 in MATLAB (MathWorks, Inc., Natick, MA, USA). The anatomical loca-

tion of each electrode on patients’ individual anatomy was confirmed by a neurologist (RTK).

3D insula model reconstruction

To reconstruct the fine-grained 3D anatomy of the insulae, we extracted surfaces of both insulae from the MNI template brain MRI with a

parcellation based on the Desikan-Killiany Atlas (aparc+aseg), using iso2mesh with 3000 vertices and 10 smoothing steps. We then manually

corrected spurious vertices using a custom GUI created in MATLAB and delineated insular subregions based on two previous studies34,35

(Figure 2B). Finally, we snapped all electrodes onto the insular mesh at the closest vertex (Euclidean distance) of the lateral insular face

(Figure 2A).

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Preprocessed data This paper https://zenodo.org/record/7995632

All the code for data analysis This paper https://github.com/ludovicbellier/InsulaWM

Software and algorithms

MATLAB 2021a MathWorks https://www.mathworks.com/
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Experimental task and setup

The experimental paradigm was a Recent-Probes task91,92 (Figure 1A). Each trial was composed of a list of five letters displayed on the screen

for 500ms each, with an interstimulus interval of 500ms. This encoding phase was followed by a 3.5-second period of maintenance (repre-

sented by a cross on the screen). A question was then displayed for 2s asking whether a given letter, i.e., the probe, was in the current list.

The probe letter was present in the current list for half of the trials (positive condition) and absent from it for the other half (negative condition).

The task included a total of 144 trials in pseudorandomizedorder for each participant. The trials were presented in three blocks of 10min each,

with short breaks between blocks, resulting in a total study duration of approximately 35 min.

The participants were seated on their hospital bed, with the laptop placed in front of them on an overbed table. A photodiode was placed

on the bottom left corner of the laptop screen and recorded as a channel (UCI), or alternatively a digital trigger (TTL) was used to mark each

timestamp of interest (OUH).

The instructions were displayed on the screen and required the participants to respond ‘‘yes’’ (positive response condition) or ‘‘no’’ (nega-

tive response condition) by pressing themouse keys using their index andmiddle finger, respectively. No feedback was provided. To prevent

potential interference of motor activity due to button presses occurring simultaneously with the electrophysiological signals of interest, the

hand used for the task was ipsilateral to the implantation when the implantation was unilateral. For bilateral implantations, one participant

used their right hand while the two other participants used their left hand.

Behavioral analysis

The response time at the probe was recorded for each trial. Trials with RT faster than 400ms92 or exceeding three standard deviations were

excluded.93 The remaining trials were included in subsequent analyses of response latency (based on the mean RT of correct trials per partic-

ipant) and error rate (based on the percentage of incorrect trials).We performedWilcoxon signed-rank tests inMATLAB to test the hypothesis

of similar mean RT between positive and negative answers for correct trials, and to assess a potential difference in error rate between positive

and negative answers.

SEEG data acquisition and preprocessing

Two datasets were acquired at UCI using a Nihon Kohden recording system (Nihon Kohden Corporation, Japan) sampling at 5kHz. The 10

other datasets were recorded at OUH: 4 datasets were acquired using a NicoletOne system (Nicolet, Natus Neurology Inc., USA), 1 dataset

using a 256-channel Brain Quick system (Micromed, Italy), and 5 with an ATLAS system (Neuralynx, USA). The sampling rates were 512Hz,

2048Hz, and 16kHz respectively. Each SEEG shaft was composed of 5 to 18 electrodes spaced 5mm apart for UCI (Ad-Tech, Racine, WI,

USA) and 3.5mm apart for OUH (DIXI Medical, France).

Raw data with a sampling rate higher than 1kHz was downsampled offline to 1kHz and filtered with 1Hz high-pass and 250Hz low-pass filter

(4th order Butterworth). In addition, 60Hz for UCI and 50Hz for OUH power-line noise frequency and harmonics were removed using notch

filters. The filtered data was then visually inspected under the supervision of a neurologist (RTK) to identify and discard from further analyses

channels and epochs displaying epileptiform activity or artifactual signals (from poor or broken contact, machine noise, etc.). Clean, artifact-

free, continuous data was epoched into 16s-long trials (from -11.5 to 4s, 0s being the probe presentation; epochs included 2s of data padding

at each extremity to avoid edge artifacts in the following time-frequency (TF) decomposition).

Each trial encompassed the encoding of the five successively presented letters (from 8.5 to 3.5s before the probe presentation), the main-

tenance of the letters (3.5s leading up to the probe presentation at 0s), and the probe period (from 0 to 2s post-probe onset). Behavioral

information of each trial (condition, RT, and accuracy) was preserved during the epoching. The epoched data was re-referenced using bipolar

montage (i.e., subtraction of the activity of a given electrode from the previous neighbor electrode on the same SEEG shaft,62 yielding 96

virtual channels withminimized contamination from volume conduction.94–96 A visual re-inspection of the bipolar datawas performed to reject

any remaining channels or epochs containing residual artifacts, resulting in the removal of six insular channels. The complete preprocessing

yielded a total of 90 artifact-free bipolar channels (with at least one electrode in the insula for each channel). All preprocessing steps and sub-

sequent analyses were performed using the FieldTrip toolbox for MATLAB and custom MATLAB scripts.

We performed a TF decomposition of all correct trials using Morlet wavelets, over a frequency range from 4 to 150Hz (logarithmically

spaced in 32 steps) and using a time resolution of 5ms resulting in a sampling rate of 200Hz. The wavelet order (width or number of cycles)

was logarithmically increased from 4 to 30 cycles (also in 32 steps). A baseline correction (with the second preceding the encoding onset used

as baseline period) was then applied using the decibel method.97 Lastly, the padding time periods were removed so that the remaining

epochs lasted 11.5s (-9.5 to 2s relative to the probe presentation).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses over the entire vWM process

We first extracted the time courses of the 3 frequency bands of interest (theta: 4-8Hz; beta: 13-30Hz; High-Frequency Activity, or HFA: 70-

150Hz), by averaging the corresponding baseline-corrected frequency bins of the TF decomposition.

We then fitted a linear mixed-effects model on the frequency band envelopes of the 90 channels using the fitlme MATLAB function. The

anatomical locations (right/left and anterior/posterior), the three time periods (encoding, maintenance and probe) and the three time-fre-

quency bands (theta, beta, HFA) were used as fixed effects while the patients and the electrodes were used as random effects. The main
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effects were assessed for significance by computing an ANOVA on the model and the post-hoc tests were performed using the coefTest

MATLAB function with an alpha value Bonferroni-corrected by the number of post-hoc tests (3 levels for frequency bands and 3 levels for

time periods, for a total of 6 tests).

For each frequency band and each channel, we computed a paired-sample t-test comparing each time sample contained in the trial (-8.5 to

2s) against the baselinemean (-9.5 to -8.5s). We then isolated the significant time samples that stayed significant (p<.05) for at least 25 consec-

utive ms using a Bonferroni correction to compensate for multiple comparisons (alpha value divided by the number of time samples) and

labeled the channel as responsive. Frequency modulations were considered significant if at least 2 responsive channels were significant

for the same time sample, regardless of the patient (see Figure S1).

Analyses at the probe period

Similar parameters (i.e., p<.05, 25 consecutive ms) as for the entire time window were used to extract the frequency band time courses at the

probe period (0 to 2s]). The paired sample t-tests to select the responsive channels were computed against themean of the second preceding

the probe onset (-1 0s).

We assessed the difference of frequency band modulation latencies between the anterior and posterior parts of the insula by using the

fractional area method.98 For each frequency band and each responsive channel, we first set the minimum of the time course to zero and

normalized it between 0 and 100%. We then computed the cumulative area under the curve (AUC) over the time window of interest (0 to

2s). The time point separating the cumulative AUC in two equal parts (50%) was extracted. AWilcoxon rank sum test was performed to assess

latency differences between anterior and posterior insular channels. A Bonferroni correction was performed to compensate for multiple com-

parisons by dividing the alpha value by the number of tests (6).

For each responsive channel, correct trials were sorted by ascending RT and then grouped into 10 bins of trials equitably distributed across

bins (for denoising purposes). Note that due to varying numbers of correct trials across patients, the tenth bin sometimes contained less trials

than the nine other bins. We then extracted the mean RT and the mean temporal profile of each bin of the probe time window (0 to 2s), re-

sulting in a 10-by-400 matrix (2s epoch at a 200Hz sampling rate).

We then performed a k-means analysis to cluster these RT-sorted temporal profile matrices, based on the nearest centroid using the

Squared Euclidean distance.99,100 For each of the 3 frequency bands of interest, we evaluated the optimal number of clusters using the

Calinski-Harabasz clustering evaluation criterion, replicated 500 times. This optimal number analysis revealed the presence of two main clus-

ters for each frequency band. We then visualized cluster centroids and plotted the channels of each cluster on both insulae.

We compared the spatial distribution of the channels within the k-means clusters obtained for each frequency band by performing Fisher’s

exact tests. For each frequency band, we compared antero-posterior and inter-hemispheric distributions of channels across clusters.

Correlation with behavioral response time

For each frequency band and for each cluster, we performed linear correlations between the peak (or trough) of activity of the cluster

centroids, i.e., the latency of the maximum (or minimum) value of each of the 10 sub-averaged temporal-profile bins, and the mean RT. A

Bonferroni correction was performed to compensate for multiple comparisons by dividing the alpha value by the number of correlations

(number of clusters by number of frequency bands).
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