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a b s t r a c t

Becoming aware of one's own states is a fundamental aspect for self-monitoring, allowing

us to adjust our beliefs of the world to the changing context. Previous evidence points out

to the key role of the anterior insular cortex (aIC) in evaluating the consequences of our

own actions, especially whenever an error has occurred. In the present study, we propose a

new multimodal protocol combining electrical stimulation mapping (ESM) and functional

magnetic resonance imaging (fMRI) to explore the functional role of the aIC for self-

monitoring in patients undergoing awake brain surgery. Our results using a modified

version of the Stroop task tackling metacognitive abilities revealed new direct evidence of

the involvement of the aIC in monitoring our performance, showing increased difficulties

in detecting action-outcome mismatches when stimulating a cortical site located at the

most posterior part of the aIC as well as significant BOLD activations at this region during

outcome incongruences for self-made actions. Based on these preliminary results, we

highlight the importance of assessing the aIC's functioning during tumor resection
.
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Functional magnetic resonance
imaging
involving this region to evaluate metacognitive awareness of the self in patients under-

going awake brain surgery. In a similar vein, a better understanding of the aIC's role during

self-monitoring may help shed light on action/outcome processing abnormalities reported

in several neuropsychiatric disorders such as schizophrenia, anosognosia for hemiplegia or

major depression.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

For our daily life, it is crucial that we become aware of the

consequences of our actions, errors and limitations that force

us to adapt our behavior and strategies. In clinical settings,

reduced conscious perception of errors has been associated

with poor insight of neurological sequelae (O'Keeffe et al.,

2004), which may lead to worse functional outcome and

poor compliance with rehabilitation (Ownsworth & Clare,

2006). The ability to monitor our actions is mediated by the

coordinated activity of several brain regions, including the

medial prefrontal cortex (MPFC), especially the anterior

cingulate cortex (ACC) and supplementary motor area (SMA),

the thalamus and, as we will highlight in this study, the

anterior insular cortex (aIC) (Holroyd & Coles, 2002; Ito et al.,

2003; Ullsperger & Von Cramon, 2001; Wessel, 2012).

Dysfunction of the insular cortex and its interconnected re-

gions are thought to be core features of many psychiatric and

neurological disorders (Namkung et al., 2017; Goodkind et al.,

2015). In the present study, we propose a new multimodal

protocol to explore the functional role of the aIC in self-

monitoring in patients undergoing awake brain surgery for

tumor resection.

Described by Reil in 1809, the insula (Latin for ‘island’) lies

folded deep within the lateral sulcus of each hemisphere

hidden below parts of the frontal, parietal, and temporal lobes.

The insular cortex constitutes an anatomical integration hub

which receives direct thalamic and horizontal cortical afferent

projections carrying information from all sensory modalities

and reciprocally connects to an extensive network of cortical

and subcortical brain regions (such as limbic regions, the ACC,

orbitofrontal and medial prefrontal cortices) serving sensory,

emotional, motivational, and cognitive functions (Gogolla,

2017). Interestingly, a unique feature of the aIC of humans

and a few other species (i.e., great apes, elephants, and some

cetaceans) is the presence of clusters of large spindle-shaped

neurons among the pyramidal neurons in layer 5, called von

Economo neurons (Allman et al., 2005; Nimchinsky et al.,

1999). While the precise function of these type of cells is not

known, functional magnetic resonance imaging (fMRI) studies

have shown that these type of neurons are selectively

destroyed in disorders characterized by loss of emotional

awareness and self-consciousness, such as frontotemporal

dementia (Seeley et al., 2006; Sturm et al., 2006), schizophrenia

(White et al., 2010) and autism (Minshew & Keller, 2010; Monk

et al., 2009), which has led several researchers to postulate

their involvement in empathy, self-awareness, and self-

monitoring (Seeley et al., 2007).
Recently, it has been proposed that error awareness can be

conceived as a decision process, in which the available evi-

dence from different sources that an error has occurred (i.e.,

medial prefrontal cortex -MPFC-, autonomic responses, pro-

prioceptive and other sensory inputs) is accumulated until a

decision threshold is reached (Steinhauser & Yeung, 2010;

Ullsperger et al., 2010;Wess el, Danielmeier&Ullsperger, 2011;

Wessel, 2012). It has been proposed that this integration of the

different salient signals reflecting a deviation from the pre-

dicted outcomes (i.e., prediction errors) may be processed in

the insular cortex (Craig & Craig, 2009; Ham et al., 2013),

particularly at the aIC, conforming the actual input to the self-

monitoring network signaling the need for cognitive control

and behavioral adaptation (Menon & Uddin, 2010). Previous

clinical evidence and neuroimaging studies using fMRI pro-

vide converging evidence of the role of the aIC in error

awareness. It has been reported that the aIC is consistently

more activated for errors compared to correct responses (Ham

et al., 2013), especially for consciously perceived compared to

unperceived errors (Hester et al., 2005; Klein et al., 2007), as

well as during negative vs positive informative feedback

(Ullsperger & Von Cramon, 2003). Relatedly, the aIC has been

found to be involved in self-awareness and self-attribution of

actions. For example, in a task where participants were

instructed to view self-portrait and pictures of unknown

faces, this comparison yielded a greater activation of aIC

(Kircher et al., 2000; Sugiura et al., 2000). Moreover, grater

activity in the aIC has been found when responding to visual

feedback resulting directly from the subject's actions while

driving a virtual race car around a track compared to unre-

lated, random feedback (Farrer & Frith, 2002) as well as

reacting to auditory feedback coming from oneself compared

to randomly timed feedback during a motor task (Blakemore,

Rees & Frith., 1998).

Electrical stimulation mapping (ESM) has been the gold

standard technique for identifying essential sensory and

motor cortices as well as relevant language areas in patients

undergoing tumor resection (Duffau, 2008; Ojemann, 1983;

Penfield & Roberts, 2014), also for single-case designs (Rofes

et al., 2017; Rojas et al., 2021; Sierpowska et al., 2015). Execu-

tive aspects of self-monitoring abilities have been recently

explored using ESM, for example, using the Stroop paradigm

(Stroop, 1935). Wager et al. (2013) found evidence of the

functional role of the ACC in performance monitoring when

ESM was applied, and Puglisi et al. (2019) reported that ESM at

the subcortical level over white matter sites below the inferior

and middle frontal gyri, anterior to the insula and over the

putamen, led to impairments in the task performance (i.e.,
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color-word inversion and latency increases). However, the

literature concerning the functional mapping of the insular

cortex for more complex cognitive functions such as self-

monitoring and error awareness is rather scarce (Erez et al.,

2021). In the seminal paper of Penfield and Faulk (1955), ESM

of the insula elicit a number of autonomic responses such as

gastrointestinal sensations, swallowing, chewing and heart

rate increases, highlighting its role for interoception and

pointing out to a contribution of this region in the conscious

detection of salient events, which capture the subject's
attention and awareness in a similar way as errors do (Craig &

Craig, 2009; Craig, 2011; see Mazzola et al., 2019 for a review).

More recently, Bastin et al. (2016) used intracerebral electro-

encephalography in a group of epileptic patients during a

Stop-signal paradigm; recordings at the aIC showed a rapid

increase of electrophysiological activity in this regionwhen an

error was committed as well as a feedforward influence from

aIC onto ACC and, subsequently, onto the supplementary

motor area (SMA), providing direct evidence for a key role of

aIC within the saliency-error-monitoring networks.

Both self-awareness and error monitoring abilities are core

aspects of metacognition, understood as the cognitive pro-

cesses that are linked with activation of “thinking about one's
own thinking”, by which individuals can reflect upon

(monitor) their own internal mental states and apply their

knowledge to evaluate and regulate (control) their ownmental

states (Nelson et al., 1999). Clinical findings further support

the role of the aIC in self-monitoring/metacognitive process-

ing, as is the case for patientswith anosognosia for hemiplegia

(AHP), who present unawareness of motor deficits related to

hemiplegia and are commonly associated to lesions in insular

regions (Karnath et al., 2005; Vocat et al., 2010). Patients

suffering from schizophrenia, especially those reporting de-

lusions of control have also been associated to functional and

morphological abnormalities in the insular cortex (Crespo-

Facorro et al., 2000; Moran et al., 2013;Wylie& Tregellas, 2010).

In the present study, we propose amultimodal protocol for

exploring the role of the aIC in error monitoring for self-made

actions combining ESM, fMRI and neuropsychological

assessment. With this purpose in mind and, due to the

inherent difficulty of measuring errors in simple reaction

time tasks, mainly due to the small frequency and random-

ness distribution, we created a situation during which we

challenged self-monitoring abilities introducing random

feedback informing about the correctness of the response

emitted. Based on the exposed above regarding the role of aIC

in self-monitoring, our main hypothesis was that ESM

applied over the aIC regions would disrupt the ability to

correctly detect the incongruences between the patients’

action/response and the subsequent feedback appearing on

the screen. As feedback correctness was random (50% chance

of providing a correct information), we created a situation in

which the patient was interrogated about the accuracy of the

presented feedback, requiring access to her internal self-

monitoring/metacognitive process. This allowed us to in-

crease the chance of stimulating the insular region while

presenting action-outcome incongruences and to obtain a

larger number of trials for the evaluation of self-monitoring

abilities. Moreover, we expected to find relevant and signifi-

cant brain activations involving the aIC when introducing
incongruent feedback during the fMRI acquisition at the

relevant contrasts. Our results revealed to be quite promising

regarding the usefulness of our multimodal approach in

studying the implication of the aIC region in self-monitoring

and error processing, highlighting the importance of assess-

ing the insular function during tumor resection and func-

tional imaging allowing a better understanding and

preservation of the aIC functional role in self-monitoring.
2. Methods

2.1. Clinical case description

We report how we determined our sample size, all data ex-

clusions, all inclusion/exclusion criteria, whether inclusion/

exclusion criteria were established prior to data analysis, all

manipulations, and all measures in the study.

MM, a 57-year-old, right-handed woman, Spanish-Catalan

bilingualwas admitted to the Neurosurgery Department of the

Bellvitge Academic Hospital after incidental diagnosis of a left

fronto-insular lesion (diffuse astrocytoma, WHO, II) (see

Fig. 3A). Due to the lesion location, the patientwas selected for

the awake mapping multimodal protocol (which includes

neuropsychological assessment, fMRI and ESM, in this order)

to assess the aIC-related functions. The use of a multimodal

protocol allows us to obtain amultidimensional perspective of

the patient's state that aided adjusting the surgical procedure

to approach tumor recession, benefiting in that way the pa-

tient's treatment. The study protocol was accepted by the

Ethical Committee of the University Hospital of Bellvitge

(reference PR075/19) in accordance with the principles of the

Declaration of Helsinki and the participant signed the

informed consent for the participation in the study. No part of

the study analyses was pre-registered prior to the research

being conducted.

2.2. Neuropsychological assessment

A comprehensive neuropsychological assessment was per-

formed at the neurological ward of the University Hospital of

Bellvitge both pre- and postoperatively. A specific neuropsy-

chological protocol was employed assessing executive func-

tions such as attention [“Digits -direct-“ from Test Barcelona-

Revisado (Pe~na-Casanova, 2005) and “Trail Making Test (TMT)

-part A-“ (Reitan, 1955)], working memory [“Digits -inverse-“

from Test Barcelona-Revisado (Pe~na-Casanova, 2005), “Letters

and Numbers” and “Arithmetic” subtests from the Wechsler

Adult Intelligence Scale-IV -WAIS-IV- (Spanish Edition;

Wechsler, 2008)], inhibition [Stroop Task (Stroop, 1935)],

mental flexibility [“TMT-part B-” (Reitan, 1955)], set shifting

abilities [Wisconsin Card Sorting TesteWCSTe (Grant& Berg,

1948)] and verbal fluency (semantic and phonological verbal

fluency). Moreover, language function was also examined in

terms of production and naming [Boston Naming Test-BNT-

from the Boston Diagnostic Aphasia Examination-BDAE-

(Goodglass & Kaplan, 2001)] and verbal comprehension

[Token Test (De Renzi & Faglioni, 1978)]. Importantly, two

tasks tackling more specific insular-related functioning were

included namely, the Empathy scale [Interpersonal Reactivity

https://doi.org/10.1016/j.cortex.2022.09.008
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Index -IRI- (Davis, 1983), Spanish version] and the Emotion

recognition test [Ekman 60 faces Test (Ekman & Fr iesen,

1976)]. Mood was also assessed using the Hamilton Anxiety

Rating Scale-HARS- (Hamilton, 1959) and the Hamilton

Depression Rating Scale-HDRS- (Hamilton, 1960).

Standardized tests from the WAIS-IV were interpreted by

using Spanish normative data from the WAIS-IV Spanish

Edition (Wechsler, 2008). Additionally, Digits, verbal fluencies,

TMT (parts A and B), Stroop task, BNT, Token Test were
Table 1 e Neuropsychological assessment at baseline and post-

Function (test) Baseline Post-surg

R.S. S.S. R.S.

Attention and executive functioning

A. Attention and verbal WM

Digit span -direct- 6 11 4 6

Digit span -inverse- 6 15 4 10

Letters and Numbers 11 12 5 6

Arithmetic 14 12 14 12

TMT -part A- 30 sec 12 180 sec 2

B. Inhibition

Stroop Test 36 10 7 3

C. Mental flexibility

TMT -part B- 53 sec 14 241 sec 5

D. Set shifting

WCST

Correct responses 84 Preserved 76 Pr

Categories achieved 6 Preserved 0 Im

Perseverative errors 9 Preserved 18 Pr

Efficient errors 23 Preserved 34 Im

E. Verbal fluency

Semantic cue (animals) 21 10 9 4

Phonological cue (“p”) 15 10 6 5

Language

A. Production and naming

BNT 52/60* 10 45/60** 8

B. Verbal comprehension

Token Test 36/36 12 32.5/36 8

Social cognition

A. Empathy

IRI

Perspective taking 30 Preserved 13 Im

Fantasy 26 Preserved 13 Im

Empathic concern 34 Preserved 28 Pr

Personal concern 19 Preserved 18 Pr

B. Emotion recognition

Ekman 60 faces Test Total 36/60 Impaired 38/60 Im

Anger 0/10 Impaired 8/10 Pr

Disgust 9/10 Preserved 5/10 Im

Fear 1/10 Impaired 2/10 Im

Happiness 10/10 Preserved 10/10 Pr

Sadness 6/10 Preserved 5/10 Im

Surprise 10/10 Preserved 8/10 Pr

Mood

A. Anxiety

HARS 11 Preserved 14 Pr

B. Depression

HDRS 3 Preserved 15 Im

R.S.: raw score; S.S.: scalar score; TMT: Trail Making Test; BNT: WCST: W

Reactivity Index; HARS: Hamilton Anxiety Rating Scale; HDRS: Hamilton
corrected using Neuronorma Spanish normative data and

corrected by age and years of education (Pe~na-Casanova et al.,

2009a, 2009b). In both cases, impairment was defined as a

scaled score �6 (see Table 1).

2.3. Electrical stimulation mapping (ESM)

MM underwent awake surgery for tumor removal by the se-

nior neurosurgeon A.G. at the Department of Neurosurgery of
surgery.

ery Comments

S.S.

Significant decrease in attention efficiency.

Slight reduction in verbal WM but preserved.

Slower visuomotor processing speed.

Slower visuomotor processing speed.

Significant reduction in color-word condition

(susceptibility to interference and inhibitory ability).

Might be influenced by motor/articulatory difficulties.

Reduced cognitive flexibility.

Increased difficulties in set-switching.

eserved

paired

eserved

paired

Significant impairment in verbal fluency.

*55/60 with phonological cue, 1 latency.

**52/60 with phonological cue, 1 semantic paraphasia, 1

phonemic paraphasia, 5 circumlocutions, 2 switching

errors, 10 latencies.

Slight reduction in verbal comprehension but preserved.

More difficulties in Perspective taking and Fantasy items

were observed at post-op.

paired

paired

eserved

eserved

Lower scores were obtained for negative emotions, both

during pre-op and post-op, with global scores showing

an impairment in this test.

paired

eserved

paired

paired

eserved

paired

eserved

eserved

After surgery, the patient presented a significant

increase in depressive symptoms.paired

isconsin Card Sorting Test; Boston Naming Test; IRI: Interpersonal

Depression Rating Scale.
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the University Hospital of Bellvitge. A left frontotemporal

craniotomy was performed, and the Sylvian fissure was

opened allowing the exposure of the aIC. ESM was performed

using an Ojemann cortical stimulator (Radionics, Inc.) under

asleep-awake-asleep surgery, following the methodology

described previously by Ojemann, Ojemann, Lettich, and

Berger (2008) during asleep-awake-asleep surgery and our

previous work (Fern�andez-Coello et al., 2016; Havas et al.,

2015; Sierpowska et al., 2013, 2018). The interelectrode dis-

tance of the bipolar forceps was 5 mm. The stimulator deliv-

ered a biphasic current with a pulse frequency of 60 Hz and a

single-pulse phase duration of 1 sec. The duration of each

stimulation train was 3 s. The current amplitude was pro-

gressively increased by .5 mA, beginning at 1 mA, until the

desired responses were observed. During the ESM procedure,

the same cortical area was never stimulated twice in succes-

sion to avoid seizures, and between each set of 2 stimulations

we always performed a control trial without applying elec-

trical current.

Firstly, the primary motor and sensory cortices were

mapped. A site was considered positive for motor function

when the stimulation elicited involuntary muscle contraction

or speech arrest while the patient was counting. On the other

hand, the primary sensory cortex was determined by sensory

disturbances perceived by the patient upon electric stimula-

tion. Due to the tumor location involving fronto-opercular

regions, language mapping was also performed using a

home-made simplified version of the picture-naming task,

composed by 60 black and white drawings selected from a

standard stimuli database (Havas et al., 2015; Snodgrass &

Vanderwart, 1980) both in Spanish and Catalan (see the

functional map obtained in Fig. 3B and C).

2.3.1. Experimental paradigm: stroop interference task with
feedback
Once the aIC was exposed, the experimental paradigm was

performed. A modified version of the Stroop task (Stroop,

1935) was designed and implemented both before and after

surgery, intraoperatively and during presurgical fMRI (see

Fig. 1A and B). The task was adapted for each modality (ESM

vs. fMRI) in terms of timing although the same set of stimuli

were employed. The Stimulus presentation was controlled

with EPrime (Psychology Software Tools Inc., Pittsburgh, PA).

In general terms, the task consisted of signaling the color in

which a word is printed ignoring the word itself. When the

word is a color word printed in a mismatched color ink (i.e.,

RED printed in blue), an interference effect occurs resulting in

a slower,more difficult, and error-prone condition relative to a

control condition (i.e., XXXXX printed in blue). The perfor-

mance cost in the incongruent condition is called the Stroop

effect.

The patient was instructed to press a button with either

their left or right thumb (see Fig. 1A) whenever the target

stimulus was printed in red or blue, respectively, ignoring the

word. Additionally, we increased the difficulty of the task by

adding a laterality variable which involved placing the target

stimulus at the middle-left or middle-right location on the

screen, generating either congruent or incongruent trials

regarding laterality-correct response. Therefore, 8 different

targets were presented based on the word-color and laterality
congruence condition (32 trials in total), balanced across the

task (4 trials for each word-color and laterality-congruence

trial type). After the stimulus presentation (500 msec), the

patient had 1000 msec to respond (reaction time-RT). The

experimental paradigm is accessible at https://doi.org/10.

34810/data212.

To be able to investigate whether the stimulation of the aIC

resulted in a disruption of the ability to self-monitor

committed errors, we needed to be able to anticipate the

occurrence of the desired event to synchronize it to the elec-

trical stimulation. Because the commission of an error cannot

be anticipated, we provided feedback in a random manner

[i.e., either positive or negative (green tick or red cross)], which

could be either congruent or incongruent with respect to the

patient's performance. In 50% of the cases, a positive feedback

was provided and distributed equally across the different trial

types. Finally, the patient had to say whether she agreed with

the feedback she had been given or not. The feedback pre-

sentation was synchronized with the electrical stimulation to

evaluate the effect of the electrical impulse on performance

monitoring. As shown in the trial example in Fig. 2, a cortical

site was considered functionally relevant for error/perfor-

mance monitoring whenever the electrical stimulation

resulted in a failure in detecting whether the feedback pro-

vided was incongruent with her performance. To do so, the

experimenter monitored online the patients' performance via

an additional monitor which displayed the correctness or not

of the response and the feedback that was given for each trial.

The cortical locations of the self-monitoring sites detected

during the ESMprocedurewere transferred to an arbitrary grid

(see Fig. 3C).

2.4. fMRI

Patient MM was scanned before surgery in a 1.5 T MRI Philips

Igenia system at University Hospital of Bellvitge for presur-

gical assessment supporting intraoperative neuronavigation.

Functional images were acquired in the axial plane using a

single-shot T2-weighted gradient-echo EPI sequence with a

3000msec repetition time (TR), 50msec echo time (TE) and 90�

flip angle (FA). Each volume consisted of 4 mm thick slices

with no inter-slice gap; voxel size ¼ 3.59 � 3.59 � 4 mm3;

FOV ¼ 230 mm; size of acquisition matrix 64 � 64. In addition

to the functional images, a high-resolution sagittal T1-

weighted image (slice thickness ¼ 2 mm; no inter-slice gap;

number of slices ¼ 180; TR ¼ 7.8 msec; TE ¼ 3.8 msec; flip

angle ¼ 8�; matrix ¼ 250 � 250; FOV ¼ 250 mm; voxel

size ¼ 1 � 1 � 2 mm3) was also acquired.

The Stroop experimental paradigmwas adapted during the

fMRI acquisition (see Fig. 1B). The stimuli duration were

adapted as follows: First, a variable fixation slide eintertrial

interval (ITI)e (jittering 1000e4000 msec) was presented fol-

lowed by the stimulus presentation (500 msec), to which the

patient had 1000 msec to respond. A fixation slide

einterstimulus interval (ISI)e of 3000 msec was then pre-

sented, followed by the feedback (either informative or non-

informative, depending on the block), during 1000 msec.

Two main conditions were defined: (a) Informative feedback

blocks, during which informative feedback was provided in a

random manner (i.e., either positive -green tick- or negative

https://doi.org/10.34810/data212
https://doi.org/10.34810/data212
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Fig. 1 e Experimental paradigm: Stroop interference task with feedback. (A) Experimental task employed during the

electrical stimulation mapping (ESM) procedure. The task always started with a fixation slide (2000 msec). The target

stimulus appeared for 500 msec, which varied in terms of the laterality-color congruency and word-color congruency

variables (8 trial types in total) The patient was instructed to respond as fast as possible to the ink color ignoring the word by

pressing either left (blue) or right (red). After the response, the feedback slide appeared for 1000 msec (either congruent or

incongruent with respect to the patient's performance), during which the electrical stimulation was applied signaled by a

sound to inform the neurosurgical team. After the feedback þ stimulation presentation, the monitoring question was

presented. (B) Experimental task employed during the functional magnetic resonance imaging (fMRI) acquisition. Each trial

started with a variable fixation slide (1000e4000 msec), followed by the target stimulus presentation (500 msec). Once the

patient responded, an ISI of 3000 msec appeared followed by the feedback presentation (1000 msec). During the informative

blocks, the feedback (either a red cross or green tick) appeared in a random manner (50% probability). For the non-

informative blocks, neutral feedback (grey square) was always presented.

c o r t e x 1 5 7 ( 2 0 2 2 ) 2 3 1e2 4 4236
-red cross-, 50% positive/negative) and (b) non-informative

feedback blocks, during which neutral feedback was always

delivered (i.e., grey square) (see Fig. 1B). A total of 16 blocks

were performed (8 Informative and 8 Non-Informative), each

one consisting of 24 trials. The total duration of the task was

16 min. As in the task version used during the ESM procedure,

the patient was instructed to press a button with either their

left or right thumb whenever the target stimulus was printed

in red or blue, respectively, ignoring the word and a laterality

variable was also included.

In order to examine the brain activity related to congruent

vs incongruent vs neutral feedback, we performed an event-

related design grouping the trials in the following manner:
(a) Congruent trials (29 events of interest), trials of the Infor-

mative blocks for which a congruent feedback was presented

in relation to the participant performance (i.e., correct

response followed by correct feedback or erroneous response

followed by error feedback), (b) Incongruent trial (15 events of

interest), trials corresponding to an incongruent feedback (i.e.,

correct response followed by error feedback or erroneous

response followed by correct feedback) and c) Neutral trials (48

events of interest), corresponding to all trials from the non-

informative blocks.

The fMRI pre-processing and statistical analysis was per-

formed with SPM12 (The Wellcome Trust Centre for Neuro-

imaging, London, UK). Image pre-processing included

https://doi.org/10.1016/j.cortex.2022.09.008
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Fig. 2 e Experimental set-up inside the operating room (OR). Once the patient was awakened and the resection reached the

insular cortex, the experimental task was performed. A computer screen was placed at the eye-level of the patient,

displaying the Stroop modified paradigm. A second computer screen informing the experimenter about the patients'
performance and the feedback presented was also available only for the experimenter eyes. The electrical stimulation was

cued by a sound informing the neurosurgical team the feedback slide was appearing and therefore the stimulation had to be

performed. Once the response and feedback had occurred, the experimenter determined whether the stimulation had

impaired or not the patient's monitoring ability. If 3 or more non-consecutive stimulations over the same cortical site

resulted in a monitoring impairment, that cortical point was considered to be functionally relevant.
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realignment, slice timing, segmentation, normalization and

smoothing with an 8 mm gaussian kernel. Unified segmen-

tation (Ashburner & Friston, 2005) with medium regulariza-

tion was applied. A General Linear Model contrastive analysis

was performed. Motion parameters extracted from the

realignment were included as regressors of no interest. Sta-

tistical parametric maps were obtained for the following

contrasts: (a) Congruent vs Neutral, (b) Incongruent vs Neutral

and (c) Incongruent vs Congruent feedback. These contrasts

are reported at an uncorrected level of p < .01.

Region of interest (ROI) analyses using an uncorrected

a ¼ .05 with an extent threshold ¼ 20 continuous voxels were

performed for the left insular cortex and the ACC (bilateral)

based on the WFU Pickatlas toolbox (Maldjian et al., 2003).
3. Results

3.1. Electrical stimulation mapping (ESM)

Functionally, the ESM over the motor and sensory cortices

revealed two speech arrest sites (red tags) at the opercular re-

gion, and two sensitive points on the somatosensory regions

corresponding to the palate (blue tag -1-) and oropharyngeal

and nasopharyngeal sensations (blue tag -2-) (see Fig. 3B and C).

Surgically, a total resection of the tumor involving the left Broca
region was performed, after obtaining no positive functional

points at his level neither cortically nor subcortically. More-

over, although two positive sites were encountered (see red

tags at Fig. 3B and C), a subtotal resection of the tumor tissue

involving the left motor operculum portion was reached in

order to decrease the probability of tumor recurrence (Fig. 3A).

Following the cortical ESM, the opening of the sylvian

fissure was performed to enable the tumoral resection

involving the insular region. Once the aIC was exposed, the

ESM was performed. Out of the 32 trials of the experimental

task, 10 trials were performed while electrically stimulating

the aIC synchronized with the feedback appearance. One

functional point for self-monitoring was found at the most

posterior part of the aIC (see Fig. 3C). More specifically, 3 non-

consecutive stimulations over the abovementioned cortical

site resulted in an inability to correctly state whether the

feedback provided was congruent with their actual response.

Two of these trials were characterized by erroneous responses

followed by the presentation of incongruent feedback (i.e.,

positive feedback), to which the patient responded ‘Yes’ dur-

ing the awareness question revealing her inability to correctly

monitor and compare her actual response to the feedback

presented. In the case of reaching a third trial for which a

monitoring failure was detected while stimulating, a

congruent feedback after an error was presented (i.e., negative

feedback) followed by an incorrect awareness assertion by the
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Fig. 3 e Lesion topography and ESM results. (A) Pre and post-surgical FLAIR acquisitions depicting the tumoral tissue in light

yellow and the post-surgical cavity. (B) ESM intraoperative photograph depicting the ESM results at the left fronto-temporal

region. In red we see 2 functional motor sites related to speech arrest. In blue, 2 somatosensory points were located

corresponding to palate sensations (top) and oropharynx þ nasopharynx sensations (bottom). Language-related cortical

sites are also depicted for Spanish and Catalan naming impairment. (C) Anatomical map of the cortical surface (top) and

insular region (down) depicting positive functional sites (green) and negative sites (grey) for self-monitoring abilities tested

with the Stroop experimental paradigm.
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patient (i.e., MM responded ‘No’ to a congruent feedback). A

total surgical resection was performed of the tumor tissue

involving the aIC boundary with deep inferior fronto-occipital

fasciculus (IFOF) boundary.

3.2. fMRI results

3.2.1. Whole brain analysis
The neural networks underlying performance monitoring

were assessed by an event-related analysis time-locked to the

feedback onset. Results of the whole brain analysis are shown

on Fig. 4A. During the Congruent vs Neutral contrast, signifi-

cant clusters of activations were mainly found at the superior

frontal gyrus -SFG-, inferior frontal gyrus -IFG, SMA and ACC

(Fig. 4A). When looking at the Incongruence effect (Incon-

gruent vsNeutral feedback contrast), similar regions including

the ACC, SMA and IFGwere found to be activated. Crucially for

the purpose of the current study, the bilateral insular cortex

was also found to be significantly engaged during the incon-

gruent feedback (Fig. 4A). Finally, when computing the

contrast Incongruent vs Congruent feedback to isolate the

incongruence effect, significant clusters were encountered at

the ACC, bilateral insular cortices (both anterior and posterior

regions), superior temporal gyrus -STG- (bilaterally), and

subcortical structures such as the left putamen and right

globus pallidus (see Fig. 4A). Patient data accessible at https://

doi.org/10.34810/data212.
3.2.2. ROI analysis
ROI analysis of the left insular cortex for the contrast Incon-

gruent vs Congruent feedback revealed a significant cluster of

activation at the left posterior insula (cluster size ¼ 43 voxels,

peak t-score ¼ 2.48, MNIXYZ ¼ �32, �26, and 16; Fig. 4B).

Moreover, ROI analysis at the ACC also revealed significant

clusters of activity mostly left lateralized (left ACC: cluster

size¼ 121 voxels, peak t-score¼ 2.44, MNIXYZ ¼ �12, 46, and 2;

right ACC: cluster size ¼ 58 voxels, peak t-score ¼ 2.05,

MNIXYZ ¼ 6, 38, and 2; Fig. 4B). Patient data accessible at

https://doi.org/10.34810/data212.

3.3. Cognitive outcome

Pre-operatively, the patients’ neuropsychological profile was

within the normal score range in attention and executive

functioning, language, semantic knowledge, and social

cognition (see Table 1). She did not report any difficulties in

motor or sensory abilities. Moreover, the performance in the

Stroop experimental paradigm was also within the normal

range, obtaining a 100% accuracy on the execution and feed-

back awareness assessment.

At the post-surgical assessment performed 11 months

after the surgery, a significant decline in some cognitive do-

mains was observed (Table 1), most probably due to the

resection at the level of the left motor opercular region (see

Fig. 3A). A decrease in digit span (direct) and verbal fluency,

https://doi.org/10.34810/data212
https://doi.org/10.34810/data212
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Fig. 4 e Functional magnetic resonance imaging results. (A) Whole brain event-related analysis tagged to the feedback onset

for the contrasts of interest Congruent vs Neutral, Incongruent vs Neutral and Incongruent vs Congruent feedback. (B) ROI

analysis for the contrast Incongruent vs Congruent feedback for the left insular cortex and anterior cingulate cortex (ACC)

ebilateral- Results are shown normalized to MNI space at an uncorrected level of p < .005.
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both for the semantic and phonological cue, was encoun-

tered, most probably influenced by the articulatory diffi-

culties. A slower visuomotor processing speed revealed by a

significant increase in the time needed to complete the TMT-

A and the Letters and Numbers test were observed. Reduced

cognitive flexibility assessed with the TMT-B and set-shifting

abilities assessed using the WCST, showing a larger number

of efficient errors and the impossibility of achieving any

category, were also impaired after surgery. Notably, the per-

formance on the Stroop task (standardized version) revealed

a large reduction in the number of items completed during

the color-word interference condition, pointing out to an

increased difficulty in her inhibitory capacity, although it

might be influenced by the verbal fluency and dysarthria

difficulties the patient presented at post-op after the resec-

tion. Language production abilities were preserved, although

more difficulties with complex verbal comprehension were

recorded.

Social cognition aspects were also assessed, evidencing

more difficulties in Perspective taking and Fantasy items of

the IRI scale (empathy) after surgery. Moreover, emotion

recognition difficulties (Ekman test) were observed both

before and after surgery, especially for negative emotions.

Importantly, the patient presented a significant increase in

depressive symptoms after surgery as revealed by the HDRS.
4. Discussion and clinical relevance

Very few studies addressing self-monitoring and error pro-

cessing have been performed using ESM during awake brain

surgery. Here, we present a newmultimodal protocol proposal

assessing the functional role of the aIC in performance

monitoring for self-made actions. We provide ESM, fMRI and

neuropsychological information data for a single patient un-

dergoing awake brain surgery for tumor removal involving the

aIC region. For this purpose, we designed amodified version of

the Stroop task presenting the patient with either congruent

or incongruent feedback with respect to her performance

synchronized with the stimulation of the aIC sites exposed.

As previously mentioned on introductory paragraphs, ESM

is the gold standard technique for locating and identifying

essential motor, sensory and other cognitive functions (i.e.,

language related functions) in patients undergoing awake

brain tumor resection (Penfield & Roberts, 1959; Ojemann,

1983), allowing to maximize the extent of the tumor resec-

tion and the preservation of functionally relevant brain sites.

Among the various cognitive domains ESM is applied, exec-

utive functions and more complex cognitive abilities, such as

performance monitoring and error awareness, have been less

explored due to the inherent complexity of these functions.

https://doi.org/10.1016/j.cortex.2022.09.008
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Here, we explored the functional role of the aIC in perfor-

mancemonitoring for self-made actions by synchronizing the

ESM with the presentation of either congruent or incongruent

feedback followed by a monitoring assessment as to whether

the patient agreed or not with the feedback provided. Our

results revealed one relevant point at the most posterior

portion of the aIC related to self-monitoring. Specifically, 3

stimulations over the same cortical point of the aIC resulted in

an inability to correctly monitor her performance (see Fig. 3B

and C). Interestingly, all three trials resulting in a monitoring

failure corresponded to erroneous responses, 2/3 when

incongruent feedback was presented and 1/3 after congruent

feedback.

Previous literature has pointed out the key role of the insula

in self-related processing (David, 2012; Sperduti et al., 2011).

Together with other brain regions such as the MPFC and the

ACC, the insula, particularly the aIC, has been largely found to

be involved in self-recognition, self-monitoring and discrimi-

nating the self from non-self-sources of sensory input

(Blakemore et al., 1998; Farrer& Frith, 2002; Kircher et al., 2000;

Sugiura et al., 2000). Self-awareness is an essential component

of metacognition, through which we can adjust our beliefs of

the world - the modulation of the self-by monitoring and

controlling our behavior. For example, patients with fronto-

insular stroke, behavioral variant frontotemporal dementia

andAlzheimer's disease showa lack of self-awareness, insight,

and self-monitoring, which translate into anosognosia and

daily behavioral impairments (Shany-Ur et al., 2016; Hebscher

et al., 2016; Hebscher & Gilboa, 2016; Rosen et al., 2014;

Sunderaraman & Cosentino, 2017), leading to worse functional

outcome and poor compliance with rehabilitation (Ownsworth

& Clare, 2006). One of themost prominent theories (Blakemore

& Frith, 2003; Frith, Blakemore & Wolpert, 2000) claims that

self-monitoring in healthy people is based on a comparator

process that determines deviations between the predicted and

actual consequences of physical or mental actions. When

predicted and actual consequences match, the observed

outcome is experienced as coming from the self. On the other

hand, other authors have proposed that self-monitoring is

usually based on a more direct comparison between the

intention underlying an action and its observed outcome

(Fourneret et al., 2001; Franck et al., 2001; Jeannerod, 1999).

Furthermore, a line of evidence suggests an involvement of

the aIC in performance monitoring related to its role in error

awareness (Klein et al., 2007; Klein et al., 2013). Direct evidence

on the role of the aIC within the error monitoring network has

been recently provided (Bast in et al., 2017), showing a

broadband increase in neuronal population response at the

aIC during erroneous NoGo trials in a group of epileptic pa-

tients undergoing intracerebral electroencephalography.

Recent models regarding error monitoring suggest the exis-

tence of a detection threshold that error signals might need to

surpass in order to be detected by our system (Wessel et al.,

2011; Steinhauser & Yeung, 2010; Ullsperger et al., 2010;

Wessel, 2012). Interestingly, several authors have proposed

that these signals provide multimodal information to be in-

tegrated in the insula conforming the input to the error

monitoring network and reflecting an error-awareness signal

(Ham et al., 2013; Klein et al., 2013; Sridharan et al., 2008;

Ullsperger et al., 2010).
Consistently with the abovementioned studies, our results

support the functional relevance of the aIC in error moni-

toring/processing indicated by the inability to correctly detect

and compare the participants’ response/performance to the

feedback provided when inducing a virtual lesion on aIC re-

gions, specifically during self-made errors, although caution

with this interpretation should be taken due to the reduced

number of trials used to evaluate performance monitoring.

Hence, these results seem to indicate that the aICmight play a

relevant role in monitoring deviances from the predicted ac-

tion consequences during self-made actions, informing the

system than an unexpected outcome/prediction error has

occurred. This interpretation fits well with clinical pop-

ulations showing difficulties in the detection of discrepancies

between predicted vs. actual outcomes, such as the case for

anosognosia for hemiplegia (AHP) patients, commonly asso-

ciated to lesions at the aIC region (Karnath et al., 2005; Vocat

et al., 2010). Moreover, neuroimaging studies in patients

with schizophrenia, who commonly present difficulties in

discriminating between self-generated and externally gener-

ated sources of sensory stimuli, have consistently reported

both structural and functional abnormalities of the insula

(Makris et al., 2006; Moran et al., 2013; Palaniyappan et al.,

2013; Saze et al., 2007; Takahashi et al., 2004, 2005).

Our event-related fMRI results for the contrasts of interest

(Incongruent vs Congruent and Incongruent vs Neutral feed-

back) support ESM findings by revealing significant clusters of

activation at the most posterior portion of the aIC (bilaterally)

when the patient was presented with incongruent feedback

(Fig. 4A). Importantly, other error-related regions such as the

ACC and basal ganglia nuclei such as the putamen (bilaterally)

and right globus pallidus were significantly activated during

the presentation of incongruent feedback. These regions has

been previously related tomonitoring and outcome prediction

of ongoing events (Botvinick et al., 2001; Mathalon et al., 2003).

Several authors suggest that the aIC involvement in self-

monitoring and error awareness may pertain to its role in

the salience network (Menon & Uddin, 2010; Seeley et al.,

2007), which involves the MPFC, ACC, IFG, amygdala, inferior

parietal lobule (IPL), thalamus aIC and other brainstem nuclei

(Seeley et al., 2007) and responding to behaviorally relevant

events. Functional connectivity analysis of aIC during error

awareness confirms its coordinated activity with distant brain

regions of the salience network, presumably to amplify the

neural salience-signal and motivational properties of the

detected error (Deen et al., 2011; Dosenbach et al., 2008).

Therefore, it might be the case that when encountering events

that deviate from expectations (i.e., prediction errors), as in

our case, inserting incongruent feedback, the basal ganglia

relays information to the ACC via the thalamus and commu-

nicates with the executive control network, signaling the need

for increased cognitive control and monitoring (Ham et al.,

2013; Kennerley et al., 2006). Interestingly, as previously

mentioned on introductory paragraphs, the human insula

contains von Economo neurons, whose large axons could

provide a neuronal basis for rapid signal communication be-

tween aIC and ACC, as well as with other brain networks

(Menon et al., 2020).

Several limitations were encountered during this project.

On one hand, the limited availability of ESM datamight hinder
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the possible generalization of our findings, therefore more

patients must be recruited and tested with this protocol.

Moreover, the cognitive decline in the patient's performance

at the articulatory level, probably related to the resection at

the left motor opercular region, might have influenced her

performance on other cognitive domains dependent on verbal

articulation outputs. Besides, a sample of healthy individuals

could also be recruited to perform the fMRI experimental

paradigm favoring the generalization of our results. There-

fore, the current protocol should be tested with other similar

patients with brain tumors involving the aIC region to prop-

erly assess the benefits of this multimodal protocol in evalu-

ating aIC function, allowing for example more strict

corrections regarding the significance of the fMRI results.

In conclusion, the present study offers new insight

regarding the exploration of the aIC in patients undergoing

awake brain surgery to ensure a preservation of the integrity

of the self-awareness/monitoring network. We provide novel

insight regarding the functional role of the aIC in performance

monitoring, following previous findings reporting aIC re-

sponses to error trials and incongruent feedback processing

(Bastin et al., 2017; Ham et al., 2013). A better understanding of

the aIC's role during self-attributed outcomes may help shed

light on feedback/error processing abnormalities reported in

several neuropsychiatric disorders associated with functional

and structural abnormalities of the aIC (Diener et al., 2012;

Hatton et al., 2012; Naqvi & Bechara, 2009; Palaniyappan &

Liddle, 2012; Shepherd et al., 2012), for example, patients

with schizophrenia, AHP, major depression, and/or drug

addiction, who show difficulties in self-monitoring as well as

an abnormal sense of agency for their thoughts or actions

(Vocat & Vuilleumeier, 2010; Eshel & Roiser, 2010; Karnath

et al., 2005; Ziauddeen & Murray, 2010).
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