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Abstract

With the objective to investigate the role of the insula in recognizing emotion, we performed direct electrical stimulation
over the anterior insular cortex during awake surgery while simultaneously delivering an emotional sensitivity task. We
registered 18 consecutive patients with brain tumors associated with the insular lobe, who were undergoing tumor resec-
tion. An emotional sensitivity task was employed to measure the patients’ ability to recognize emotions from facial expres-
sions before, during, and after awake surgery. Furthermore, we performed voxel-based lesion symptom mapping (VLSM)
to identify the association between relevant brain lesions and emotion recognition. When we performed direct electrical
stimulation over the anterior insular cortex during awake surgery, the results showed that the ability to recognize anger was
significantly enhanced with the presence of anterior insular stimulation (p < 0.05). Comparing the performance in the emo-
tional sensitivity task before and after surgery, the performance in the anger condition became worse (p < 0.01), but became
better in the sadness condition after surgery (p <0.01). In the case of anger recognition, lower scores in the correct response
index were associated with lesions involving the left insula in the VLSM study. Direct electrical stimulation over the anterior
insular cortex enhanced anger recognition in patients with insular tumors. In contrast, accuracy of anger recognition was
significantly reduced, and sadness was improved, when the performance of emotional sensitivity was compared pre- and
post-surgery. Our findings suggest that the insular cortex is involved in changes in emotion recognition, including anger and
sadness recognition by modulating arousal level that is closely connected with interoception.
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Introduction

Neoplasms in the insular lobe, especially intrinsic tumors,
are challenging to surgeons because they occur alongside
white matter tracts that govern language function, such as
Kazuya Motomura and Yuri Terasawa contributed equally to this the inferior fronto-occipital fasciculus and superior longi-
study. tudinal fasciculus, as well as to critical vascular structures,
including some branches of the middle cerebral artery,
the lenticulostriate artery, and the long insular artery. To
preserve these brain functions, the gold standard treatment
for infiltrative insular tumors is awake surgery with func-
tional brain mapping using direct electrocortical stimula-
Department of Neurosurgery, Nagoya University tion (Duffau et al. 2008; Sanai et al. 2008; Duffau et al.
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ever, even when such a procedure is performed, patients
sometimes show emotional and behavioral deficits after
removal of the insula (D’Angelo et al. 2008; Herbet et al.
2015), although their language and/or motor functions may
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be preserved (Motomura et al. 2017; Eseonu et al. 2017;
Bello et al. 2007; Ilmberger et al. 2008). Specifically, some
patients present with affective disorders such as flat affect,
depression, and decreased activity after removal of the
insula. However, few studies have examined how insular
lobe removal causes changes to brain functions involved
in emotion and behavior (Vilasboas et al. 2017; Duffau
2010, 2018), which are essential to the daily personal life
of a human being.

Since Penfield et al. reported that stimulation on the insu-
lar cortex elicits nausea or visceral pain, this area has been
defined as the “viscerosensory cortex”. The insular cortex is
also known to be essential for taste perception and regulation
of pain (Feinstein et al. 2016). In the last two decades, neuro-
imaging studies have consistently reported its enhancement
when participants recognized or felt their own emotional
states. In this regard, psychological theories of emotion are
key concepts for understanding why the insular cortex, also
known as the visceral cortex, underlies emotion recognition.
Recent studies of the psychology of emotion have suggested
that the perception of internal bodily changes (interocep-
tion), as well as the interpretation of environmental infor-
mation, is fundamental to recognizing emotion, and that the
insular cortex is critical to these mechanisms. Our previous
functional magnetic resonance imaging (fMRI) studies sup-
ported this hypothesis, revealing that the right anterior insu-
lar cortex was commonly activated when participants were
aware of their own emotional and bodily states (Terasawa
et al. 2013a, b). From another perspective, neuropsychologi-
cal studies have indicated that lesions on the insular cortex
impair the recognition of emotion from facial expressions
(Adolphs et al. 2000; Dal Monte et al. 2013). In particular,
its impact on disgust recognition is widely accepted because
one influential study reported that a lesion on the left pos-
terior insular cortex impaired the recognition of disgust
(Calder et al. 2000). However, our previous study involv-
ing three patients with damage to their right insular cortex
indicated that such lesions impair patients’ ability to notice
their own and others’ emotions, regardless of category (Tera-
sawa et al. 2015). In the same study, participants performed
an experimental task using morphed photos with neutral or
emotional facial expressions (i.e., anger, sadness, disgust,
or happiness). The patients incorrectly identified emotions
with high arousal (e.g., anger) as less aroused emotions (e.g.,
sadness) and one patient showed remarkably low interocep-
tive accuracy. We concluded that results showed that insular
lesions led to attenuated emotional sensitivity across various
emotions, rather than to impairments specific to a certain
category, such as disgust. These findings may have arisen
because the patients had an attenuated ability to perceive
emotional arousal through interoception. However, there is
limited evidence to suggest that insular lesions impair emo-
tional perception through such a mechanism.
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To identify the role of the insula in emotion processing,
we performed direct electrical stimulation over the exposed
anterior insular cortex during awake surgery. We used an
emotional sensitivity task to measure the patients’ ability to
recognize emotions from facial expressions. This task was
performed both before and after removal of the insula to
assess the functional role of selected insular regions. In addi-
tion, we sought to correlate behavioral performance with
regional distributions of brain damage using voxel-based,
lesion—symptom mapping (Bates et al. 2003).

Materials and methods
Patient selection

We registered 18 consecutive patients with glial tumors
or brain metastases associated with the insular lobe who
underwent tumor resection at Nagoya University Hospital
from January 2014 through January 2016. Participants were
selected according to the following criteria: (1) location of
brain tumor in and/or close to the insular cortex; (2) consent
to electrical stimulation of the insula during awake brain
mapping; (3) the possibility of removing the tumor under
general anesthesia if awake surgery could not be performed;
(4) availability of clinical and follow-up data in the neuro-
oncology database, and (5) written informed consent from
all individual participants included in the study. Conversely,
patients were excluded from the study when they could not
undergo a detailed preoperative neuropsychological evalu-
ation that included the Standard Language Test of Aphasia
(SLTA), the third edition of the Wechsler Adult Intelligence
Scale (WAIS-III), and the Wechsler Memory Scale—Revised
(WMS-R). The study was approved by the institutional
review board at Nagoya University Hospital (2014-0002)
and complied with all tenets of the Declaration of Helsinki.
The clinical characteristics of the study are summarized in
Table 1. Histologically, this study included one WHO grade
I glioma (1 pilocytic astrocytoma), ten WHO grade 1II glio-
mas (eight diffuse astrocytomas, one oligodendroglioma,
one pleomorphic xanthoastrocytoma), two WHO grade III
gliomas (one anaplastic astrocytoma, one anaplastic oli-
godendroglioma), and four WHO grade IV gliomas (four
glioblastomas).

Of these patients with intracerebral tumors associated
with insular lobe, 16 of the 18 patients (88.9%) underwent
awake surgery, while the other two patients underwent tumor
resection under general anesthesia. The 18 patients com-
prised 10 men (55.6%) and 8 women (44.4%) ranging in age
from 14 to 72 years (median age 37.5 years). All patients
were right-handed. The first clinical symptom was seizure
in 9/18 patients (50%). Four patients (22.2%) had preopera-
tive motor or language deficits, while another three (5.6%)
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showed memory disturbances. In one patient, the tumor was
incidentally discovered on MR images. With regard to the
final histopathological diagnosis, the present study included
patients with gliomas or brain metastases, as shown in
Table 1. The 18 cases comprised the following: 15 (83.3%)
insular tumors, two (11.1%) temporal-insular tumors, and
one (5.6%) temporal tumor. These tumors were located in
the left hemisphere in 15 patients (83.3%) and in the right
hemisphere in three patients (16.7%). The median tumor vol-
ume, measured on MRI images at preoperative diagnosis,
was 50.5 cm® (range 0.6—-118.7 cm?). A final extent of resec-
tion (EOR) of >90% was achieved in nine patients (50%).

Neuroimaging data acquisition

A 3.0-Tesla scanner (Siemens MAGNETOM Verio with a
32-channel head coil) was used to acquire a high-resolution
anatomical image from each participant at the Nagoya Uni-
versity Hospital. The imaging parameters were as follows:
whole-brain, high-resolution, T1-weighted, phase encod-
ing direction: anterior to posterior, matrix size—256 %256,
repetition time (TR)—2.5 s, echo time (TE)—2.48 ms, 192
slices, slice thickness—1 mm with no gaps, flip angle—15°,
voxel size—1 x 1 x 1 mm?, field of view (FOV) 256 mm.

Preoperative neurocognitive evaluation

All patients underwent neuropsychological testing upon
admission and both before and after surgery. Handedness
was examined using a standardized questionnaire from the
Edinburgh inventory (Oldfield 1971). Hemispheric domi-
nance was determined according to a comprehensive inter-
pretation of the fMRI results. We performed all fMRI studies
using the same scanner. The patients’ neurocognitive func-
tions, including language function, were evaluated by both
speech therapists and occupational therapists using a neu-
ropsychological battery that comprised the SLTA, WAIS-III,
and WMS-R.

Emotional sensitivity task

The emotional sensitivity task was employed to measure
the participants’ ability to recognize emotions from facial
expressions. The task was developed on the basis of our
previous studies (Terasawa et al. 2014, 2015). It was used
during the awake surgery, as well as in the preoperative
phase (1 week before the operation) and in the postopera-
tive phase (from 4 months to 18 months after the operation).
In this way, we were able to analyze changes in the patients’
abilities.

The task stimuli were prepared using photos selected
from the ATR Facial Expression Database (DB99 of
the Advanced Telecommunications Research Institute

International). The database comprises several sets of photos
of Japanese men and women categorized by facial expres-
sion. We selected photos of the following facial expres-
sions: anger, sadness, disgust, happiness, and neutral. We
also created morphed continua photos that combined the
same person’s neutral facial expression with each of the
other above-mentioned expressions to form happy—neutral,
sad—neutral, disgusted—neutral, and angry—neutral expres-
sions. Each morphed photo had two variations—40% and
60% of each emotion. The morphed images were created
using Photomorph software. The slideshow function of
Microsoft PowerPoint was used to present the stimuli. Each
stimulus was presented twice, although the neutral stimulus
was presented five times. Thus, there were 29 trials in a ses-
sion: four emotions X three variations X two repetitions, plus
five neutral stimuli.

The following components constructed a trial: (1) a fixa-
tion was presented for 2 s, (2) a face stimulus associated with
response alternatives (name of emotions: anger/sadness/dis-
gust/happiness/neutral) was presented for 4 s. During the
second phase, participants were asked to choose one of the
alternatives regarding what was expressed by the face stimu-
lus. During the surgical operation, participants completed
one session when the anterior insular cortex was stimulated
and another session when the stimulation was not applied.
We changed the order of stimulation from a session-based to
a trial-based schedule after case 12. Subsequently, stimula-
tion of the anterior insular cortex was alternated. The orders
of the sessions and trials were counterbalanced among the
subjects. The same task was used during the preoperative
and postoperative phases.

Response types and the correct response index

We classified the participants’ responses into three catego-
ries: a “hit” was a correct response, which indicates that
the participants reported the target emotion—for example,
a response of “anger” with an anger stimulus. A “recogni-
tion error” was defined as any response other than the target
emotion—for example, a response of “anger” with a disgust
stimulus. A “miss” was defined as a failure to detect emotion
in a stimulus—in other words, the responses “neutral” with
emotion-laden stimuli were classified as a missed response.
After each test, the numbers for each of the three response
types were counted in each emotional category. The “correct
response index” was then calculated for each emotional cat-
egory using the following formula: (number of hits — num-
ber of recognition errors — number of misses)/(number of
hits + number of recognition errors +number of misses).
The index ranged from — 1 to 1. If a participant was able
to appropriately recognize a certain emotion, the index was
1 assigned. However, if the participant totally misunderstood
a certain emotion, the index — 1 was assigned. This indexing
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system was selected because the number of recognition
errors and misses exceeded the number of hits.

We used this index to evaluate the sensitivity to emotions
of the participants because the index accounted for both cor-
rect and incorrect responses and represented the accuracy of
their responses regarding emotional recognition on a scale.

Surgical procedure

In 16 of the 18 patients, awake surgery with direct elec-
trical stimulation for the brain tumor was performed using
an asleep—awake—asleep technique, as previously reported
(Motomura et al. 2014; Fujii et al. 2015; Iijima et al. 2017;
Motomura et al. 2017). In brief, we performed a wide cra-
niotomy under the guidance of a neuro-navigation system
(BrainLAB; Vector Vision Compact) (Nimsky et al. 2007).
Firstly, we placed letter tags along the tumor margins before
any brain shifts could occur. Subsequently, with the patient
under general anesthesia, we opened the Sylvian fissure
using the sharp dissection method to expose the insular
cortex.

After then, in first stage, we then performed cortical map-
ping using counting tasks and picture naming tasks, pre-
sented on a monitor, to detect the cortical language regions.
After language disorders had been evaluated, number tags
were placed on the brain surface to identify motor and lan-
guage functions. Next, the exposed anterior insular cortex
was stimulated while the emotional sensitivity tasks were
presented in number order (one set of emotional sensitiv-
ity tasks). We applied direct electrocortical stimulation to
the middle short gyrus and/or posterior short gyrus in the
anterior insular cortex (Fig. la, b). Finally, the tasks were
repeated in the same order and no stimulation was given.
We used a bipolar stimulator (Unique Medical, Osaka,
Japan) to deliver a biphasic current (pulse width: 0.2 ms,
pulse frequency: 60 Hz, single pulse phase duration: 0.5 ms,
amplitude: 2-8 mA). Cortical mapping was performed by
stimulating the primary motor cortex. This mapping was
begun at 1 mA and increased in steps of 0.5 mA until a
reproducible functional response was obtained. In this way,
we ascertained the optimal threshold of stimulation and used
it to stimulate the anterior insular cortex (Motomura et al.
2017). The maximum individual current intensity ranged
from 2 to 8 mA. We performed the emotional sensitivity task
during awake surgery.

Finally, the tumor was removed using the subpial resec-
tion technique, and subcortical mapping was performed to
determine the functional boundary. After tumor resection
during awake craniotomy, patients then underwent intraop-
erative MRI (iMRI) using a 0.4-T vertical field MR scan-
ner (Aperto Inspire; Hitachi, Tokyo, Japan) installed in the
operating room of the Brain Theater of Nagoya University
Hospital to confirm the extent of tumor resection.

@ Springer

Lesion symptom mapping

To examine whether lesion location could be a reliable pre-
dictor of behavioral performance, we selected the voxel-
based lesion symptom mapping (VLSM) method, which
estimates the statistics on a voxel-by-voxel basis, allowing
higher spatial precision (Bates et al. 2003; Rorden and
Karnath 2004; Rorden et al. 2007). We used the non-para-
metric lesion mapping function in MRIcron (http:/www.
mccauslandcenter.sc.edu/mricro/mricron/) to correlate a
binary categorical measure of lesion in the whole brain
with a continuous measure of behavioral performance in
the tasks (Barbey et al. 2014; McDonald et al. 2017; Cam-
panella et al. 2014; Reilly et al. 2014). We derived the
lesion volumes in the native space using the original lesion
tracings from the postoperative (follow-up period) T1- and
T2-weighted structural MRI images in each patient. The
area of the lesions in the “volume of interest” format was
then co-registered with the T1 and T2-weighted images
on transverse planes, and spatial normalization was per-
formed using Statistical Parametric Mapping (SPMS;
Wellcome Trust Centre for Neuroimaging, http://www.fil.
ion.ucl.ac.uk/spm/). Voxel-by-voxel statistical analysis,
specifically the Brunner—Munzel test, was then performed
using NPM software in MRIcron (Rorden et al. 2007). A
separate VLSM analysis was then performed using the
correct response index of the emotional sensitivity task as
the predicator in the NPM analysis.

Results

Emotion recognition during anterior insular
stimulation

Figure 2 shows the average and individual scores of the
correct response index of the emotional sensitivity task
during on and off stimulation of the anterior insular cor-
tex. Although some participants could not complete the
task during the operation because of their arousal state or
whole bodily condition, 11 participants did complete the
task (Table 1). We conducted ¢ tests at each emotional
condition to examine the effects of insula stimulation on
task performance. Like the results of the 7 test, the effect of
insular stimulation was statistically significant only in the
anger condition [#(10)=2.88, p=0.02]. As Fig. 2 shows,
the participants’ performance improved in anger recogni-
tion when they received insular stimulation. Statistically sig-
nificant differences in the other emotional conditions were
not obtained [happiness: #(10) =—0.48, p =0.64, sadness:
1(10)=0.14, p=0.90, disgust: #(10)=0.94, p=0.37, neutral:
1(10)=1.23, p=0.25].


http://www.mccauslandcenter.sc.edu/mricro/mricron/
http://www.mccauslandcenter.sc.edu/mricro/mricron/
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Fig. 1 a Generation of a 3D object representing the insular tumor and
intracranial cerebral arteries. We stimulated the middle short gyrus
and/or posterior short gyrus with emotional sensitivity tasks. Arrow
the middle short gyrus and/or posterior short gyrus. b A schematic

diagram showing the locations of direct stimulation on the anterior
insular cortex. We performed a direct electrocortical stimulation on
the middle short gyrus and/or posterior short gyrus along with the
emotional sensitivity tasks
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Fig.2 Performance in the emo- *
tional sensitivity task during
awake surgery. The figure shows
the average and individual
scores of the correct response
index that was calculated using
the following formula: (number
of hits — number of recognition
errors — number of misses)/
(number of hits + numbers of
recognition errors + number of
misses). The asterisk indicates

1.0

Correct response index
0.0

a significant difference between © . : e
on and off insula stimulation ) 1 _ . L J
(*p<0.05). stim stimulation [ ¢ __—""'— . ——
e | i . — i i — . —
Stim.  Nostim. Stim. Nostim. Stim. Nostim. Stim. Nostim. Stim. No stim.
Anger Happiness Sadness Disgust Neutral

Changes in emotion recognition between pre-
and post-operation

To examine the role of the insula in recognizing emo-
tions, we compared performance in the emotional sen-
sitivity task at the pre- and post-operation phase in the
14 patients (Table 1). Figure 3 shows the average and
individual scores of the correct response index in the
task during those two phases. We conducted ¢ tests for
each emotional condition to examine the effect of insu-
lar removal on emotion recognition. As the results of ¢
tests show, the effect of insular removal was statistically
significant in the anger and sadness conditions [anger:

Fig.3 Changes in the per- *%
formance in the emotional
sensitivity task before and after
surgery. The figure shows the
average and individual scores
of the correct response index
that was calculated using the
following formula:(number of
hits — number of recognition
errors — number of misses)/
(number of hits + numbers of
recognition errors + number of
misses). The asterisk indi-

cates a significant difference
between pre- and post-operation
(**p<0.01). pre pre-operation,
post post-operation

1.0

-0.5
+

Correct response index
0.0

|
|
)

1(13)=3.85, p=0.002, sadness: #(13) =—4.00, p=0.001].
As Fig. 3 shows, the performance of the task in the anger
condition became worse, but became better in the sad-
ness condition. Statistically significant differences in the
other emotional conditions were not obtained [happiness:
1(13)=-0.37, p=0.72, disgust: #(13)=—1.53, p=0.15,
neutral: #(13)=—-1.80, p=0.09].

In addition, 11 out of 14 cases showed a worse per-
formance for the anger condition in the post-operation
phase, and 10 out of 14 cases showed better performance
for the sadness condition in this period. Thus, the changes
observed between pre- and post-operation phase could not
have been caused by a reduction in the number of cases in
the post-operation phase (see Table 1).

*%

-1.0

T

Pre Post

Anger
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Lesion symptom mapping

For the emotional sensitivity task, we selected 14 patients
who could complete the task with lesions in the left and
right insula in order to identify areas associated with lower
scores of the correct response index in each emotion cat-
egory (anger, happiness, sadness, disgust, neutral; Table 2,
Fig. 4). We set the threshold of the Brunner—-Munzel Z
scores to 2.33 (p <0.01, uncorrected). Significant lesioned
areas associated with lower scores of the task for each
emotion category are shown in Table 2 along with the

corresponding peak MNI coordinate, voxel size, and peak
intensity (Z score). In the case of anger, a lower score was
associated with lesions in the left anterior to middle insula.
In the case of happiness and neutral emotions, a lower
score was associated with lesions in the left inferior fron-
tal area. With regard to sadness and disgust, lower scores
were associated with lesions in the left parahippocampal
area, and extended areas in the left inferior and superior
temporal areas for sadness and in the left inferior frontal
area for disgust. The most notable finding was that we
could detect a significant involvement of the insula only
in the anger condition.

Table 2 Results of the lesion

> . Peak MNI coordinate Voxel size Peak intensity
symptom mapping analysis

Anger Left insula —48 25 -13 617 3.09
Happiness Left inferior frontal —43 24 -16 16 2.55
Sadness Left parahippocampal —28 7 -18 111 2.79

Left inferior temporal —65 -16 =27 16 2.34

Left superior temporal —58 3 -6 21 2.34
Disgust Left inferior frontal —42 24 -15 68 2.75

Left parahippocampal -29 -2 -18 13 2.57
Neutral Left inferior frontal —48 25 —13 205 3.24

Significant lesioned areas associated with lower scores of the emotional sensitivity task were shown with
corresponding peak MNI coordinate, voxel size, and peak intensity (Z score)

Fig.4 Results of the lesion
symptom mapping analysis.
Significant lesioned areas asso-
ciated with lower performance
in the emotional sensitivity
task are depicted. In the case
of anger, a lower score was
associated with lesions in the
left anterior to middle insula.
No significant involvement of
the insula was found in other
emotion conditions

Happiness

Sadness

Disgust

Neutral

ATl

N
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Discussion

Penfield et al. revealed that intraoperative direct stimula-
tion of the insular cortex during awake brain surgery led
to visceral sensory and motor symptoms, particularly in
the more inferior anterior parts of the insula (Penfield and
Faulk 1955). These results have been complemented by
data obtained in patients with epilepsy, whereby the insu-
lar cortex has been associated with viscerosensory pro-
cessing (Nguyen et al. 2009; Craig 2002; Phillips et al.
1997; Isnard et al. 2004). Similarly, a neuroimaging study
showed that the facial expression of disgust in particular
activated the insular cortex (Phillips et al. 1997). However,
numerous neuroimaging studies have shown that the insu-
lar cortex is not only involved in disgust processing, but
also in complex brain functions, including interoceptive
and emotional awareness and social cognition (Terasawa
et al. 2013b; Boucher et al. 2015; Evans et al. 2002).

Previous studies have suggested that the insular cortex
is critical for interpreting interoceptive and environmen-
tal information as subjective feelings of emotion, cor-
roborating the notion that the insula is an anatomical and
functional hub for the brain. In fact, the anterior insular
cortex shows reciprocal connections with the frontal and
anterior temporal cortex, while the posterior insular cortex
shows such connections with the parietal and posterior
temporal cortex, respectively (Dennis et al. 2013). One
meta-analysis of fMRI studies indicated that the anterior
insula is associated with cognitive and social-emotional
processing, while the posterior part is associated with sen-
sorimotor processing (Kurth et al. 2010). Taken together,
these studies indicate that the insular cortex is essential
for integrating multimodal sensory information with high-
level cognitive processing.

Based on these findings, we hypothesized that insu-
lar lesions lead to an attenuation of the ability to recog-
nize emotions, particularly those based on interoception
(Terasawa et al. 2015). In keeping with this hypothesis,
the present study found that the recognition of anger and
the changes in emotion recognition between pre- and post-
operation were strongly influenced by the stimulation to
the insula during surgery and removal of the area by the
surgery, respectively.

Anger recognition decreased after insular removal,
while sadness recognition improved

We assessed facial emotional recognition processing in a
group of patients both before and after surgery. The data
showed that the performance of the task at anger condi-
tion became worse, but became better at sadness condition
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(Fig. 3). According to the circumplex model of emotion,
which defines emotions by plotting on a plane with dimen-
sions of arousal and valence (positive or negative) (Kup-
pens et al. 2013; Russell 1980), the present results are
very compelling. On the plane of the model, sadness,
anger, and disgust are plotted close to each other on the
valence dimension, since those are all negative emotions.
However, these emotions differ in terms of arousal level,
which is highest for anger and lowest for sadness, with
disgust in the middle. The insular cortex is considered the
neural substrate that represents arousal level (Lewis et al.
2007; Berntson et al. 2011), and decreased blood flow
in this region leads to blunting of interoception (Khalsa
et al. 2009). This may indicate that insular cortical and/or
subcortical lesions impair interoception, which underlies
the recognition of arousal levels, attenuating the ability
to discriminate between negative emotions, as observed
in the present study. Thus, as the insular cortex is related
to arousal level recognition, the patients in this study had
difficulty feeling arousal levels after the removal of the
insula, but they could understand the emotional valence
of the stimuli as indicated by the higher correct response
index for the happiness condition. Thus, they misidentified
anger as an emotional expression of less aroused emotions,
such as disgust or sadness. We found a similar pattern of
responses to the emotional sensitivity task in our previ-
ous study involving patients with insular lesions (Terasawa
et al. 2015). Since anger is the emotion with the highest
arousal level among negative emotions used in both this
study and Terasawa et al. (2015), the effect of an attenu-
ated ability to feel arousal resulted in the misidentifica-
tion of the anger stimuli. Interestingly, the performance
in this task during the awake surgical operation supports
this hypothesis from another perspective.

Since the insula is considered to be a part of visceral
brain, several studies have indicated that this area may be
associated with recognition and generation of the feeling
of disgust (Adolphs et al. 2003; Calder et al. 2000). How-
ever, the accumulation of neuropsychological studies on
emotional processing revealed that not all areas of the insu-
lar cortex simply subserve the feeling of disgust (Boucher
et al. 2015). Detailed studies proposed the possibility that
a posterior insular lesion may be the critical area for the
processing of disgust (Borg et al. 2013). The affected areas
in our participants were from the anterior to middle insula.
These observations may explain why evident deficit in the
processing of disgust was observed in this study.

Anterior insular cortex stimulation enhanced anger
recognition

Using an emotional sensitivity task during awake surgery,
we examined the functions of the anterior insular cortex by
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direct electrical stimulation. Our results showed an enhance-
ment of anger recognition upon stimulation over the ante-
rior insular cortex. Participants were able to perceive anger
more accurately when they received insular stimulation,
which modulates the insular cortex, thus enabling partici-
pants to feel anger accurately through heightened arousal
levels. The results obtained during the awake surgery and
post-surgery phase support our hypothesis that the insula
is involved in arousal recognition through interoception.
In a voxel-based meta-analysis of functional MRI studies,
Fusar-Poli et al. revealed that anger perception processing
is associated with bilateral inferior frontal cortex activity
(Fusar-Poli et al. 2009). Other groups have revealed that
high-frequency transcranial random noise stimulation of
the inferior frontal cortex improves anger perception (Yang
and Banissy 2017). In this regard, the fronto-insular tracts
connect various regions of the frontal operculum with the
anterior insular cortex, which may provide emotional infor-
mation (Catani et al. 2012). Considering the neuro-network
that exists between the anterior insular cortex, the inferior
frontal cortex, and the fronto-insular tracts are connected
by a neural network, our results were consistent with these
reports, whereby anger recognition was enhanced by anterior
insular cortex stimulation.

Some brain stimulation studies yielded controversial
results concerning emotion recognition. Giussani et al. dem-
onstrated that direct electrical stimulation interfered with
facial emotion recognition in the right posterior perisylvian
area in patients with right hemispheric lesions. Papagno
et al. reported that an emotion recognition study was per-
formed for 13 glioma patients by intraoperative direct stimu-
lation of the insular cortex during awake surgery to identify
whether the insula had a role in facial disgust processing.
They concluded that stimulation of both the anterior and the
posterior insular cortex produced interference in disgust rec-
ognition (Papagno et al. 2016). Although this study reported
that only disgust was disrupted by insular cortical stimula-
tion (Papagno et al. 2016), our results revealed that such
stimulation of the anterior insular cortex enhanced anger
recognition with statistical significance.

On the other hand, Bijanki et al. showed that the par-
ticipants rated emotional facial expressions as more posi-
tive with direct stimulation of the basolateral nucleus of the
right amygdala, rather than without stimulation (Bijanki
et al. 2014). Mulak et al. reported that direct electrocorti-
cal stimulation can induce subjective experiences, such as
digestive sensations in 87 epileptic patients (Mulak et al.
2008). Other reports also showed that insular cortex stimu-
lation evoked anxiety and fear (Feindel and Penfield 1954)
(Mullan and Penfield 1959), pleasant affective experiences
(Ostrowsky et al. 2000), and olfactory and gustatory sensa-
tions (Ostrowsky et al. 2000). Furthermore, Yih et al. dem-
onstrated that the magnitude of the electric current delivered

intracranially correlated positively with the perceived inten-
sity of the subjective experience and the evoked emotional
state in the orbitofrontal cortex, the insular cortex, and the
anterior portion of the cingulate cortex (Yih et al. 2019).
These findings revealed that direct stimulation to the insular
cortex amplified the subjective experience, which resulted in
an intensified ability to recognize emotional facial expres-
sions. On the same note, Penfield et al. reported intraopera-
tive electrocortical stimulation in a group of patients with
a positive response to insula-induced viscero-sensitive or
motor- and somato-sensory symptoms (Penfield and Faulk
1955). In light of this finding, it is even more interesting
that direct stimulation enhanced emotional recognition.
However, we stimulated the superior anterior insular cortex
rather than the inferior anterior areas underlying the tempo-
ral operculum, which Penfield et al. stimulated. It may be for
this reason that we saw an enhancement in anger recognition
rather than disgust recognition.

Little is known about the effect of direct stimulation on
emotion recognition. A positive motor site was identified
by involuntary movement of the face, arm, or leg, or inhib-
ited motor function during active movement, using motor
mapping by direct electrical stimulation. These findings sug-
gested that the motor areas were identified using induced or
inhibitory movements of the hand or face, by direct electrical
stimulation. On the other hand, positive language sites were
defined by stimulation-induced anomia, alexia, and para-
phasia or speech arrest, indicating that direct stimulation
impaired language functions. Apart from these objective
responses obtained during motor and language mapping,
the effect of electrical stimulation on the human subjective
experiences and emotional states should be carefully dis-
cussed. It has been thought recently that a one-to-one cor-
respondence between the cortical location and brain function
is currently insufficient to explain the complexity of brain
processing, especially for higher cognitive functions such
as emotion recognition (De Benedictis and Duffau 2011).
The hodotopic model (Catani and Ffytche 2005) explains
the manner in which electrical stimulation may have caused
divergent results (hyper- or hypofunctional) with respect to
emotional recognition.

Anger recognition was associated with the left
insula in lesion symptom mapping studies

Our results revealed that anger recognition was associated
with lesions involving the left anterior to middle insula. One
previous VLSM study focusing on the responsible area for
facial emotion recognition showed that damage to the bilat-
eral fronto-temporo-limbic network, especially the medial
prefrontal cortex, anterior cingulate cortex, and left insular
and temporal areas, impaired facial emotion recognition (Dal
Monte et al. 2013). In the present study, we concentrated on
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the insula and vicinity areas. Hence, we could not draw any
direct comparison with our previous studies. However, the
left insula was found to be responsible for facial emotion
recognition in both studies, and the finding of the present
study that the left insula is particularly involved in anger rec-
ognition was especially consistent with our present results.
Based on these findings, we concluded that the left insula
appeared to be an area that is responsible for anger recogni-
tion more than for that of other emotion categories.
Previous studies have suggested that insular functions
show laterality—that the right insula seems to be more
involved in sympathetic control, whereas the left insula may
be more involved in parasympathetic control (Critchley and
Harrison 2013). In light of this model, the passive view-
ing of angry expressions in others, as seen in the present
experiment, may have caused greater stimulation and thus a
more autonomically aroused state, since the right insula was
largely intact. This may in turn have triggered greater para-
sympathetic control by the left insula, which, being mostly
damaged, was reduced to a homeostatic state. As a result of
these unbalanced controls on either side of the insula, the
effects of anger recognition may have been enhanced, elicit-
ing an aroused state that may have heightened the patients’
subjective feelings of the emotion. To explore this possible
explanation, future studies should use actual recordings of
autonomic activities, including beat-by-beat heartrate.

Limitations

Although this report provided novel information on pro-
cessing in a series of patients who had undergone insular
tumor resection, our results were limited compared to those
of prospective clinical trials, as retrospective studies can be
influenced by unrecognized bias. Furthermore, the present
report was based on a small number of cases; a larger sample
size would have allowed for comparisons of resections in
specific areas of the insula, such as the left vs. right insular
lobe. Thus, a larger cohort study should be carried out to
further establish the role of the insula in emotion processing.
In particular, the VLSM analysis did not meet the stringent
criteria of a permutation test (Medina et al. 2010). Further
analysis with greater number of patients is required to gener-
ate more robust data.

In addition, a larger amount of tissue was removed from
the insular tumors themselves than from the normal insula in
the present study. Although low-grade gliomas can carry out
normal tissue functions, the tumor itself may have affected
performance in some patients. Next, emotion processing
may have been affected by other brain areas when the insula
was stimulated. Thus, the insula may have been part of a
larger brain network of attention-related problem solving
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and salience systems (Eckert et al. 2009), as well as pain
processing mechanisms (Wager et al. 2004).

Considering that anterior insular cortex stimulation sig-
nificantly enhanced only anger recognition rather than all
emotion categories, our findings will be valuable for under-
standing the role of the insula in emotion processing. How-
ever, one could argue that a reliable baseline performance
should be obtained during awake surgery, because emotion
recognition might be affected when other areas are stimu-
lated. Such a baseline performance should be measured at
regions where connectivity to the insular cortex is sparse.
However, on ethical grounds, we could not practically stimu-
late other distant areas that are not related to the insula, as
this may have caused intraoperative complications (Bello
et al. 2007; Motomura et al. 2018; Puglisi et al. 2018; Ber-
nard et al. 2018).

Conclusions

We assessed emotion processing in a series of patients who
had undergone brain tumor resection in the insular lobe.
We found that direct electrical stimulation over the anterior
insular cortex during awake brain mapping enhanced anger
recognition in these patients. In contrast, the sensitivity of
anger recognition significantly deteriorated, while that of
sadness improved, when emotional sensitivity was compared
before and after surgery. Furthermore, we showed that anger
recognition is mainly associated with the left middle insula
in a lesion symptom mapping study. Our findings suggest
that insular cortex lesions are involved in changes related to
emotion the recognition of emotions, including anger and
sadness, and modulation of interoceptive processing under-
lies the changes. These findings highlight the need for pro-
spective studies to assess emotion processing and establish
arole for the insular lobe.
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