Insula mediates heartbeat related effects on visual consciousness
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Abstract

Interoceptive signals, such as the heartbeat, are processed in a network of brain regions including
the insular cortex. Recent studies have shown that such signals modulate perceptual and cognitive
processing, and that they impact visual awareness. For example, visual stimuli presented
synchronously to the heartbeat take longer to enter visual awareness than the same stimuli presented
asynchronously to the heartbeat, and this is reflected in anterior insular activation. This finding
demonstrated a link between the processing of interoceptive and exteroceptive signals as well as
visual awareness in the insular cortex. The advantage for visual stimuli which are asynchronous to
the heartbeat to enter visual consciousness may indicate a role for the anterior insula in the
suppression of the sensory consequences of cardiac signals. Here, we present data from the detailed
investigation of two patients with insular lesions (as well as four patients with non-insular lesions
and healthy age matched controls) indicating that a lesion of the anterior insular cortex, but not of
other regions, abolished this cardio-visual suppression effect. The present data provide causal
evidence for the role of the anterior insula in the integration of internal interoceptive and external

sensory signals for visual awareness.
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1. Introduction

Interoceptive signals convey information regarding the internal physiological states of the body
and allow homeostatic control. Despite the importance and the spread of their sensory effects
(Birznieks, Boonstra, & Macefield, 2012; Macefield, 2003; Ohl, Wohltat, Kliegl, Pollatos, &
Engbert, 2016), they typically remain unnoticed and are not accessed consciously (Critchley &
Harrison, 2013). Furthermore recent studies have shown that interoceptive (especially cardiac)
signals impact emotional (Garfinkel et al., 2014), cognitive (Dunn et al., 2010, Allen et al.,
2016)), low-level perceptual (Gray, Rylander, Harrison, Wallin, & Critchley, 2009; Sandman,
McCanne, Kaiser, & Diamond, 1977) and self-related processing (Aspell et al., 2013; Babo-
Rebelo, Richter, & Tallon-Baudry, 2016; Craig, 2009; Craig, 2010; Damasio, 2000; Park et al.,
2016; Park & Tallon-Baudry, 2014; Sel, Azevedo, & Tsakiris, 2016; Suzuki, Garfinkel, Critchley,
& Seth, 2013). Concerning the self, interoceptive signals such as the heartbeat are thought to
provide internally generated signals which have been suggested to provide a fundamental basis
for self-representation (Babo-Rebelo, Wolpert, Adam, Hasboun, & Tallon-Baudry, 2016; Craig,
2010; Damasio, 2000; Seth, Suzuki, & Critchley, 2011). Indeed, several recent studies have
linked interoceptive processing to self-related thoughts (Babo-Rebelo, Richter, et al., 2016) as
well as bodily self-consciousness (Aspell et al., 2013; Park et al., 2016; Sel et al., 2016; Suzuki et

al., 2013, Park et al., 2017).

Earlier work suggested that cardiac activity causes a general suppression of cortical excitability
(Koriath & Lindholm, 1986; Lacey & Lacey, 1970; but see Walker & Sandman, 1982) as well as
modulations of sensory and neural processing for auditory, tactile and nociceptive stimuli
(Edwards, Inui, Ring, Wang, & Kakigi, 2008; Edwards, Ring, Mclintyre, & Carroll, 2001;
Edwards, Ring, Mcintyre, Winer, & Martin, 2009; Gray et al., 2009; van Elk, Lenggenhager,
Heydrich, & Blanke, 2014). This was extended recently in a series of experiments to visual

awareness by showing that visual stimuli presented at the frequency of the heartbeat are



suppressed from awareness compared to the same stimuli presented asynchronously to the
heartbeat (Salomon et al., 2016). Furthermore, in two fMRI experiments this suppression effect
was associated with reduced BOLD activity in the anterior insula during synchronous, but not
asynchronous, cardio-visual trials. These results provided novel evidence that bilateral anterior
insular cortex, central nodes of interoceptive processing ( Craig, 2003; Craig, 2002; Critchley,
Wiens, Rotshtein, Ohman, & Dolan, 2004), may modulate the visual sensory consequences of
heartbeats, which are known to produce measurable effects on the visual system (de Kinkelder et
al., 2011; Ohl et al., 2016). Although recent patient work has related unilateral insula in cardio-
visual processing and bodily awareness (i.e. Heydrich and Blanke, 2013; Ronchi et al., 2015), it is
not known whether unilateral insula damage may interfere with cardiac suppression of visual
awareness. Moreover, while these fMRI data pointed to a role for the anterior insular cortex in
cardio-visual interactions for visual consciousness (see also Park et al., 2014), they only provided
correlational evidence, without demonstrating if this region is necessary for such computations
with respect to other parts of the brain. The present study sought to test the causal role of the
anterior insula in the processing of cardio-visual signals integration and their role for visual
awareness. To this end, we tested a patient with a selective insular lesion, and a group of
neurological patients with lesions affecting selectively posterior insular cortex or other brain
regions and adapted previously established psychophysical paradigms to these different patient

and control populations.

2. Materials and Methods

2.1 Participants

As the aim of the present study was to assess the role of the anterior insula for cardio-visual

synchrony effects on visual perception, we compared data from an insular (Ins) patient to that of



different control participants. In order to test the specificity of the anterior insular region compared
to other brain regions in this effect, we compared the performance of the Ins patient with those of a
patient with a posterior insular lesion (Postins) and a small group of neurosurgical patients with
non-insular lesions. To control for possible age effects we also tested age matched, neurologically
unimpaired participants. Finally, to assure that the deficit was specific to cardio-visual integration
and not a general perceptual deficit we also employed a non-cardiac visual task. All participants
gave their written informed consent for participation in the study which was approved by the ethics

committee of Canton Genéve.

Insular patient (Ins)

The insular patient was a 43-year-old ambidextrous male, working as a pastry chef. He was
admitted to Geneva University Hospital for an epileptic generalized seizure. The computerized
tomography (CT) and the magnetic resonance imaging (MRI) scans showed the presence of a right
neoplastic lesion affecting the right insula. The tumor invaded both anterior and posterior lobules of
the right insula with the exception of the caudal portion of the anterior long insular gyrus, and
extended to the postero-medial orbital lobule of the frontal lobe, to the planum polare of the
temporal lobe and medially to the capsula extrema, the claustrum and the capsula externa. The
patient stated that he had experienced a few short euphoric crises which started few months before
the first seizure; no other symptom of the presence of the brain tumour was detected before the
seizure. The patient was admitted to the Neurosurgery unit for tumour resection. Following surgery
and the diagnosis of an oligoastrocytoma (stage Il), the patient was transferred to a neuro-
rehabilitation hospital for the presence of a mild left hemiplegia, and was sent back home after the
discharge. Figure 1a shows the MRI of the insular patient acquired three months after the surgery:
the damage affected mainly the whole right insular cortex (anterior, posterior, middle parts), with a

residual hematoma in the resection cavity.



During the two experimental examinations (see details in 2.2 section), the patient was alert,
cooperative, well-oriented in time, space and personal parameters, and fully aware of his medical
condition. The neurological exam showed preserved motor, somatosensory and visual-field
functions. Visual function as well as the visual cortex and visual pathways from the eyes to the
lateral geniculate nucleus and visual cortex were unaffected. The patient was under antiepileptic
treatment. This patient also participated in another study regarding cardio-visual stimulation for

bodily self-consciousness (Ronchi et al., 2015).

Neurosurgical control patients (NC)

Posterior Insular patient (PostIns)

To assess the specificity of the anterior insula, we examined cardio-visual synchrony effects on a
neurosurgical posterior insular patient (Postins). The patient was a 49-year-old right-handed male,
working as manager. The tumour was discovered because of tinnitus affecting the left ear, followed
in time by the presence of partial seizures inducing paraesthesia on the left hemi-body. The surgery
was planned for the tumour removal, revealing the presence of an oligoastrocytoma (stage 1l): the

lesion affected the right posterior insula, without involvement of the right anterior insula.

Non Insular Neurosurgical control patients

We also tested cardio-visual synchrony effects on a small group of four neurosurgical control (NC)
patients (2 males; mean age: 36.3 years, SD: 15.5 years), with resection of neoplastic lesions not
involving the insular cortex. Figure 1b shows the lesion locations of the five neurosurgical control
(Postins and NC) patients. Table I shows a summary of the demographic and neurological
information about the insular (Ins) and the neurosurgical control (Postins and NC) patients. All
neurosurgical control patients except for NC4 were under pharmacological treatment for epileptic

seizures at the moment of testing. All patients underwent neuropsychological testing and were



perfectly oriented in time, space, and personal parameters; moreover, they were completely aware
about their medical conditions and neurological symptoms, when present. All patients had
unimpaired linguistic functions and easily understood the task instructions. The presence of spatial
attentional deficits affecting the contralesional hemi-space or hemi-body was assessed using a
battery of neuropsychological tasks, when the lesion affected the right hemisphere: neither spatial
nor personal neglect was detected. Finally, they were all completely autonomous in daily-life

activities.

Neurologically Unimpaired healthy controls (HC)
A group of seven neurologically unimpaired healthy controls (HC), age-matched with the insular
patient, were recruited for the experiment (2 males; mean age: 45.2 years, SD: 4.4 years). All

participants gave their written informed consent for the study’s participation.

2.2 Experimental Procedure

Ins, Postins and NC patients, as well as the HC group, underwent a paradigm of continuous flash
suppression (CFS), under cardio-visual stimulation (cardio-visual CFS). CFS is a well-established
paradigm based on interocular rivalry, which allows for long-lasting suppression from awareness of
visual stimuli (Tsuchiya & Koch, 2005). In the present CFS experiments, participants were shown
the visual stimuli through a head-mounted-display. They had to look at a central fixation cross,
presented to both eyes, while two different images were projected to each of the two eyes: the visual
target, i.e. a yellow octagon (RGB:(255,255,0), visual angle H:4°, V:4°), was presented to the non-
dominant eye, and it was suppressed by highly salient dynamic visual patterns flashed to the
participants' dominant eye (see Figure 2). Critically, the masked visual stimulus (i.e., the octagon)
was flashed either synchronously (at the same moment) or asynchronously with respect to each
participant’s heartbeat, measured online by an electrocardiogram (ECG). During the asynchronous

trials the octagon flashed at the frequency of either 80% or 120% of the participant’s current



heartbeat. Participants were required to report whether the stimulus was above or below the fixation
cross as soon as they became aware of it, by pressing a button within 20 seconds of display. The
experiment included 80 trials, 40 synchronous and 40 asynchronous (for asynchronous stimulation
20 trials were at 120% of the participant’s heartbeat and the other 20 were at 80% of their
heartbeat). We measured the duration (in seconds) of the target stimulus presentation required for
the subject to break suppression and become aware of the stimulus.

To assure that the results of the cardio-visual CFS experiment were not related to generalized
deficits in binocular rivalry, we also employed a control experiment using a CFS paradigm
involving suppression of upright or inverted bodies (body CFS; see Stein, Sterzer, & Peelen, 2012).
Here the participants were exposed to high contrast monochromatic dynamic stimuli masks
(Salomon, Lim, Herbelin, Hesselmann, & Blanke, 2013) to the dominant eye while target stimuli
(i.e., upright and inverted headless bodies) were presented either above or below the fixation cross
(Figure 2d ). The task was to indicate the location (above/below) of the body as quickly as possible
by pressing a button. Due to time constraints with the patients this was only tested in the insular
patient and HC.

The whole experimental session (cardio-visual CFS and control CFS) lasted about one hour. To
validate our central finding the insular patient was tested twice: the first testing after 3 months from
tumour resection, the second examination after 20 months from the surgery. For more details

regarding the methodology of the CFS experiment, see (Salomon et al., 2016)

2.3 Statistical analyses

Both for the cardio-visual and control tasks, accuracy and response time (RT) were recorded.
Accuracy was computed as the percentage of trials in which the location of the octagon was
correctly reported. The main dependent measure was the duration of the octagon presentation
required to break suppression, also called breaking suppression time. Breaking suppression time

was defined as the total duration (in seconds) of stimulus presentation when the participant pressed



the button to indicate that he had seen the stimulus. The suppression effect was computed as the
difference in breaking suppression time in synchronous and asynchronous trials. Only correct trials
were analyzed. For each participant, trials in which the RT exceeded 2.5 standard deviations from
the participant’s mean RT were excluded from analyses (representing a total of 14% of trials).
Parametric analyses (t-test) were used to compare the mean accuracy and target presentation
duration for synchronous and asynchronous trials. To compare the scores of the Ins patient and the
control groups (NC and HC), single case Crawford tests were applied, using the software
SINGSLIMS (Crawford & Garthwaite, 2002). For the Ins patient, we further compared individual
trial data in the synchronous and asynchronous condition using a one-sample t-test and a
permutation test. Effects were also assessed using Bayes factor (BF) tests with default prior scales
(Rouder et al., 2009) using JASP (version 0.7.11). The BF allows assessment of the likelihood of
both the null and the alternative hypothesis based on a Bayesian prior. A BF < 0.33 implies
substantial evidence for the null hypothesis, 0.33 < BF < 3 suggests insensitivity of the data, and BF
> 3 implies substantial evidence for the alternative hypothesis. We chose the default scaling factor
for a Cauchy prior in experiment with the insular patient, considering that it proved acceptable to
demonstrate conventional level of substantial
evidence for the effect measured in the healthy controls. For visualization the patients’ lesions were
drawn on a standard MRI template with 1-mm isotropic voxels using the MRIcro software (Rorden

& Brett, 2000, www.mricro.com).

3. Results
3.1 Cardio-visual CFS
As reported previously, in HC accuracy scores showed no significant difference between the

synchronous (mean= 89.1%, SD= 10.1) and asynchronous (mean= 89.6%, SD= 9.1) conditions
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(t(6)=-0.6, p= 0.28). The duration of target presentation required to break suppression was
significantly larger in the synchronous (mean= 3.75 s, SD=1.1) than the asynchronous (mean= 3.5 s,
SD=0.9) conditions (t(6)= 2.83, p= 0.02, BF=3.38, one tailed based on previous findings (Salomon
et al., 2016)): therefore, in HC visual stimuli synchronized with the heartbeat took more time to
break suppression than asynchronous cardio-visual ones. Analysis using permutation testing

revealed similar results (see supplementary materials).

This was similar in the NC group. Accuracy scores were on average 94.6% (SD= 7.6) for
synchronous and 95.2% (SD= 6.9) for asynchronous trials: no difference between conditions was
found (t(3)=-0.4, p= 0.68). The duration of target presentation required to break suppression was
numerically larger in the synchronous (mean= 3.83 s, SD= 0.7) than the asynchronous (mean= 3.57

s, SD=0.42) condition, but was not statistically significant (t(3)= 1.3, p= 0.13, BF=0.78).

Performance differed for the Ins patient. Thus, during the first session, the Ins patient’s accuracy in
the cardio-visual CFS experiment was lower for both the synchronous (66.6%) and the
asynchronous condition (72.7%); the duration of target presentation required to break suppression
(i.e., breaking suppression time) was 3.95 s in the synchronous and 4.6 s in the asynchronous
condition. During the second session, the Ins patient’s accuracy was 88.8% in the synchronous and
84.2% in the asynchronous condition; the breaking suppression time was 4.65 s in the synchronous
and 5.5 s in the asynchronous condition. The control PostIns patient’s accuracy in the cardio-visual
CFS experiment was in the normal range with 98.2% correct in the synchronous and 94.7% correct
in the asynchronous condition; the breaking suppression time was 4.4 s in the synchronous and 4.09

s in the asynchronous condition.

Single case Crawford analyses (Crawford & Garthwaite, 2002) and Bayesian one sample t-tests

were performed to compare the data of insular patients with the control groups. We found that the



suppression effect (i.e., breaking suppression times during synchronous and asynchronous trials)
differed significantly between the Ins patient and HC, both in the first (t=-3.8, p=0.005 Crawford
test, BF=552.2, one tailed based on previous findings) and in the second (t=-2.5, p<0.05 Crawford
test, BF=46.88) testing session (Figure 3). On the contrary, the Postins patient showed a
suppression effect comparable to HC, since no significant difference was found (t=-0.046, p=0.96
Crawford test, BF=0.43, two tailed). Likewise, comparing suppression effects between NC vs. HC
participants revealed no significant difference (t(9)=-0.2, p=0.81, BF=0.49). Thus, HC and
neurosurgical patients without insular lesion (NC) were not significantly different in the magnitude
of cardio-visual synchrony effect on visual awareness (i.e. a relative suppression of awareness); we
note, however, that the BF (0.49) indicates only twice as much evidence for the HO (no difference
between groups) which is considered inconclusive. Importantly, this comparison was confirmed
using statistics for single cases, comparing the performance of each patient in the NC group to the
average score of the HC (all p> 0.35, Crawford test, all BF<3). Only one NC patient (NC3) had a
significantly higher score (t=2.6, p=0.03, Crawford test, BF=39) than HC, but this effect was in the
opposite direction (i.e., larger suppression effects than HC) compared to the results of the patient
with insular damage. The difference in the suppression effect between the Ins patient and NC was
significant for the first testing session (t= -2.49, p= 0.02 Crawford test, BF=9.39, one tailed) and
approached significance in the second testing session (t= -1.7, p= 0.09, Crawford test, BF=4.79 one
tailed). The performance of the Postins patient was comparable to the mean score of the NC group
(t= -0.7, p= 0.4, Crawford test, BF= 0.49). Analysis using permutation testing revealed similar

results (see supplementary materials).

Finally, we tested the significance of the synchrony suppression effect in the Ins patient’s results by
using a permutation test in which we shuffled the labels of the trials between the synchronous and
asynchronous conditions and then computed the difference between the means of two halves of the

vector to create a null distribution. This was repeated 10000 times and compared to the real



difference found between the synchronous and asynchronous in the Ins patient’s data using a one
sample t-test. The results indicated that the effect was not significant neither in the first testing
session (t=-0.31, p=0.75) nor in the second session (t= -0.4, p= 0.68). Thus, while the Ins patient’s
results showed a numerical inversion with respect to those of NC and HC (i.e., more time for

asynchronous stimuli to break suppression), this difference was not significant in either session.

3.2 Body CFS (control task)

In HC, the accuracy was 100% in the upright and 99.6% in the inverted body conditions. The
duration of target presentation required to break suppression was 2.11 s in the upright and 2.12 s in
the inverted condition (t(6)= -0.04, p= 0.96). The Ins patient’s accuracy was 80% in the upright and
82.5% in the inverted body conditions. The duration of target presentation required to break
suppression was 4.5s in the upright and 4.6 s in the inverted condition. Unlike the cardio-visual CFS
task, the Ins patient did not differ from HC group in the body control CFS task (t= -0.6, p= 0.52,

Crawford test, BF=1.07).

4. Discussion

This study provides neuropsychological evidence for the causal role of the anterior insular cortex in
integrating interoceptive (cardiac) and exteroceptive (visual) information for visual awareness.
First, our previous behavioral finding of cardio-visual suppression for visual stimuli presented
synchronously to the heartbeat (Salomon et al., 2016) was replicated in a new group of healthy
participants. Furthermore, based on our fMRI results linking this effect to the bilateral anterior
insular cortex we found that a patient with unilateral focal damage including the right anterior
insula did not show this suppression effect in two testing sessions separated by 17 months. Control

patients with lesions to other cortical regions including frontal, parietal and temporal regions



showed normal cardio-visual suppression that was absent in the present patient with right anterior
insula damage. Further comparison between this patient and a patient with selective damage
affecting the posterior insula (Postins) supports our finding that the anterior insula may have a key
role in mediating intero-exteroceptive integrative processes that impact visual awareness. Finally,
we show additional evidence that this deficit is specific to cardio-visual integration as damage to the
right anterior insula was not found to alter his performance in a CFS task that was not related to

heartbeat timing.

Taken together these results are the first demonstration of a causal role for the anterior insular
cortex in the integration of interoceptive and exteroceptive signals, and suppression of synchronous
cardio-visual stimuli from visual awareness. We have previously suggested that suppressing the
sensory consequences related to interoceptive signals may allow reducing the impact of self-
generated signals such as heartbeats on perception. Indeed suppression of sensory events linked to
self-generated motor actions (Shergill et al., 2013; Van Elk, Salomon, Kannape, & Blanke, 2014;
Volkmann, Riggs, & Moore, 1980; Weiss, Herwig, & Schitz-Bosbach, 2011) thought to be based
on predictive mechanisms (efference copy) is well documented. The present findings show that not
just sensory processing, but processing related to the integration of interoceptive-exteroceptive
signals is also mediated by the anterior insular and that such processes further impact visual
awareness for visual stimuli presented at particular timings of the heartbeat cycle. We note that the
same insular patient has been previously shown to have abnormal subjective effects on self-
consciousness based on cardio-visual stimulation (Ronchi et al., 2015), suggesting a role of the
anterior insula not just in visual, but also self-awareness.

While the current study has found evidence for deficient cardio-visual suppression following a
lesion of the anterior insula several limitations must be considered. First, one must take into
consideration that lesions are never fully circumcised to a single neuroanatomical region, thus while

the Ins patient’s lesions were generally localized to the anterior portion of the insular cortex, other



proximal regions were also affected (see methods, figure 1 and Table 1). Furthermore, due to the
rarity of localized anterior insular lesions only one such subject was tested here as well as a limited
number of neurological and healthy control subjects, thus the abnormal cardio-visual suppression
effect should be confirmed in additional neuropsychological studies to verify the specific role of the
anterior insula in cardio-visual suppression. However, the deficient performance of the insular
patient provides converging evidence from previous fMRI studies showing the involvement of this

region in cardio-visual integration (Salomon et al, 2016; Belfari et al., 2017).

Recent accounts have suggested that the anterior insular cortex may be involved in predictive
processing of interoceptive signals (Barrett & Simmons, 2015; Seth, 2013; Seth et al., 2011). Such
putative predictive models may enable interoceptive inference in which comparisons between
predicted interoceptive states and afferent sensory interoceptive signals indicate unexpected
changes in the internal states of the organism (interoceptive prediction error). This mechanism has
also been suggested to underlie the phenomena of attenuation of the sensory consequences due to
interoceptive processes such as cardiac activity (Salomon et al., 2016; van EIk, Lenggenhager, et
al., 2014). Indeed, the insular cortex is well suited for such a role as it is an important cortical
afferent relay for interoceptive information and awareness (Craig, 2003; Critchley & Harrison,
2013; Khalsa, Rudrauf, Feinstein, & Tranel, 2009) and has been proposed as a site for multimodal
and interoceptive predictive processing (Karnath & Baier, 2010; Preuschoff, Quartz, & Bossaerts,
2008; Seth, 2013; Seth et al., 2011; Wiebking et al., 2014). Lesions to the anterior insular cortex are
known to impair emotional processing (Hogeveen, Bird, Chau, Krueger, & Grafman, 2016), and
interoceptive awareness (Grossi et al., 2014; but see Khalsa et al., 2009), as well as learning of
negatively valanced events (Palminteri et al., 2012). The present data extend these data and provide
converging evidence in line with previous neuroimaging data using fMRI (Salomon et al., 2016)
EEG (van Elk, Lenggenhager, et al., 2014) and intracranial electroencephalography (Park et al.,

2017.), attesting to the role of the anterior insular cortex as a multimodal convergence zone between



interoceptive and exteroceptive signals modulating the sensory consequences of interoceptive

activity on perception, emotion and cognition.
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Table I: Demographic and neurological information about neurosurgical patients (insular and NC)

Patient Sex Age - Lesion -------------m-mmmmmemeee
Neurological deficit

Hemisphere Type Localization
Ins M 43  Right Oligoastrocytoma  Anterior and posterior insula,
extended to -
(stage 1) the orbital frontal region and the
planum
polare of the temporal lobe
Postins M 48 Right Oligoastrocytoma  Middle and posterior insula,
extended to -
(stage 1) parieto-temporal regions
NC1 F 51 Right Oligoastrocytoma  Fronto-polar and fronto-basal
region, extended -
(stage 1) towards the head of the caudate
nucleus
NC2 M 48  Left Oligoastrocytoma  Parietal lobe affecting the post-
central region + P (right leg)
(stage 1)
NC3 M 26  Left Dysplasia Temporal lobe involving the
parahippocampal + V (right quadrantopia)
(type 11IB) region
NC4 F 20  Left Astrocytoma Mesial temporal and
interpeduncular region -
(stage I)

INNC: Insular Neurosurgical Control; NC: Neruosurgical Control; M: male, F: female. -/+: deficit absent/present. P:
proprioceptive deficit. V: visual deficit.



Figure 1. Lesion mapping of neurological patient group. Patients’ lesions were drawn on a standard

MRI template with 1-mm isotropic voxels using the MRIcro software (Rorden & Brett, 2000,
www.mricro.com). A. Ins patient. B. Neurological control patients with resections not involving the

anterior insular cortex.
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Figure 2. Experimental paradigms.

A. The participant donned an HMD while heart rate was recorded by ECG. The ECG signal was
recorded in real time and was sent to a computer that generated visual stimuli flashing at the
frequency of the participant's heartbeat (synchronous trials) or at a modified frequency
(asynchronous trials). B & C. Sequence of visual stimuli presented to the participant in the
synchronous (B) and asynchronous condition (C). The Mondrian patterns were presented to the
dominant eye at a fixed frequency of 10 Hz and the target (yellow octagon) was flashed to the
other eye. In synchronous trials (B), the flashes of the target corresponded to the moment of the
QRS complex obtained from the ECG signal. The task of the participants was to indicate the
position of the target with respect to the fixation cross (above or below). D, CFS control
experiment in which Mondrian patterns and target stimuli of an upright or inverted body were
presented to assure that the Ins patient was similar to HC in a non-cardiac CFS task.
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Figure 3. Performance on Cardiac CFS task by group.

Time in seconds required to break suppression (synchronous-asynchronous conditions). Both NC
and HC showed the cardio-visual suppression effect (longer time to break suppression when
stimuli are presented synchronously to the heartbeat), which was significantly larger than zero in
the HC group. Conversely, the anterior insular patient showed no such suppression effect in
neither the first testing nor the second testing sessions. Error Bars denote SEM. *p<0.05, ***
p<0.01.



