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Abstract

The forebrain cerebral network including the insular cortex plays a crucial role in the regulation of the central autonomic
nervous system in relation to emotional stress. Numerous studies have recently shown that the insular cortex also has roles
as a vestibular area in addition to auditory function. In this review, we summarize the recent literature regarding the relation-
ship between the insular cortex and vestibular function, and we describe our hypothesis that the insular cortex has a pivotal

role in vestibular-cardiovascular integration.

Keywords Insular cortex - Vestibular function - Autonomic function

Abbreviations

Al Anterior insula
ASG Anterior short gyrus
FEF Frontal eye field

Ic Insular cortex

LG Anterior long gyrus

MCA Middle cerebral artery
MIP/VIP Medial/ventral intraparietal area
MSG Mid-short gyrus

MST Medial superior temporal area

MSTd Dorsal portion of the MST

PIVC Parieto-insular vestibular cortex

PLG Posterior long gyrus

PSG Posterior short gyrus

STP/STS Polysensory area of the superior temporal
sulcus

TPJ Temporoparietal junction
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Introduction

The insular cortex (Ic; also called the insula) is a large,
phylogenetically ancient region of the human brain that
comprises several parts involved in aspects of emotion,
perceptual self-awareness, interoception, multimodal sen-
sory processing, and autonomic control [1, 2]. The German
anatomist Johann Christian Reil named the Ic in 1809 [3],
and many other names have since been used for this region
including “intralobular gyri,” “intersylvian convolutions,”
the “central lobe,” the “fifth lobe of the brain,” and the
“island of Reil” [4]. Reil proposed that the Ic’s convolu-
tions were the seat of mental processes [5]. Carl Wernicke
indicated that lesions of the Ic were related to conduction
aphasia [6], and Sigmund Freud later suggested that the Ic is
part of the brain’s speech area [7]. A network comprising the
Ic, the anterior cingulate gyrus, and the amygdala has crucial
functions in the regulation of the body’s central autonomic
nervous system (ANS) when stress-related emotions such as
fear, anxiety, and sadness are experienced [4].

As illustrated in Fig. 1, the Ic is located deep within the
lateral sulcus within each hemisphere of the brain in the
region of the middle cerebral arteries (MCAs), and its struc-
ture thus tends to be vulnerable to a high risk of cerebrovas-
cular disease [8, 9]. For example, damage to the Ic has been
associated with an abnormally increased level of B-type
natriuretic peptide (BNP), myocardial injury, and Takotsubo
cardiomyopathy [10]. The neural substrate for autonomic
control during affective behavior has been suggested to be
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Fig. 1 Anterior view of a left cerebral hemisphere including the insu-
lar cortex (Ic) after the fronto-orbital and frontoparietal opercula have
been removed. The middle cerebral artery (MCA) located in the ante-
rior and superior peri-insular sulci has been severed. From Tiire et al.

(9]

based on interactions of the Ic, anterior cingulate gyrus, and
orbitofrontal cortex [11].

The processing of vestibular function, musical informa-
tion, and auditory information also involve the Ic [4, 12,
13]. The Ic was recently demonstrated to play a role as a
vestibular area in the perception of verticality and in ves-
tibular disorders of balance [12]. With this background, we
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Fig.2 The cortical vestibular network in nonhuman primates (a) and
humans (b). In both humans and nonhuman primates, the core of the
vestibular cortex (red) is located in the midposterior Sylvian fissure
and consists of the parieto-insular vestibular cortex area (PIVC) and
the posterior insular cortex area [PIC in humans; visual posterior Syl-
vian area (VPS) in nonhuman primates]. Areas 3av and 7 in the non-
human primate brain may be further separated into two portions each
(3aNv and 3aHv; 7a and 7b). Some studies have observed activations
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review herein the anatomical and functional interconnec-
tions between the vestibular system and the ANS in the Ic.
The precise functions and importance of vestibular inputs
in autonomic regulation remain unknown, in part because
of the complexity presented by secondary factors such as
affective/emotional responses and cardiovascular responses.
We hypothesize that the Ic has a pivotal role in vestibular-
cardiovascular integration.

Anatomy of the Ic in vestibular function

The normal human Ic has five major gyri, and some indi-
viduals have additional smaller gyral areas [14-16]. The
major gyri are oriented in the dorsal-ventral direction, with
three anterior gyri known as the “short” gyri and two poste-
rior gyri known as the “long” gyri. The short anterior gyri
consist of the anterior, mid-, and posterior short gyri: ASG,
MSG, and PSG. The long gyri consist of the anterior and
posterior long insular gyri: ALG and PLG. All five anterior
gyri converge at the insular apex, which is the most ventral
portion of the superficial Ic [14-16].

The Ic was designated as a vestibular area [17] based on
observations in New World and Old World monkeys, i.e.,
connections from the vestibular thalamic relay nucleus and
the ventral posterior inferior nucleus to the dysgranular Ic
[18-20]. Examinations of the cynomolgus monkey (Macaca
fascicularis) revealed neurophysiologically identifiable
vestibular neurons in the parieto-insular vestibular cortex
(PIVC) (Fig. 2) [21]. The PIVC in humans has not been well
described. The PIVC in monkeys is in the upper bank of the
lateral sulcus near the posterior end of the Ic, and it includes
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in the inferior frontal cortex during vestibular stimulation. A/ anterior
insula, FEF frontal eye fields (in particular the portion that controls
smooth pursuit eye movements), MIP/VIP medial/ventral intraparietal
area, MST medial superior temporal area, MSTd dorsal portion of the
MST, STP/STS polysensory area of the superior temporal sulcus, TPJ
portion of the temporoparietal junction bordering the posterior Syl-
vian fissure. From Frank and Greenlee [21]
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neurons in the posterior and upper part of the granular Ic
[22]. Auditory units were identified in the monkey Ic, the
temporal operculum, and the lower bank of the lateral sul-
cus, although no vestibular neurons were identified in the
dysgranular Ic. With a few exceptions, all of the vestibular
neurons in the cynomolgus monkey PIVC responded to both
visual and somatosensory stimulation and were classified as
polymodal vestibular units [23]. In contrast, in squirrel mon-
keys, it was not possible to identify vestibular neurons in the
granular Ic [24], but connections between the retroinsular
area and the granular Ic were identified [24]. These connec-
tions support the hypothesis that a certain subset of neurons
in the granular Ic have a “vestibular” function.

Ic stroke and vestibular syndrome

A 1994 study seeking to determine the cortical areas respon-
sible for vestibular function in the roll plane (one of the
three major planes of action of the vestibulo-ocular reflex:
yaw, pitch, and roll) examined 71 patients who had suffered
unilateral supratentorial infarctions [25]. The overlapping
area of these infarctions centered on the posterior Ic. In
addition, the perception of verticality was affected in 20 of
the 52 patients with MCA infarctions. The study’s authors
suggested that the posterior Ic is likely homologous to the
monkey PIVC and that the PIVC (and therefore the Ic) is the
dominant cortical vestibular area, as an integration center
of various vestibular areas in the parietal lobe [25]. The
patients who had experienced an acute cortical infarction
in the MCA territory that affected mostly the posterior Ic
and the temporal gyri were reported to exhibit subjective
visual vertical deviations of approximately 4-6° [25]. Ocu-
lar torsion and skew deviation were not associated with this
finding.

The introduction of voxel-based lesion-symptom mapping
in magnetic resonance imaging (MRI) enabled the precise
localization of infarctions in the posterior Ic (e.g., the long
insular gyrus IV) (Fig. 3) [12, 26-28]. A cortical site of an
infarction causes a misperception of verticality in the acute
stage of stroke, which agrees with the imaging data of indi-
viduals with acute peripheral vestibular neuritis. In these
individuals, subjective visual vertical tilt is positively corre-
lated with the bilateral regional cerebral glucose metabolism
for the posterior Ic and retroinsular region (more so in the
right than left hemisphere) and bilaterally for the middle
temporal gyrus [29].

A 2015 assessment of the subjective visual vertical and
the haptic vertical in patients at later stages (at mean day
43 during rehabilitation) after having suffered a right hemi-
spheric stroke revealed that their lesions, which occurred
more centrally on the temporo-occipital junction and the
posterior part of the middle temporal gyrus, were correlated

with their subjective visual vertical tilts, and the lesions that
correlated with haptic tilts were located more anteriorly in
the superior temporal gyrus and sulcus [30]. In contrast,
in the same study’s patients who had experienced an acute
unilateral stroke of the right hemisphere, subjective visual
vertical tilts were found to be correlated with lesions in the
Ic, the rolandic operculum, the inferior frontal gyrus, and
the frontal inferior operculum. Similar lesion sites were also
identified in patients with lesions that are associated with
tilts of the haptic visual vertical, located in the Ic, rolan-
dic operculum, superior temporal gyrus, pallidum, Heschl’s
gyrus, superior longitudinal fascicle, and the corona radiata
[26].

Vestibular function and the ANS

Parasympathetic nervous hypofunction and significant
depression of the sympathetic response due to postural
changes from the supine position to standing have been
observed in many patients with Meniere’s disease at the
interval stage, in examinations of heart rate variability based
on electrocardiography [31], and sympathetic nervous hypo-
function was observed in some of the patients who were at
the attack stage [31]. An imbalance of the ANS evaluated
by measurements of salivary a-amylase was also observed
in individuals with benign paroxysmal positional vertigo,
during and after their vertigo attacks [32].

The vestibular system has been shown to modulate the
sympathetic outflow to muscle [33], and in that study, the
application of low-frequency sinusoidal galvanic vestibular
stimulation was associated with sympathetic outflow, which
was strongly entrained to vestibular inputs. Since the oto-
lithic organs encode both static positions and linear accel-
erations of the head in space, these findings indicate that the
vestibular apparatus contributes to the control of not only
motoneurons that are involved in posture and locomotion,
but also sympathetic neurons that are involved in the control
of blood pressure. The vestibular modulation of the muscle
sympathetic outflow clearly does play a role in the regula-
tion of blood pressure, and the distribution of cardiac output
to skeletal muscles must be controlled with the opposing
regulatory demands of blood pressure; it therefore makes
physiological sense for there to be a mechanism for control-
ling the blood flow in muscle [33].

The Ic and ANS in relation to vestibular
function

Positron emission tomography (PET) was used to determine

the differential effects of caloric vestibular stimulation [i.e.,
irrigation of the right or left ear with warm (44 °C) water]
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Fig. 3 Infarction sites that cause
subjective visual vertical devia-
tions. a Collective presentation
of infarcted areas taken from
MRI scans and projected onto
sections of Duvernoy’s atlas

in seven patients with clearly
demarcated infarctions of the
MCA which caused significant
contralateral subjective visual

vertical tilts. The overlapping t:;;ﬁmm;’w"
areas of the infarctions (7 of 7 superior temporal
in black) are centered at the pos- gyrus

terior part of the Ic, involving
the short (blue arrow) and long
insular gyri (purple arrow),

the transverse temporal gyrus
(green arrow), and the superior
temporal gyrus (red arrow). b
The results of a statistical voxel-
wise lesion-behavior mapping
(VLBM) analysis comparing 32
patients with acute right-sided
infarctions and 22 patients with
acute left-sided infarctions

with respect to the absolute tilt
of subjective visual vertical (¢
test statistic). Presented are all
voxels that survived a correc-
tion for multiple comparisons
using a 1% false discovery rate
cutoff threshold. An overlay

of the statistical map from the
patients with left-sided infarc-
tions (blue), flipped to the right
hemisphere, and the statisti-

cal map of the patients with
right-sided infarctions (red) is
shown. Overlapping regions
are indicated by violet arrows.
From Baier et al. [27] ¢ Illustra-
tion of the affected parts of the
insula using Duvernoy’s atlas.
Red Right insular lesions. Blue
Left insular lesions. The circu-
lar insular, central insular, short
insular, and long insular gyri
were affected. From Dieterich
and Brandt [12]

on cortical and subcortical activation in 12 right-handed and
12 left-handed healthy adults [13]. The caloric irrigation
induced a direction-specific sensation of rotation and nystag-
mus, and significant increases in the subjects’ regional cer-
ebral blood flow were observed in a network that was present
within both hemispheres in the posterior part of the Ic with
the adjacent superior temporal gyrus, the inferior parietal
lobule, and the precuneus. Together these areas comprise
a human homologue of the multisensory vestibular cortex
areas identified in monkeys and correspond to the PIVC,
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the visual temporal sylvian area, and areas 7 and 6. In the
same study [13], further cortical activations were observed
in the anterior Ic, the anterior cingulum, and the inferior
frontal gyrus. The subcortical activation pattern exhibited
in the thalamus, putamen, and midbrain is consistent with
the manner in which the efferent ocular motor pathways are
organized. During the application of monaural stimulation,
the cortical and subcortical activations of the described areas
were bilateral but predominant in the hemisphere ipsilat-
eral to the stimulated ear; in the right-handed subjects these
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activations exhibited a significant right hemispheric domi-
nance for vestibular and ocular motor structures. A signifi-
cant left hemispheric dominance was similarly observed in
the left-handed subjects [13].

Neurophysiological and neuroanatomical investigations
using animal models have identified the neurons that medi-
ate vestibulo-sympathetic responses, and these neurons
include cells in the caudal aspect of the vestibular nucleus
complex, interneurons in the lateral medullary reticular for-
mation, and bulbospinal neurons in the rostral ventrolateral
medulla (RVLM) [34]. This 2013 meta-analysis noted that
human neuroimaging studies evaluating central autonomic
processing identified a set of consistently activated brain
regions (the left amygdala, the right anterior and left pos-
terior Ic, and the mid-cingulate cortices) as the core of the
central autonomic network. Sympathetic-associated regions
were predominant in executive- and salience-processing net-
works, and parasympathetic regions were predominant in the
default mode network [34].

The notion that the cardiovascular system is regulated by
a central autonomic network consisting of the Ic, anterior/
mid-cingulate cortices, amygdala, hypothalamus, periaque-
ductal gray matter (PAG), parabrachial complex, nucleus of
the tractus solitarius, and RVLM is based on several studies
[8, 10, 34, 35]. Taken together, those studies’ findings from
both animals and human demonstrated that the Ic, hypo-
thalamus, PAG, and RVLM form a functional network that
is involved in the regulation of both resting and behavior-
coupled changes in muscle sympathetic nerve activity [36].

In individuals with drug-refractory epilepsy, right hemi-
spheric inactivation induced increases in the high-frequency
heart rate and blood pressure, and left hemispheric inactiva-
tion induced increases in low-frequency heart rate and blood
pressure [37]. Importantly, a site of cardiac representation
was identified within the human Ic [38]. Tachycardia or pres-
sor effects were significantly common after stimulation of
the right Ic, whereas bradycardia or depressor effects were
significantly common after stimulation of the left Ic [38].
Thus, the right Ic is associated with sympathetic nervous
system activity, and the left Ic is associated with parasym-
pathetic nervous system activity.

We recently treated a 51-year-old Japanese man diag-
nosed with herpes encephalitis and a right Ic lesion [39].
Before the diagnosis, he experienced a loss of appetite,
hearing impairment, faintness, dizziness, behavior abnor-
malities, and a persistent high fever. Diffuse left ventricular
(LV) hypokinesis was observed at 1 week after his hospital
admission. Cardiac '**I-metaiodobenzylguanidine (MIBG)
uptake scintigraphy revealed regional reduced uptake in
the earlier phase (Fig. 4), and we thus suspected that the
patient’s LV hypokinesis in encephalitis was derived from
reduced sympathetic nervous system activity due to right Ic
dysfunction caused by the lesion [39]. This patient’s findings

thus support the above-mentioned connection between the
right Ic and the sympathetic nervous system.

A functional (f)MRI study revealed that the responses
in both the right and left human Ic during the strain phase
of the Valsalva maneuver differed among gyri in an ante-
rior—posterior order, with greater responses in the anterior
gyri [16]. The strain phase is characterized by a large and
rapid increase in sympathetic activity [40—43]. That study
confirmed the anterior location of autonomic control within
the Ic, and all three anterior gyri (ASG, MSG, and PSG)
responded similarly on the right side. On the left side, the
activity was greatest in the ASG, followed by the MSG and
then the PSG. In light of the preferential left-sided parasym-
pathetic dominance in the Ic, it is plausible that sympathetic
regulation on the left insula was greatest in the most anterior
gyrus (i.e., the ASG), whereas the regulation was similar
across all three anterior gyri on the right Ic [16].

The Ic and the model of multimodal
integration for vestibular function

Many studies have examined the human posterior Ic and
parietal operculum, which together form the core region of a
multisensory vestibular cortical network [44, 45]. These two
meta-analyses of vestibular function identified the posterior
Ic and parietal operculum as the most likely human homo-
logue of the multisensory PIVC in primates [44, 45]. Other
investigations of the anterior Ic revealed its specialization for
viscero-autonomic responses among areas such as the ante-
rior cingulate gyrus, infralimbic cortex, and thalamus [46,
47]. In addition, several studies indicated that the anterior
Ic (which projects to the amygdala, anterior cingulate gyrus,
orbitofrontal cortex, dorsal thalamus, and superior temporal
sulcus) is specialized for receiving interoceptive information
in relation to viscero-autonomic responses [11, 46, 48]. Ic
projections have also shown an abundance of local recip-
rocal intrainsular connections [48]. We thus hypothesize
that due to its abundant connections with other association
and primary sensory areas, the Ic plays the most important
role in the integration for vestibular-autonomic processing
among multimodal convergent sites.

Conclusion

In this review, we have summarized the recent research on
the Ic and described the integrative roles of this structure
in vestibular function. The Ic is thought to be involved in
vestibular function and the regulation of the ANS. Based
on the accumulated evidence, we hypothesize that the Ic
plays an important role in humans’ vestibular processing
in relation to the ANS. The input from the cochlea to the
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Fig.4 The brain of a 51-year-
old Japanese man diagnosed
with herpes encephalitis. a

In a diffusion-weighted MRI
scan, asymmetric right greater
hyperintensity was observed
throughout the Ic and cingulate
gyrus. b Cardiac '**I-MIBG
scintigraphy in the early phase
revealed reduced uptake in the
inferior and posterior walls
compared to thallium-201
scintigraphy. ¢ ECG on admis-
sion demonstrated a prolonged
QTc interval at 464 ms. From
Kikumoto et al. [39]

central vestibular system network in relation to autonomic
function would thus be important to this role of the Ic. An
in vitro study demonstrated that increased catecholamine
levels and inflammatory mediators altered barrier proper-
ties of microvascular endothelial cells [49], and we thus
speculated that the relationship between the blood—laby-
rinth barrier and the central vestibular network could be
mediated by the autonomic nervous balance. Investiga-
tions of the neural substrates including the Ic may obtain
important insights into the common pathophysiology of
vestibular dysfunction and autonomic instability (as are
observed in acute coronary syndrome and arrhythmia).
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