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The structural development of the vestibular part of the inner ear is completed by birth but its central connections continue
to develop until adolescence. Their development is dependent on vestibular stimulation—vestibular experience. Studies
have shown that vestibular function, modulated by experience and epigenetic factors, is not solely an instrument for body
position regulation, navigation, and stabilization of the head and images but also influences cognition, emotion, the
autonomous nervous system and hormones.
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| 1. Introduction

The vestibular system is one of the most essential senses, proven by the fact that it is the most ancient sensory system in
vertebrates. In early vertebrates, the inner ear only provided balance information &I,

Moreover, studies have demonstrated that the auditory portion of the inner ear, which, in Homo sapiens, is of utmost
importance for everyday functioning, has evolved out of its vestibular part 2,

The vestibular part of the inner ear consists of semicircular canals and otolith organs that enable the navigation of the
head and body in different environments and stabilize a picture on the retina during head movements. This is
accomplished by the vestibulo-ocular, vestibulo-cervical and vestibulo-spinal reflex . Structural inner ear development is
completed by birth, but the central parts of the vestibular system continue to develop until adolescence.

Vestibular information, in contrast to other sensory information, is spread to different parts of the central nervous system,
forming the vestibular system-associated network. There is evidence that vestibular information also influences emotions
(415161 cognition EIAEIEILAIL the endocrine system 22, the autonomous system L34 and memory and cognition 12!,

| 2. Development of the Vestibular Reflexes

The vestibular reflexes enable gaze and posture stability during everyday activities. Mature neuronal connections,
peripheral organs and vestibular nuclei are essential for their function X8l. Neuronal connections between the inner ear
and oculomotor nuclei in the brainstem occur between the 12th and 24th week. Myelination of the vestibular nerve begins
around the 20th week. It is the first cranial nerve to complete myelination 4. The vestibular nuclear complex is functional
at 21 weeks of gestation. The vestibulo-ocular reflex (VOR) is present at birth. Infants demonstrate inaccurate saccades,
frequently requiring more than one to reach the target 18, Maturation of the saccadic system is expected to be completed
by two years of age 8. Children have a higher gain of the VOR as a response to sinusoidal rotation than adults and, due
to immature visual-vestibular interaction, also a poorer suppression of the VOR response. Most normal children have
vestibular responses to caloric and rotational stimuli by two months of age. Consequently, an absence of the VOR at ten
months of age is considered abnormal 2. As a consequence of the maturation of visual pathways, the time constant
approaches adult values by the age of 2 months. (18],

Compared to the VOR pathway, the vestibulo-spinal pathways are more complex because of the number of muscles and
joints that are controlled, the variety of activity patterns and the biomechanical constraints, which vary considerably
throughout development . Vestibulo-spinal and vestibulo-colic reflexes mature gradually until adolescence 29, The
central vestibular pathways mature until 11 to 15 years of age [&. Consequently, differences between children’s and
adults’ VEMP (vestibular-evoked myogenic potential) responses can be observed 2122 syggesting maturational effects
from preschool through adolescence. It is not surprising that vestibular stimulation is crucial in that developmental period.
Due to suppressed vestibular stimulation (for various possible reasons), various difficulties can appear, such as delayed



acquisition of motor skills, problems with cognition, reading (further compromised language skills in hearing loss patients),
altered spatial representations, etc. 23],

Studies have indicated that the developing nervous system cannot compensate for a vestibular deficit during the early
phase of ontogeny 24 (Figure 1). Achievements during the postnatal development of the vestibular system are presented
in Figure 1.
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Figure 1. Postnatal development of the vestibular system. Created with BioRender.com.

3. Vestibular Screening—A Necessary Tool for Timely Identification of
Children with an Underdeveloped Vestibular System

Universal hearing screening has enabled timely and successful hearing rehabilitation of hard-of-hearing children,
contributing significantly to normal child development, socialization and education.

Vestibular screening would enable early detection of vestibular impairment in a child, leading to appropriate vestibular
rehabilitation.

The idea of vestibular screening goes back to 1974, when Isabelle Rapin published her observations when performing
vestibular tests on hard-of-hearing children and concluded that vestibular assessment should not be limited only to at-risk
populations 23,

The screening method should be chosen based on the child’s age at the time of the screening and the expected level of
vestibular system development. The method should be applicable for routine use in pediatric outpatient clinics 8. Some
authors use the test of the vestibulo-spinal reflex (Romberg test—the ability to maintain erect posture with the eyes
closed, standing on one foot, walking) as a screening method. Since the vestibulo-ocular reflex matures earlier, should
consider applying one of the tests for VOR.

The brain builds representations of verticality based on vestibular, somatosensory, proprioceptive and visual information.
Knowing how vital the vestibular system and its central connections are for the normal development and function of
balance and navigation, cognition, endocrine, vegetative system, etc., we should consider universal vestibular screening
in children. Early detection of vestibular dysfunction would enable adequate and timely rehabilitation, normal postural
control acquisition, gaze stabilization and prevention of secondary sequelae involving multiple systems.



| 4. The Vestibular System-Associated Network

The vestibular system is the only sensory system whose information is not directed to a single and specific brain area &
(Figure 2). Vestibular information is spread from the vestibular nuclei to different parts of the central nervous system,
forming a vestibular system-associated network 227281 Studies have proven that this network significantly impacts the
function of various organs and systems, and that there are complex interactions between central vestibular fields and
cognitive, oculomotor and emotional circuits 2289, The connections between the vestibular nuclei and frontal, prefrontal,
parietal, cingulate, occipital, posterior and medial temporal cortex, insula and retroinsular cortex, thalamus, hippocampus,
cerebellum, the Sylvian fissure and the brainstem have been described 14123128131] (Figure 2). The vestibular network
information and cognitive functions are integrated at the cortical level and within the hippocampal and limbic systems I8
(201, Not all of the functions of the above-mentioned cortical areas and their possible interactions and pathways are known
23] studies assessing vestibular-associated networks use electrical, caloric, visual or sound stimulation to induce the
vestibular response [B2B3IBABESIE] The current testing methods lack the possibility of functional brain imaging during
head and body movement.
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Figure 2. Vestibular system-associated network. The figure shows central nervous system areas known to relay
information from vestibular centers 4IRIL2151[23)[28][31][37](381(39] Created with BioRender.com.

On the basis of an experiment using caloric stimulation, Batchold suggested that vestibular stimulation leads precisely to
enhanced functioning of the contralateral cerebral structures, the parahippocampal gyrus and the temporal lobe B2, As
Wilkinson et al. showed, electrical vestibular stimulation positively affects the speed of visual memory recollection 221,
Recent studies have indicated that non-invasive electrical stimulation causes simultaneous activation of semicircular
canals and otolith systems and can improve neuronal plasticity in the central pathways 24!,

Much has been learned from studies on unilaterally and bilaterally vestibular-impaired subjects. The most straightforward
are gaze and fixation problems associated with vestibular dysfunction, which can cause decreased visual acuity and
consequent reading problems %, Some studies have demonstrated that humans with vestibular disorders show a range
of cognitive deficits that are not just the consequence of spatial information deficits, such as spatial navigation, spatial
learning and spatial memory, but also of problems with establishing a mental representation of the world, which could be
connected to impaired numerical skills in vestibular-impaired subjects EAZ3IBL These cognitive deficits also include non-
spatial functions such as object recognition memory, self-motion perception and bodily self-awareness B2l Other
cognitive deficits related to vestibular dysfunction include the impairment of short-term memory and concentration and
impaired numerical skills, attention and cognitive processing ability 2911 |n his 2015 review, Lopez argued that vestibular
information impacts the perception of the body on different levels: from the perception of touch, pain and body dimensions

to the feeling of owning a body, the feeling of being placed within one’s body and the visuospatial perception of the body
2

The visual interpretation of body posture is used to anticipate emotions and intentions and is also essential in social
interactions 48],



The influence of vestibular information on emotions has been known since ancient times. Hanging beds, providing low-
frequency vestibular stimulation, were used to induce sleep and relieve pain. Similarly, spinning chairs, with their high-
frequency stimulation, have been used to treat mental ilinesses, such as manic episodes Bl In relation to the influence
on emotions, vestibular dysfunction can not only induce or cause a worsening of anxiety, depression and other affective
disorders, but there is evidence that affective conditions may also influence the central vestibular systems [B244]45]146]
This is not surprising, knowing the effects of vestibular impairment on everyday functioning, daily activities, social
interactions and the connections of the vestibular system with the limbic system (Figure 2). There is also robust evidence
in the literature of a close functional interplay between vestibular and anxiety systems 42,

Moreover, vestibular-autonomic networks have also been described, which explain the influence of body position on
autonomic regulation of blood pressure and respiratory activity 131141481 |nterestingly, the receptors of adrenal gland
hormones, thyroid hormones, sex hormones and insulin have been identified in inner ear structures, the vestibular nerve
and the vestibular nuclei 2. Electrical activation of the vestibular system alters sympathetic system activity throughout
the body, with the renal nerve being the most sensitive to vestibular inputs 23], The insular cortex has been recognized as
a cortical site for vestibular and autonomic integration and modulation 42159,

Regarding the influence of sex hormones, studies have confirmed the influence of female sex hormones on susceptibility
to peripheral and central vestibular disorders 2132, A study by Serra et al. found altered glucose and insulin levels in
patients with peripheral vestibular disorders 3. Congenital hypothyroidism, among other organs, also has a negative
effect on inner ear development 241, A connection between the inner ear and thyroid cells has also been found concerning
exposure to gravity, which modulated the thyroid cells in a study by Grimm B2, The positive experience that clinicians
dealing with acutely vestibular-impaired patients have had with corticosteroid therapy is one of the signs of vestibule—
adrenal interactions. Corticosteroids are found to accelerate compensation after vestibular loss in guinea pigs 28!,

There are not as many studies exploring vestibular connections to hormonal balance as there are for other vestibular
connections.

In conclusion, cortical vestibular representations are ubiquitous, and there are still unresolved questions regarding the
function and pathways of some of the cortical areas known to be part of that network 231211,
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