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Preface

This book provides information on the latest research and findings on the vestibular 
system, the apparatus of the inner ear involved in the maintenance of balance percep-
tion. The correct evaluation and identification of vestibular diseases are important to 
achieving correct rehabilitation and restoration of the balance function. 

Vestibular research, although quite important, is not the main player in audiological 
research, and very often important vestibular topics and arguments do not receive the 
necessary attention from the scientific community. For example, after the two-year 
COVID-19 dominion on virally transmitted diseases, the PRISMA review data we had 
collected in Italy and Europe referred to a symptomatology related more to the inner 
than the middle ear, with a clear preference for sudden hearing losses (SNHL) than 
vertigo and tinnitus [1]. 

After the recent COVID-19 mass vaccinations, a series of adverse side effects were 
widely reported, including audio-vestibular symptoms. Our team followed these 
reports in Italy and the United Kingdom and published a paper [2] showing that 
vestibular symptoms were the most reported side effects along with the sensation 
of tinnitus. We were advised by the Italian and UK authorities that we could not 
suggest a clear correlation between the reported audio-vestibular symptoms and the 
applied vaccination policies. This argument is still open though because the number 
of reports in the Italian Association of Pharmacology database (AIFA) is considered 
significant, that is, there is a greater volume of complaints related to COVID vaccina-
tions compared to the side effects reported from the use of traditional vaccines and 
vaccination policies. However, the reader should acknowledge that the high number 
of audio-vestibular adverse effects could be the result of the extremely large volume 
of vaccines applied for the first time on such a broad human scale. 

This book was made possible through the substantial contribution of numerous 
authors. It is designed for students in otolaryngology, audiology, speech pathology, 
hearing science, and neurosciences, among others. 

The material of this volume is divided into two sections: “Vestibular 
Pathophysiological Features” and “Updates on Diagnosis and Therapy.”

Section 1 discusses several aspects of the vestibular system, particularly the 
pathophysiology of the vestibular pathways. Chapters in this part discuss the latest 
advances in hearing loss and vestibular disorders in children, tinnitus, and stem cell 
and gene therapies.

  • Chapter 1: “Advances in Hearing Loss and Vestibular Disorders in Children”

  • Chapter 2: “Evidence of a Neuroinflammatory Model of Tinnitus”



IV

  • Chapter 3: “Signal Transmission by Auditory and Vestibular Hair Cells”

Section 2 provides updates on several innovative approaches for the modern evalua-
tion and rehabilitation of vestibular disorders. Chapters in this part discuss vestibular 
therapy, rehabilitation, testing, and the possible association of audio-vestibular side 
effects and COVID-19 treatments. 

  • Chapter 4: “Vestibular Therapy”

  •  Chapter 5: “Vestibular Rehabilitation: Conventional and Virtual Reality-Based 
Methods”

  • Chapter 6: “Hearing and Vestibular Testing in Meniere’s Disease”

  •  Chapter 7: “Audio-Vestibular Side Effects of Drugs and Vaccines in Treatment of 
COVID-19”
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ing the preparation of this book.
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Chapter 1

Advances in Hearing Loss and 
Vestibular Disorders in Children
Wen Xie and Maoli Duan

Abstract

Pediatric hearing loss is a common sensory deficit, affecting nearly 9% of children 
worldwide. Compared with pediatric hearing loss, vestibular disorders are still not 
known among the child population. However, vestibular disorders are more and more 
generally known with time when the measurement of vestibular function is develop-
ing. Genetic causes and virus infection are the main causes of pediatric hearing loss, 
and vestibular migraine is the most common etiological disease of childhood vertigo. 
This narrative review of the literature discusses the brief etiopathology, the clinical 
manifestations of hearing loss and vestibular disorders in children, as well as available 
test protocols to diagnose childhood hearing loss and vestibular dysfunction.

Keywords: hearing loss, vestibular disorders, child, auditory tests, vestibular tests

1. Introduction

Hearing loss is a common sensory deficit in children, nearly 9% of hearing loss 
occurs in children worldwide [1], and 1–3 out of 1000 deliveries suffer from perma-
nent hearing loss worldwide [2, 3]. Hearing loss has detriment impact on children’s 
quality of life. It may affect children’s speech and language development, as well as 
their learning ability and school performance consequently. Moreover, their cogni-
tive, social, and psychosocial development may be negatively affected [4]. Over the 
past 30 years, the understanding of the etiology of pediatric hearing loss experienced 
a steady growth, and the diagnosis and treatment technology for pediatric hearing 
loss witness a huge development. However, infants with hearing impairment may 
behavior normally. They soon present hearing difficulty or speech and language delay 
with time. Therefore, identifying the hearing using newborns universal hearing 
screening is essential. On the other hand, some children may pass the hearing screen-
ing but suffer from delayed-onset hearing loss. Thus, continuous surveillance of their 
hearing and the speech-language development are essential.

The relationship between auditory and vestibular function is close, children with 
hearing loss may combined with vertigo or imbalance, due to the anatomy adjacency 
between the auditory organs and vestibular end-organs. The estimated prevalence 
of vestibular dysfunction ranges between 0.4 and 8% [5, 6]. Compared with pedi-
atric hearing loss, published medical literature on pediatric vestibular disorders is 
scant. Vestibular disorders can have significant impacts on children’s quality of life. 
It may lead to delayed motor skills, attention deficit disorder, learning problems, 
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developmental delay, intellectual disability and emotional disorders [7]. With the 
increasing awareness of the harm of vestibular disorders in children, more and more 
studies focus on this field recently. Currently, there are several challenges in the study 
of childhood vestibular disorders. Firstly, the inability of children to explain the char-
acteristics of the vertigo symptoms make the diagnosis of vestibular disease difficult, 
especially in very young children. In addition, due to poor cooperation, the vestibular 
tests are not uniformly reliable in the younger pediatric patients.

We will focus causes of pediatric hearing loss and vestibular disorders, and intro-
duce the advance in the technology of the common auditory, molecular test and ves-
tibular evaluation protocols in children with hearing loss and/or vestibular disorders.

2. Causes of pediatric hearing loss

Pediatric hearing loss is either congenital or acquired. The causes of congenital 
hearing loss are various, including congenital cytomegalovirus infection, genetic, 
anatomical abnormalities of the ears. The causes of postnatal acquired hearing loss 
can be attributed to genetic, trauma, infection, or ototoxic medications [8]. Risk indi-
cators of childhood later-one onset hearing loss include caregivers’ concern, family 
history, findings associated with sensorineural hearing loss (SNHL), hyperbilirubine-
mia, neurodegenerative disorders and otitis media with effusion [9, 10].

3. Congenital hearing loss

3.1 Virus infection

It is estimated that the 5–20% of congenital hearing loss is caused by congenital 
cytomegalovirus (CMV) infection [8], which occurs in 0.4–0.64% of all newborns 
[11, 12]. Clinical spectrum of congenital CMV infection varies widely, 85–90% of 
infected infants are complete absence of signs of infection (asymptomatic infection). 
Thus, it is best for all asymptomatic newborns with suspicion of CMV infection 
undergo either universal or targeted screening of CMV. However, due to the concern 
of cost, newborn screening for CMV is not widely applied worldwide.

Up to 10–15% children with CMV infection exhibit apparent infection manifesta-
tion (symptomatic disease), among them, some infants may present with potentially 
life-threatening disseminated disease [11, 13]. The common presentation of the CMV 
infection in symptomatic children are petechiae, jaundice, hepatomegaly, spleno-
megaly, microcephaly, and other neurologic signs. Among infants who develop CMV-
related SNHL, hearing loss may occur at birth or later [14]. Moreover, about 50% of 
children with SNHL following CMV will continue to have further hearing loss deterio-
ration or progression [15, 16]. Therefore, it is important for all infants with congenital 
CMV infection, whether they having hearing loss or not, receive serial audiological 
monitoring throughout the first year of life to allow for early detection of possible 
SNHL. Other known congenital infections that may cause neonatal hearing loss are 
TORCH microorganisms (toxoplasmosis, other organisms, rubella, CMV, herpes) [9].

3.2 Genetic causes

The majority of congenital hearing loss, up to 60% of cases, is due to a genetic 
etiology [17]. The genetic phenotypes of SNHL can be defined as syndromic or 
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non-syndromic. 70% of newborns Hearing loss is non-syndromic. Up to now, 124 
genes are found to be associated with non-syndromic hearing loss [18]. Most of 
the patients with non-syndromic SNHL have the disease-causing variant in the 
gene GJB2, which encodes the protein connexin 26 [19]. Hearing loss due to GJB2 
deficiency was first reported in 1997. Now, various gene variances are reported to be 
related to the onset of hearing loss. 80% of non-syndromic genetic hearing loss is 
caused by autosomal-recessive (AR) inheritance, predominantly occurs prelingually 
and frequently results in severe hearing loss [20]. On the other hand, autosomal-
dominant (AD) inheritance accounts for most of the other 20% of non-syndromic 
genetic hearing loss and more often result in variable level of progressive hearing loss 
and occurs between 10 and 40 years old [21].

The remaining 30% of congenital hearing loss present with syndromic form 
and is associated with structural or functional anomalies of other organs and 
systems [22]. Patients with mitochondrial inheritance predominately have vari-
able severity of progressive SNHL, with onset aged between 5 and 50 years [23]. 
X-linked and mitochondrial inheritance accounts for only 1–2% of non-syndromic 
hearing loss [20].

More than 40 known genes are related to syndromic hearing loss [18]. Syndromic 
hearing loss may also be transmitted as an AR, AD, X-linked, or matrilineal trait [18]. 
Pendred, Usher, and Alport syndromes are the most common syndromic hearing 
loss among children. Pendred syndrome, cause by recessive variants in the SLC26A4 
gene, is characterized by thyroid dysfunction, goiter, enlarged vestibular aqueduct, 
and incomplete partition type II cochlear abnormality (Mondini). Usher syndrome is 
associated with at least 9 genes and present with hearing loss, vestibular dysfunction, 
and vision loss. Alport syndromeisan X-linked (80%) or recessive disorder (depend-
ing on the gene) exhibit kidney failure, ocular abnormalities (anterior lenticonus, 
retinopathy), and progressive SNHL. It is noteworthy for patients with suspected 
syndromic hearing loss, it is even more important to identify the genetic cause, as 
many of the comorbidities can be more severe [24]. In brief, if a child has a three-
generational family history suggestive of AD inheritance, a genetic cause is essentially 
established [25]. In addition, a comprehensive and thorough medical history collec-
tion and physical examination are needed for all hearing loss newborns to identify the 
insidious and harmful comorbidities.

4. Acquired hearing loss

Genetic causes, trauma, infection, or ototoxic medications are the main causes of 
acquired hearing loss. Genetic hearing loss, may occur later in childhood. For children 
with delayed hearing loss, genetic causes should always be considered, especially if 
other causes are excluded.

Environment causes leading acquired hearing loss include trauma, infection, 
exposure to ototoxic medications, chemotherapy and radiation therapy and noise. Of 
all of these, environmental noise is the most common cause of hearing loss [25].

Infectious causes of hearing loss can occur both before and after birth. As we 
mentioned previously, CMV is a substantial cause of delayed hearing loss in children. 
Other infectious causes of SNHL include measles, mumps, varicella zoster, Lyme 
disease, bacterial meningitis, and otitis media. Several groups of drugs are the well-
recognized causes of SNHL, including aminoglycoside antibiotics, systemic chemo-
therapy (especially cisplatin), macrolides, and loop Kenna diuretics [26].
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Furthermore, it is worth mentioning that otitis media is a common cause of pedi-
atric hearing loss. OME is a middle ear disease that affects 90% of children at least 
once before they reach school age [27]. Although OME is very common in children, 
permanent SNHL caused by OME is rare. Persistent middle ear effusion is frequently 
found in children after the resolution of acute inflammation in acute otitis media.

5. The test batteries for diagnosing pediatric hearing loss

5.1 Auditory tests

For all newborn infants, neonatal hearing screening is essential. In 2000 and 2007, 
The Joint Committee on Infant Hearing (JCIH) recommended universal newborn 
hearing screening (UNHS) for newborn infants, in order to early detection of and 
intervention for infants with hearing loss [9]. Now, UNHS is applied in most devel-
oped countries, and these countries have formulated guideline for newborn hearing 
screening. Diverse screening protocols may be adopted in different countries. All 
these protocols are based on the 1-3-6 benchmark (screening completed by 1 month, 
audiological diagnosis by 3 month, enrolment in early intervention by 6 month) set in 
the earlier editions of the JCIH recommendations. Although UNHS is applied widely, 
many countries still do not have UNHS included in their health agenda, partly due to 
its high cost or doubt of its value [28].

The most common available newborns hearing screening tests to date include 
otoacoustic emissions (OAE), that is further classified as transient-evoked otoacous-
tic emissions (TEOAE) or distortion product otoacoustic emissions (DPOAE), and 
automated auditory brainstem response (aABR).

Children who fail the hearing screen should undergo further auditory test. 
Frequency-specific audiometry and tympanometry are considered to be the basic 
hearing tests for pediatric patients. However, additional behavioral and objective 
measures are essential to evaluate the hearing, and cross-check of subjective and 
objective hearing tests is needed to ensure an accurate and timely diagnosis. This is 
particularly important in the pediatric population [29].

Once the children are diagnosed with hearing loss, they will refer to the otorhino-
laryngology specialists and audiologists to identify the etiology and receive treatment.

One problem must be considered is that a passed UNHS does not exclude a future 
delayed hearing loss onset, particularly in children with risk factors [30]. Therefore, 
it is necessary to continuously monitor their hearing and behavior, and children who 
have delayed speech and language development should be subjected to new hearing 
tests.

5.2 Molecular test

Any infant or child with bilateral congenital hearing loss of unknown etiology 
requires a genetics consultation and undergo genetic tests. For children with a sus-
picion of AR NSHL, genetic testing for GJB2 by Sanger sequencing is recommended 
[31]. In addition, serologic testing in both mother and infant is advised upon the 
suspicion of a congenital infection of CMV, toxoplasmosis, rubella, herpes simplex 
and syphilis [32].

At first, the only available genetic testing for hearing loss was single-gene test-
ing. Now, comprehensive genetic testing (CGT) is becoming the new standard, this 
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technology improves the genetic diagnostic yield by applying massively parallel 
sequencing or next generation sequencing (NGS), which make the cost of sequencing 
decrease and avoid multiple tests [33, 34].

Whole Genome Sequencing (WGS) is an emerging tool with the potential to 
generate an incomparable variety and quantities of genetic information. Although 
WES has shown to be a potential tool for DNA diagnostics of hearing loss, its sen-
sitivity is lower than the targeted resequencing methods [35]. Moreover, the cost of 
WGS is relatively high, which limits its clinical application. Now, as the cost WGS is 
decreased, it is expected to be the standard diagnostic tool in clinical practice within 5 
years [36].

Currently, the testing of congenital CMV infection in most highly resourced 
countries is based on clinical suspicion alone. This means a large proportion of CMV 
infections are underdiagnosed. Universal or targeted screening of CMV contributes to 
identify CMV infection, however, due to the cost concern, only infants with suspi-
cious CMV undergo screening in most countries.

When pediatric patients are diagnosed with hearing loss. Standard examinations 
include history taking, physical examination and other examination can be selected 
according to their corresponding clinical manifestations. For example, computed 
tomography imaging or magnetic resonance imaging of temporal bone can be taken 
into consideration to exclude structural inner ear or neurological anomalies. Upon the 
suspicion of other syndromic hearing loss, different additional corresponding exami-
nations can be performed according to the diagnosis, such as an electrocardiogram 
for Lange-Nielsen syndrome or a urine analysis and renal ultrasound for branchio-
oto-renal syndrome [37, 38]. Ophthalmic examination is also necessary since the 
prevalence of ophthalmic problems in children with hearing loss is 40 to 60% [39]. 
In addition, vestibular evaluation should be performed in case of a negative result for 
both genetic and serologic tests in the sporadic cases or patients with a suspicion of 
AR SNHL [40].

6. Disease spectrum of pediatric vestibular disorders

The reported prevalence and etiologies of vestibular disorders are various depend-
ing on the medical institution which children are referred to, the referral criteria, 
the age range when they tested and the type of the vestibular testing they undergo 
[41]. According to a systematic review conducted by Brodsky et al., the top 4 diseases 
resulting in childhood vertigo were vestibular migraine (VM) (23.8%), benign par-
oxysmal vertigo of childhood (BPVC) (13.7%), idiopathic (11.7%), and labyrinthitis/
vestibular neuronitis (8.47%). Less common etiological diseases included Meniere 
disease and central nervous system tumors [42]. Another recent clinical study also 
showed that the most common etiological diseases are VM and BPVC, followed by 
vestibular neuritis [43]. However, Gedik-Soyuyuce et al. pointed out that benign 
paroxysmal positional vertigo (BPPV) was the most common cause (49%), followed 
by VM (41%), BPVC (4.5%), vestibular neuritis (4.5%) and psychogenic vertigo 
(4.5%) [44].

Božanić Urbančič et al. investigated 257 vertigo/dizziness children and reported 
that central diseases accounted for 19.1%, peripheral vestibular diseases 12.4%, 
hemodynamic diseases 10.9%, and psychological diseases 5.8%. None of the symp-
toms were attributed to visual problems. 40.8% children with central vertigo had 
BPVC and 8.2% had migrainous vertigo. The etiology could not be identified among 
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112 children (43.6%) [45]. Moreover, they found the most common etiological central 
diseases is BPVC, other diseases such as epileptic, infectious, neoplastic, vascular, 
postoperative vertigo, vertigo due to hydrocephalus, degenerative/hereditary vertigo 
can also lead to vestibular symptoms.

To sum up, VM and BPVC are reported to be the most common causes of vertigo 
in children. VM is a subtype of migraine and is also common among adults. The 
speculated cause of migraine is the dysfunction of thalamocortical networks, which is 
vulnerable to trigger factors, including stressful life events, visual stimuli, hormonal 
changes, hypoglycaemia, or sleep deprivation [46]. In the developing brain, migraine 
may have a different phenotype than it does in the adult brain. For example, the 
duration of migraine attacks can be shorter in children, and the head pain is most 
often bilateral instead of unilateral. In some cases, children with migraine may not 
even exhibit headache [47]. BPVC is the early stage of VM, the reported prevalence 
of BPVC is variable, ranging from 6–20% [48]. Recently, the Committee for the 
Classification of Vestibular Disorders of the Bárány Society put forward the diag-
nostic criteria for Vestibular Migraine of Childhood [49]. The clinical presentation 
of BPVC is episodes of vertigo that typically last for minutes at a time and resolve 
spontaneously without any postictal symptoms.

Other reported common causes of pediatric vertigo include trauma, ocular 
disorders (such as vergence insufficiency, ametropia, anisometropia), congenital 
malformations and syndromes (Large vestibular aqueduct syndrome and Cogan 
syndrome), superior semicircular canal dehiscence, chronic otitis media and choles-
teatoma, psychiatric disorders, central nervous system disorders (epilepsy, multiple 
sclerosis and episodic ataxia) and posterior fossa lesions (Vestibular schwannoma and 
Meningiomas) [50].

Persistent postural-perceptual dizziness (PPPD) is not as common in childhood 
as in adult age, Wang et al. Retrospective review 53 pediatric patients with a diagnosis 
of PPPD, and they reported that Common diagnoses in addition to PPPD included 
benign paroxysmal positional vertigo (64.2%), vestibular migraine (56.6%), and 
anxiety (28.3%) [51].

7. Vestibular function assessment for pediatric population

The children’s vestibular function development is as follows. The vestibular 
function and specifically the vestibulo-ocular reflex is present at birth, although its 
time constants are about half of normal adult values at 2 months old [3]. The absence 
of a VOR by 10 months of age should be considered abnormal. The development 
of children’s postural stability is that they first control the head, then the trunk, 
and finally the postural stability when standing. Regarding balance control, unlike 
adults, infants and children prefer visual inputs to vestibular information rather than 
somatosensory inputs in achieving postural equilibrium. At 3–6 years of age, chil-
dren begin to use somatosensory information appropriately. In adolescents around 
the age of 15, the coordination of adult-like postural responses can be assumed due 
to complete maturation of the three sensory systems and the ability to solve intersen-
sory conflict [52].

Currently, some vestibular tests are introduced as childhood vestibular function 
evaluation. The available vestibular function tests applied in children include cervical 
vestibular evoked myogenic potentials (cVEMP), ocular vestibular evoked myogenic 
potentials (oVEMP), video head impulse test (vHIT) and calorie test.
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It is documented that rotatory chair, cVEMP and vHIT tests are feasible for 
children aged 0 ~ 2 years; for children aged 3 to 7 years, vHIT, cVEMP and oVEMP 
have satisfactory compliance; Children over 8 years old can cooperate well to com-
plete vHIT, calorie test, cVEMP and oVEMP test. All these tests are well tolerated by 
children and relatively easy-to-use, and simple to operate. Additionally, it should be 
noted that the test procedure requires an individualized process, that is the protocol 
should be adjusted according to the condition of each subject [53].

Dhondt et al. conducted vestibular tests for 58 healthy children between 5 months 
and 6 years of age, and found that most subjects can complete the vestibular tests, the 
completion rate from high to low was cVEMP, oVEMP, vHIT, rotatory test and caloric 
test [54]. Similar result was demonstrated by Verrecchia et al., and they found that 
the best compliance was achieved for HIT (97.1%) and least for cVEMP (68.6%) in 
pediatric cochlear implants candidates [55].

Some causes may lead to a low compliance of vestibular test in children. For 
example, due to lack of attention or interest for the target or their gaze diversions, a 
naturally depressed vestibular function [56] and gaze fixation [57] may present in 
very young children (<6 months), so their HIT can result falsely pathological results. 
In VEMP, due to various procedural biases in VEMP recording, the risk for false 
pathological results is also common, because it is difficult to keep a stable and  
sustained neck muscle activation in unconstrained children [55].

vHIT is the most widely used tool for pediatric vestibular function assessment. 
In terms of the diagnostic value of vHIT, recent studies showed that the vHIT test is 
a sensitive and efficient vestibular test in the pediatric population [58, 59], although 
the sensitivity of vHIT may be lower than caloric test in vestibular dysfunction 
detection, particularly in the pediatric population [59]. Moreover, due to the low 
compliance of caloric test in young children, vHIT is selected to be a regular vestibu-
lar test for young children. Regarding balance tests, it is reported that children with 
unilateral vestibular impairment showed normal balance function, which indicates 
that vestibular compensation enables them to rely on vestibular input to keep bal-
ance. As a result, it is difficult to judge the extent of vestibular dysfunction by using 
balance tests alone [60].

8. Vestibular dysfunction in pediatric patients

Children with vestibular diseases can present with the same vestibular function 
abnormalities as adults who suffer from the same diseases. For example, pediatric 
patients with VM have higher values of gain compared to asymptomatic patients 
[61]. In addition, children with Meniere disease exhibit a significantly vestibular 
function declining sequence from the cochlea, to the saccule, utricle and semicircu-
lar canals [62].

Vestibular dysfunction may also occur in children affected with some auditory 
diseases but without vertigo symptoms. Children with SNHL can exhibit vestibular 
impairment, given the embryological and anatomical connection between the cochlea 
and vestibular end-organs and their shared sensory microstructure and genetics 
[63]. Another example is otitis media with effusion, previous studies revealed that 
approximately 30% of the children with OME have some degree of vestibular impair-
ment documented with vestibular test [64, 65]. Moreover, the vestibular impairment 
among OME patients may be not severe. A study results showed that the mean vHIT 
gains and gain asymmetry values of pediatric with OME and dizziness and healthy 
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children were comparable. However, covert saccades were observed in 57% of the 
patients with OME and dizziness, but none patients had overt saccades [66].

Some researchers have described vestibular hypofunction in children with cyto-
megalovirus infection, vestibular neuritis, complicated cholesteatoma, post traumatic 
vertigo, motion sickness and auditory neuropathy [67–73].

One hotpot of pediatric vestibular disorders is the evaluation of post-cochlear- 
implantation vestibular function. Recent evidence has demonstrated a relatively wide 
range of patients suffered from vestibular dysfunction after cochlear implantation 
[74–76], and the total equilibrium score was also significantly reduced in implanted 
children than the non-operative controls [77]. Different mechanisms have been pro-
posed to explain this phenomenon, including electrical stimulation by the prosthesis, 
direct trauma following electrode placement, foreign body reaction or labyrinthitis, 
and endolymphatic hydrops [76, 78–80].

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Evidence of a Neuroinflammatory 
Model of Tinnitus
Raheel Ahmed and Rumana Ahmed

Abstract

Emerging literature has highlighted the relationship between inflammatory and 
neuroinflammatory biomarkers and tinnitus. Neuroinflammation may help to explain 
the mechanisms underpinning hyperactivity in the cochlea, cochlear nucleus, inferior 
colliculus, medial geniculate body, and the auditory cortex in those with tinnitus. 
Glial activation and pro-inflammatory cytokines may cause excitatory-inhibitory 
synaptic imbalance. Advancing our understanding of these mechanisms may help 
elucidate the pathogenesis of tinnitus and lead to improvement in subtyping subjec-
tive tinnitus. The chapter explores our current understanding of the neuroinflamma-
tory model within the context of the classical auditory pathway and what we can infer 
about the underlying mechanisms based on these studies.

Keywords: neuroinflammation, tinnitus, inflammation, biomarkers, platelets, 
neuroglia, microglia, hyperactivity, cytokines, genetics, synaptic plasticity, 
neuroinflammatory biomarkers

1. Introduction

Tinnitus is an auditory perception with no external stimulus. It often presents as a 
ringing or buzzing sound in one or both ears or in the head and can be intermittent. 
Tinnitus can be subjective or objective. Objective tinnitus can be categorized into sub-
types based on known sound sources. These categories include neurological disorders 
(myoclonus), vascular disorders, temporomandibular disorders (TMD), and patulous 
Eustachian tube. Palatal myoclonus is a series of sporadic muscle contractions by 
the tensor veli palatini muscle in the soft palate. The condition can be categorized as 
either essential or symptomatic through symptomatic manifestation or the presence 
of physical lesions in the cerebellum or brainstem [1]. Stapedial myoclonus describes 
similar muscle contractions of the tensor tympani and the stapedial muscles leading 
to the subject hearing a constant clicking sound from the vibration of the tympanic 
membrane [2]. Some case reports suggest individuals with TMD and tinnitus can 
modulate their tinnitus through head or jaw movements. The pathogenesis for  
tinnitus remains unclear, but tinnitus can be alleviated by treating the TMD [3].

Patulous Eustachian tube (PET) often presents with aural fullness, autophony, and 
tinnitus [4]. PET is caused when the Eustachian tube fails to close. Vascular disorders 
cause pulsatile tinnitus. This occurs when the sound of blood flow becomes audible due 
to increased blood pressure disrupting laminar flow [5]. Compression of the ipsilateral 



Recent Advances in Audiological and Vestibular Research

18

internal jugular vein may accentuate or attenuate the sound of pulsatile tinnitus, depend-
ing on whether it is arterial or venous in etiology [6]. Pulsatile tinnitus, presenting with 
or without asymmetrical hearing loss, is regarded as a criterion for neuroimaging leading 
to a possible acoustic neuroma diagnosis, which may require surgical intervention [7, 8]. 
Pulsatile tinnitus is also a symptom of semicircular canal dehiscence alongside autophony, 
similarly to PET [9]. Table 1 shows a list of causes of subjective and objective tinnitus.

2. Possible subtypes of subjective tinnitus

The term “tinnitus,” on its own, typically refers to subjective tinnitus, which is a 
perceptual phenomenon with no physical counterpart or means to hear the sound by 
auscultation [10]. Subjective tinnitus can be idiopathic and can present as any type 
of sound, it can last from seconds to being constant. Subjective tinnitus is usually 
idiopathic but can present with a number of inflammatory diseases, one of such 
being Ménière’s disease. Low-frequency narrow band tinnitus noise can be one of the 
earliest symptoms of Ménière’s disease, which worsens in later stages, often becom-
ing more intense before an episode of vertigo [10]. Cisplatin-based chemotherapy 
and many ototoxic medications can result in the development of subjective tinnitus, 
though the mechanisms underpinning this relationship remain unknown [11].

Subtyping tinnitus may be important for understanding tinnitus etiology and 
developing targeted treatments for each subtype, however, the rarity of subtypes 
(based on presentation) makes it difficult to conduct large-scale studies with rep-
resentative samples. For example, “typewriter tinnitus” is a type of intermittent 
staccato-like tinnitus sound that has been thought to be related to vascular compres-
sion based on case-based neuroimaging and its response to the anticonvulsant carba-
mazepine [12]. However, there were only 12 cases of “typewriter tinnitus” recorded.

Subjective tinnitus is correlated with excitatory-inhibitory synaptic imbalance 
leading to hyperactivity in the auditory pathway; however, the cause of this balance 
has remained the subject of debate [13–15]. Recent studies indicate this process is 
underpinned by neuroinflammation through pro-inflammatory cytokines. Markers 
of this inflammation serve as potential biomarkers for the development of subtypes of 
subjective tinnitus [16, 17].

3. The current neuroinflammatory model of tinnitus

The synaptic connection between two neurons is strengthened by the firing of 
the presynaptic neuron shortly before the postsynaptic neuron, and this is known as 

Subjective tinnitus Objective tinnitus

Ototoxicity Patulous Eustachian tube

Noise exposure Neurological disorders

Traumatic event Vascular disorders

Ménière’s disease Superior semicircular canal dehiscence

Hearing loss

Table 1. 
Known causes of subjective and objective tinnitus.
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Hebbian plasticity. Conversely, anti-Hebbian plasticity is when the neurons fire out 
of sync or at the same time. The former leads to long-term potentiation (hyperactiv-
ity) and the latter leads to long-term depression; it is this temporal relationship in 
neuronal firing, which is involved in spike-timing-dependent plasticity (STDP) [18]. 
Changes in STDP and an increased spontaneous firing rate (SFR) are referred to as 
hyperactivity in the auditory pathway.

The neuroinflammatory model of tinnitus is still in its infancy with emerging 
literature limited to animal studies. The following sections will explore our current 
understanding of the neuroinflammatory model within the context of the classical 
auditory pathway and what we can infer about the underlying mechanisms based 
on these studies. Cytokines, microglia, and activated platelets all of these had docu-
mented associations with tinnitus, which could pave the way for reliable inflamma-
tory biomarkers of tinnitus.

Short-term noise exposure can lead to a temporary hearing loss, whereas repeated 
or long-term noise exposure can lead to a permanent hearing loss, both of which 
are often accompanied by tinnitus. Similarly, the amount of ototoxic drug exposure 
can lead to temporary or permanent hearing loss and tinnitus [19]. Noise-induced 
hearing loss is caused by damage to inner and outer hair cells in the cochlea by acute 
noise exposure, the hearing loss is typically high-frequency and often presents with 
a high-pitch tinnitus sound [20]. Emotional and physical trauma can also contribute 
to tinnitus. There is a higher prevalence of tinnitus in individuals with post-traumatic 
stress disorder than in those working in noisy environments [20]. Many tinnitus 
treatments focus on stress management with the aim to reduce a tinnitus sufferer’s 
levels of anxiety or distress, this helps alleviate tinnitus itself, or its negative effects on 
one’s mental state [21].

In human populations, several non-auditory conditions, such as depression, 
stress, and traumatic brain injury, are risk factors for tinnitus [22]. These same 
conditions promote pro-inflammatory cytokine production in cerebrospinal fluid 
and contribute to neuroinflammation [17]. Genetic studies investigating single 
nucleotide polymorphisms have found associations between alleles contributing 
toward cytokine expression and susceptibility to develop noise-induced tinnitus. The 
frequency of the genotype for IL1α −889 C > T was found to be significantly associ-
ated with tinnitus in the elderly with a history of occupational noise exposure [23]. 
IL6 −174 G > C allele and TNFα −308 G > A allele frequency have been shown to be 
significantly associated with tinnitus in the elderly with a history of occupational 
noise exposure [24, 25].

Microglia may also play a role in neuroplasticity, beyond being simple scavengers 
that monitor and phagocytose waste products after neurodegeneration [26]. Microglia 
also produce pro-inflammatory cytokines, reactive oxygen species, and chemokines 
[27] as well as playing a role in neural maturation, aging and neuroplasticity, their 
pro-inflammatory cytokines regulate the function of neurons in synaptic plasticity 
[17]. A rodent study by Wang et al. [16] demonstrated neuroinflammatory events in the 
auditory cortex, following noise exposure. The study found microglial activation led to 
tumor necrosis factor-alpha (TNF-α) production and TNF-α further activated microg-
lia, this feedback loop leads to an excitatory-inhibitory imbalance, which could be a 
cause of noise-induced tinnitus in the primary auditory cortex [13]. Following acoustic 
trauma, microglia upregulate TNF-α and IL-1β (interleukin-1 beta) cytokines in the 
cochlear nucleus on a much larger scale than in the auditory cortex [28]. This process of 
glial activation in neuroinflammation may inadvertently contribute to the pathogenesis 
of tinnitus, while trying to stabilize neuronal activity in the auditory pathway.
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3.1 Tinnitus induction methods

Recent studies investigating tinnitus in animal models have typically used salicy-
late to induce tinnitus or noise exposure. The studies then measure their performance 
on the gap-prepulse inhibition of the acoustic startle reflex (GPIAS) to determine 
whether or not tinnitus is present [29]. The GPIAS paradigm relies on animals with 
tinnitus failing to elicit an acoustic startle response – a defensive reflex in response to 
loud noise. A silent gap in a continuous noise can inhibit this reflex in animals but the 
inability to perceive this gap due to tinnitus leads to the reflex being elicited [30].

4. In the context of the classical auditory pathway

4.1 The cochlea and cochlear nucleus

Roberts [19] proposes maladaptive plasticity within the auditory system as a 
reason for the development of tinnitus following noise-induced hearing loss. This 
phenomenon is supposedly due to homeostatic neuroplastic changes in neuronal fir-
ing leading to increased spontaneous activity in the auditory pathway to compensate 
for reduced input from the cochlea due to inner hair cell damage.

Martel et al. [31] suggest sodium salicylate increases SFRs and alters STDP 
through activating N-methyl-D-aspartate (NMDA) receptors, leading to tinnitus, as 
shown in Figure 1 [32]. Ralli et al. [33] found that memantine, which acts as a non-
competitive inhibitor of the NMDA receptor in the cochlea, was effective at reducing 
salicylate-induced tinnitus in rats but concluded that the side effects of consuming 
the dose required would outweigh the benefits. Salicylate-induced tinnitus may 
also be generated by an increase in the SFR in fusiform cells in the dorsal cochlear 
nucleus (DCN) as well as a change in STDP due to reduced auditory input from the 
cochlea [22].

It is this change from regular spiking to bursting activity in DCN fusiform cells 
that may underpin both noise-induced and salicylate-induced tinnitus in animal 
models [31, 34]. However, this is only true in spontaneous auditory nerve activity 
when high doses of sodium salicylate are used; moderate doses are capable of induc-
ing tinnitus with no significant change in spontaneous neuronal firing [35]. Greater 
doses of salicylate are known to have more severe and irreversible effects on the 
auditory system [36]. Wu et al. [37] propose that noise-induced tinnitus also leads 
to increased parallel fiber excitation in DCN fusiform cells leading to an increase in 
SFRs. A reduction in inhibitory synapses on these DCN fusiform cells leads to burst 
firing and thus hyper-excitation. Variations in NMDA receptor expression across 
parallel fiber synapses on DCN and cartwheel cells may account for the differences in 
their Hebbian and anti-Hebbian plasticity, respectively [34].

Cartwheel cells are interneurons that release gamma-aminobutyric acid (GABA) 
and glycine – two inhibitory neurotransmitters, following noise exposure they are 
thought to reduce their activity. This downregulation at GABAergic and glycinergic 
synapses causes hyper-excitation in the fusiform cells of the DCN [34, 38].

Brozoski and Bauer [39] found that weeks after cochlear nucleus ablation, noise-
induced tinnitus remained the same in rats; however, the DCN was considered 
ablated in the study even in cases where as much as 40% of it remained unaffected, 
as highlighted by Manzoor et al. [40]. Hyperactivity in the remaining DCN could still 
have been the cause of the noise-induced tinnitus in this case.
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Vogler et al. [41] found that on average SFRs in the ventral cochlear nucleus (VCN) 
doubled in animals with noise-induced tinnitus, most significantly in primary-like 
and onset cells. Though many studies have explored DCN ablation when monitoring 
tinnitus in animal models [39, 40, 42], very few have examined hyperactivity in the 
primary-like cells and onset cells in the VCN and the inferior colliculus, which may 
sustain tinnitus post-ablation [41].

4.2 Inferior colliculus

Following acoustic trauma, hyperactivity in the inferior colliculus originates 
from activity in the afferent neurons in the cochlear contralateral to it, however, 

Figure 1. 
The current neuroinflammatory model of tinnitus in the context of the classical auditory pathway. The figure 
shows theoretical causes and effects of hyperactivity in the cochlea, cochlear nucleus, inferior colliculus, medial 
geniculate body, and auditory cortex, based on findings in the current literature.
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this dependency on the cochlea lessens the longer the hyperactivity remains in the 
cochlea [43]. This was demonstrated by [44] who performed cochlear ablation 
2 weeks after acoustic trauma and found reduced hyperactivity, whereas in [45] 
where the same procedure was performed for 12 weeks after the acoustic trauma, 
found no significant difference in hyperactivity. Hyperactivity in the inferior 
colliculus may originate from the DCN or be an independent process altogether. 
Manzoor et al. [40] found that DCN ablation significantly reduced inferior col-
liculus hyperactivity in hamsters; however, ablation was performed 3 weeks after 
the development of noise-induced tinnitus. Though hyperactivity in the inferior 
colliculus likely originates from hyperactivity in the DCN [34], it is possible that 
hyperactivity in the inferior colliculus could to become endogenous given enough 
time after the onset of tinnitus [19].

Salicylate-induced tinnitus is known to lead to hyperactivity in the inferior col-
liculus and the secondary auditory cortex [36]. Tinnitus severity is correlated with an 
increase in TNF-α [46]. Measuring mRNA expression in mice with salicylate-induced 
tinnitus, Hwang et al. [47] found that TNF-α and IL-1β were significantly increased 
in the cochlea and the inferior colliculus as well as NMDA subtype 2B (NR2B) gene 
expression suggesting NMDA receptor action, which may be involved in long term 
potentiation leading to hyperactivity [35].

4.3 Medial geniculate body

The medial geniculate body is a known intermediary between the auditory cortex 
and the inferior colliculus in the classical auditory pathway; however, its role in tin-
nitus has not been well-examined [48]. Roberts [19] suggests following hyperactivity 
in the inferior colliculus, thalamic neurons switch from tonal firing to burst firing in 
the medial geniculate body. This change is caused by membrane hyperpolarization, 
which activates calcium channels causing thalamic neurons to carry less well-defined 
nonlinear inputs [48]. This may lead to low-frequency oscillations propagating to the 
auditory cortex [19].

Iba-1 (ionized calcium-binding adapter protein-1) expression can be used as a 
marker for increased microglial activation. Xia et al. [15] found Iba-1 was upregulated 
in the medial geniculate body and the primary auditory cortex in rats, evidencing 
microglial and astrocyte activation in salicylate-induced tinnitus [49]. The primary 
auditory cortex also showed increased IL-1β expression in its mRNA. IL-1β alongside 
other pro-inflammatory cytokines can regulate the excitatory-inhibitory balance 
through interactions with receptors on neuroglial cells [15].

4.4 Auditory cortex

Deng et al. [50] found greater microglial activation in the auditory cortex of 
rodents when subjected to 86 dB SPL noise at 8 kHz, following the intracerebroven-
tricular infusion of TNF-α. This also impaired gap detection and prepulse inhibition 
that suggest the development of tinnitus. The same microglial activation was not 
present when subjected to the noise alone or when having received the TNF-α infu-
sion alone. Similarly, Basura et al. [51] found stimulus timing-dependent responses 
followed anti-Hebbian timing rules in the primary auditory cortex of guinea pigs 
subjected to noise exposure, however, only those who developed tinnitus showed an 
increase in SFRs. Blast-induced traumatic brain injury results in microglial activa-
tion through an alternative pathway from acoustic trauma, one which is possibly 
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independent of TNF-α interaction [14, 16]. Salicylate ototoxicity also leads to 
increased SFRs in the secondary auditory cortex [52].

Noise-induced hearing loss decreases activity at GABAergic synapses and increases 
activity at glutamatergic synapses in the auditory cortex, leading to an excitatory-
inhibitory imbalance [53]. This may lead to spontaneous synchronous neuronal firing, 
which would cause long-term potentiation in the auditory cortex inducing tinnitus 
following acoustic trauma.

5. Peripheral inflammation

Peripheral inflammation and an increase in pro-inflammatory cytokines, such 
as TNF-α, can lead to neuroinflammatory processes in the brain [54]. In the past 
30 years, it has become apparent that platelets are involved in more than just throm-
bocytosis in vascular injuries, despite this, little remains understood about their 
cytokine interactions and their role in neuroinflammation [55]. A meta-analysis by 
Ahmed et al. [56] synthesized data from six studies including 451 tinnitus sufferers 
and 367 controls, and found mean platelet volume (MPV) was significantly increased 
in populations with tinnitus, including in normal hearing populations. This suggests 
greater platelet activation in the tinnitus population and may serve as an easy-to-
obtain and inexpensive biomarker of tinnitus [57, 58]. However, further research in 
this area must prioritize a well-reported methodology including the type of hematol-
ogy analyzer used and the precise means through which the samples were collected. 
Additionally, further research must exclude individuals with existing inflammatory 
pathology as recommended in [56]. By reproducing the association with better 
documentation and improved methodology, we can better understand the exact 
mechanisms that underpin MPV as a candidate biomarker of subjective tinnitus and 
its relationship with neuroinflammatory processes.

6. Current limitations and further research

The meta-analysis by Ahmed et al. [56] used only a human population to demon-
strate an increase in MPV in people with tinnitus compared to controls without tin-
nitus. The current literature examining cytokine interactions in the auditory pathway 
has primarily used animal studies. This is because current techniques for measuring 
neural activity in the human brain lack the cellular resolution to pinpoint the exact 
structures involved in tinnitus [59]. Guinea pigs and rodents are likely to be used since 
the human cochlear nucleus is cellularly similar to the rodent cochlear nucleus [60]. 
The GPIAS is commonly used to determine the presence of tinnitus in animals; how-
ever, the GPIAS has not been proven to be a valid measure of tinnitus in humans [29]. 
It is also not possible to distinguish between subtypes of subjective tinnitus based on 
the presentation in animals [48].

One limitation of this model that has not been discussed in the literature thus far 
is the relationship between the neuroinflammatory model and hearing loss or stress. 
Hyperactivity in the DCN, for example, has been shown to be affected by attentional 
and emotional responses just as tinnitus is [61]. Studies thus far do not seem to define 
the direction of this relationship. McKenna et al. [62] suggest that those without tin-
nitus have habituated to spontaneous neuronal firing but tinnitus occurs due to brief 
lapses in the ability to filter out these sounds. Those who become overly conscious and 
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aware of these phantom sounds may then focus on this triggering a “fight or flight” 
response impeding their ability to filter out the sounds. It is this feedback loop that 
may lead to greater stress, which in turn increases neuroinflammation. A systematic 
review by Calcia et al. [63] found psychosocial stressors lead to microglial activation 
in the hippocampus, prefrontal cortex, and possibly other regions of the brain [64]. 
Deng et al. [50] overcame this limitation by comparing three conditions, one with the 
infusion of TNF-α, second with noise exposure, and the third with both. It was only 
in the lattermost condition where microglial activation occurred suggesting a causal 
relationship between noise-induced tinnitus and neuroinflammation.

The role of the VCN in leading to hyperactivity in the contralateral inferior 
colliculus and the role of the medial geniculate body require further investigation as 
the current literature on this subject is sparse. Future studies may wish to reexamine 
the positive feedback loop between microglia activation and TNF-α expression in the 
auditory cortex, which was observed by Wang et al. [16]. Further studies examining 
the association between MPV and tinnitus should work toward developing a more 
homogenous standardized methodology to recreate current findings [65].
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Abstract

We interact with the world around us by sensing a vast array of inputs and 
 translating them into signals that can be interpreted by the brain. We have evolved 
many sensory receptors, each uniquely specialised to detect diverse stimuli. The hair 
cells are sensory receptors, initially developed to provide a sense of body position 
and movement, but later adapted to sense minute pressure waves in the environment 
that are perceived as sounds. As such, hair cells bestow a sense of hearing and bal-
ance, which are major advantages for survival. Mammals have four different types 
of hair cell, two of which are dedicated to hearing, the inner and outer hair cells, and 
the other two to balance, the type-I and type-II hair cells. While all hair cells employ 
common mechanisms to detect and relay signals from sound or motion, they also have 
unique attributes that specialise them for a specific functional role. In this chapter we 
describe the process of signal transmission in mammalian auditory and vestibular hair 
cells. Since mammalian hair cells do not regenerate, their loss results in permanent 
auditory or vestibular deficit. Efforts to regenerate or repair malfunctioning hair cells 
have recently intensified, mainly through gene, stem-cell and molecular therapy.

Keywords: hair cell, cochlea, vestibular, ion channel, ribbon synapse, stem cell, gene 
therapy

1. Introduction

The inner ear of vertebrates houses the auditory and the vestibular systems. 
Hearing and balance are key senses that allow humans and other vertebrates to 
acquire important information from the surrounding environment and to detect 
and compensate for head motion. The receptors responsible for these sensory func-
tions are the hair cells. The defining feature of hair cells is the presence of the hair 
bundle that protrudes from their apical surface (Figure 1A and B). The hair bundle is 
composed of many microvilli-like structures, termed stereocilia, organised in rows of 
increasing height. The individual stereocilia are connected to one another by different 
types of membranous linkages, which ensure that the whole hair bundle moves as one 
functional unit in response to sensory stimulation. One of these links is the tip-link 
that connects the tip of each shorter stereocilia to the side of the taller adjacent 
stereocilia (Figure 1C). Tip links are composed of cadherin 23 at the upper end, form-
ing the insertion point on the taller stereocilia, and protocadherin 15 at the lower end 
that connects to the tip of the shorter stereocilia [2] (Figure 1D). The lower end of 
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the tip-link joins to a protein complex containing the mechanosensitive, non-selective 
cation-permeable, ion channel, the so called mechanoelectrical transducer (MET) 
channel (Figure 1D). The best candidate for the MET channel pore is the transmem-
brane channel-like 1 (TMC1) protein, which has ten transmembrane domains [3, 4]. 
Mutations of TMC1 results in deafness [5]. Notably, persistent TMC2 expression in 
vestibular hair cells (TMC2 is only expressed during development in cochlear hair 
cells) may preserve vestibular function in humans with hearing loss caused by TMC1 
mutations [6].

The structural polarisation of the stereocilia gives the hair bundle its axis of 
mechanical sensitivity. When the sensory-evoked motion of fluid around the hair 
bundle deflects it towards the taller stereocilia, the tension on the tip links increases 
and the MET channels open [7]. This allows cations to enter the stereocilia and depo-
larise the hair cell from its resting membrane potential. Depolarization is graded with 
the amplitude of the MET current since mature hair cells do not fire action potentials. 
Deflection of the hair bundle in the opposite direction reduces the tension in the tip 
links and the MET channels close. In the absence of sensory input, the hair bundle is 
stationary in its resting position. At rest, there is a slight tension on the tip links that 
opens a proportion of the MET channels resulting in an inward resting transducer 
current, which depolarises the resting membrane potential of the hair cells and drives 
a resting discharge of action potentials in the primary sensory neurons [8, 9].

A crucial feature for hair cell function is the tight separation of the fluid  
surrounding the apical hair bundle from that surrounding the basolateral cell 
body (Figure 1A). In mammals, the hair bundle is bathed in endolymph, a unique 
extracellular solution, with a high K+ (157 mM), low Na+ (1 mM) and very low Ca2+ 
concentration (20–40 μM) [10, 11]. The hair cell body is surrounded by perilymph, 
a normal extracellular solution with low K+ (4 mM) and high Na+ (148 mM) and 
Ca2+ (1.3 mM) concentrations. Potassium is actively secreted into the endolymph 
by specialised non-sensory epithelial cells found in both the vestibular organs, the 

Figure 1. 
Hair cell morphology. (A) Cartoon of a generic hair cell. (B) Scanning electron microscope (SEM) image 
showing the structure of the hair bundle from a cochlear outer hair cell, with the characteristic staircase structure 
composed of rows of stereocilia of decreasing height. Scale bar: 2 μm. (C) High magnification SEM of a tip link 
connecting adjacent stereocilia from a cochlear inner hair cell. Scale bar: 200 nm. (D) Drawing showing the tip 
link connecting the MET channel to the adjacent taller stereocilia. CDH23, cadherin 23; PCDH15, protocadherin 
15. Figure modified with permission from Marcotti [1].
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vestibular dark cells, and in the scala media of the cochlea, the marginal cells of the 
stria vascularis [12]. In the cochlea, this creates a large electrical potential differ-
ence of 80–90 mV between the endolymph and perilymph, called the endocochlear 
potential (EP) [13]; in vestibular organs, the electrical potential difference is much 
smaller: 1–11 mV ([14] for a recent review see [15]). Since the hair cell resting poten-
tial is around ─60 mV, there is a large electrical driving force for K+ entry into the 
hair cells, via the MET channels, of around 150 mV in the cochlea and 70 mV in the 
vestibular apparatus. This scenario not only allows a very efficient depolarisation of 
the hair cells but also provides a route for cell repolarisation since K+ is able to move 
out of the cell down a large concentration gradient into the perilymph surrounding 
its basolateral membrane.

The hair cell receptor potential is shaped by the interplay of the depolarising MET 
current together with the current through voltage-gated ion channels in the hair cell 
basolateral membrane (Figure 2). Hair cell repolarisation is governed by the exit of K+ 
ions through different types of voltage-gated K+ channel that differ in terms of their 
kinetics and voltage sensitivity. The depolarising phase of the receptor potential also 
activates basolateral voltage-gated Ca2+ channels that allow Ca2+ entry into the hair 
cell. The influx of Ca2+ triggers the release of the neurotransmitter glutamate from 
specialised ribbon synapses onto postsynaptic afferent fibres (Figure 2). Ribbons are 
electron-dense presynaptic organelles that tether kinetically distinct pools of synaptic 
vesicles close to the presynaptic membrane [17–19]. The large pools of vesicles allow 
hair cells to maintain rapid rates of neurotransmitter release and respond to sensory 
stimulation over prolonged periods of time [18, 20]. Glutamate binds to α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors on 
the postsynaptic afferent fibres [21–23], triggering action potential activity that is 
relayed to the brain.

The general process of signal transduction and transmission described above 
is similar for all hair cells, but mammalian auditory and vestibular hair cells have 
evolved unique mechanisms and attributes, over hundreds of millions of years, that 
specialise them to perform specific functional roles. There are four types of hair cell 
in the mammalian inner ear (Figure 2): the inner hair cells (IHCs) and outer hair cells 
(OHCs) in the cochlea, and the type-I and type-II hair cells in the vestibular organs, 
which include the saccule, the utricle, and the semicircular canals. In the cochlea, the 
IHCs are the main sensory receptors whose role is to convert acoustic information 
into electrical activity and relay it to the spiral ganglion neurons (SGNs), the primary 
sensory neurons. The OHCs, on the other hand, respond to the same stimulation by 
changing their length, a unique property called electromotility [24]. So rather than 
being typical sensory hair cells, the cochlear OHCs form the so called “cochlear ampli-
fier” where their main function is to amplify and fine-tune sound-evoked input to the 
IHCs, increasing hearing sensitivity and frequency discrimination [7].

In contrast to the auditory hair cells, both the type-I and type-II hair cells in the 
vestibular system have a sensory role. Type-II hair cells are cylindrically shaped and 
are contacted by several afferent fibres, similar to auditory IHCs (Figure 2). Type-I 
hair cells have a distinguishing flask-shaped appearance, and their basolateral mem-
brane is almost completely enveloped by a single giant calyx-like expansion formed 
by a single afferent nerve terminal (Figure 2). Type-I hair cells are only present in 
amniotes, and their appearance with evolution has been associated with the transition 
to life on dry land and rapid head movements [25]. A lot of progress has been made in 
understanding the intimate functional and molecular mechanisms of hair cell func-
tion using a combination of genetics, structural biology, and electrophysiology. In this 
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chapter, we describe the current understanding of signal processing and transmission 
by the different mammalian hair cell types.

The differentiation of auditory or vestibular hair cells from common cell 
precursors is guided by an extensive array of molecules, expressed with a highly 
ordered spatiotemporal pattern, which is only recently beginning to be under-
stood [26–29]. The cost of such an elaborate program of differentiation is that 
the mammalian inner ear is unable to replace hair cells loss due to, for example, 

Figure 2. 
Auditory and vestibular hair cells and their innervation in adult mammals. Left: in the cochlea, Bouton afferent 
nerve terminals (red) occur at the basolateral membrane and face a single ellipsoid synaptic body (ribbon, 
large yellow oval) per active zone in both IHCs and OHCs – Some terminals are not shown in figure for clarity. 
Presynaptic vesicles (yellow filled circles) containing the afferent neurotransmitter (glutamate) are shown tethered 
to the ribbon. Voltage-gated CaV1.3 Ca2+ channels (green) are clustered at the presynaptic membrane, opposed to 
glutamatergic AMPA receptors (magenta) at the afferent postsynaptic membrane. The zoom shows a presynaptic 
zone facing the postsynaptic membrane. IHCs only form afferent synapses (5 to 30) with type I (myelinated) spiral 
ganglion neurons (SGNs), which represent ~95% of all SGNs. OHCs form afferent synapses with the remaining 
~5% type II (unmyelinated) SGNs. Each type I SGN only forms a single synaptic contact with a single IHC. By 
contrast, each type II SGN contacts several OHCs. Efferent Bouton nerve terminals (blue) synapse onto type I 
SGN boutons in close proximity to IHCs (unmyelinated lateral olivocochlear (LOC) neurons), or directly contact 
OHCs (myelinated medial olivocochlear (MOC) neurons). Only a single LOC efferent is shown for clarity 
while, in reality, a rich plexus of endings is formed beneath each IHC. Presynaptic vesicles (green filled circles) 
containing the efferent neurotransmitter (acetylcholine) are also shown. Cholinergic receptors (blue) facing the 
efferent terminal are located at the OHC postsynaptic membrane, and at the afferent Bouton contacting the 
IHC. The efferent synapse onto OHCs is marked by a subsynaptic cistern (c.). right: in the vestibular epithelia, 
afferent nerve terminals (red) are myelinated and are classified as calyx-only if they only contact type-I HCs, 
dimorphic if they contact both type-I and type-II HCs, and Bouton-only if they only contact type-II HCs. Each 
Bouton afferent terminal faces a single ribbon, whereas each calyx is opposed to several (7–20) ribbons. Efferent 
neurons (blue) originating in the brainstem directly contact several type-II HCs and may also contact calyces 
and boutons. An outer face (o.f.) synapse between the type-II hair cell and the calyx is also shown [16], whose 
function remains to be elucidated. Note that a single eccentric cilium called kinocilium, which is found adjacent 
to the longest stereocilia row, is present in mature vestibular hair cells but not in cochlear hair cells which lose it 
during maturation. The kinocilium is likely involved in the morphogenesis of the hair bundle during embryonic 
development, while the reason for its persistence in mature vestibular hair cells is unknown.
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damage, genetic mutation or ageing. More and more gene mutations are becoming 
identified that produce, or cause predisposition to, inner ear disorders due to hair 
cell malfunction or even death [30, 31]. At the end of this chapter, we look at the 
different strategies that are being developed as potential therapies to regenerate 
hair cells or to restore their function.

2. The inner ear

2.1 Signal processing in the cochlea

The mammalian auditory system can sense and transmit different acoustic 
features such as sound frequency, intensity, timing and duration, all of which have 
vast dynamic ranges. Humans, for example, have a hearing frequency range span-
ning three orders of magnitude, from 20 Hz to 20 kHz or approximately 10 octaves, 
and can detect sound intensity differences of over 12 orders of magnitude, up to 
120 dB. We can discriminate small sound level differences with nearly constant acuity 
(∼1 dB) across almost the entire range [32, 33]. In order to achieve this, the mamma-
lian cochlea has evolved a number of different strategies. The cochlea has a spiralled 
structure and contains around 3500 IHCs and three times as many OHCs. Sound 
enters the cochlea via the ear drum and the ossicles in the middle ear. The cochlea is 
tonotopically organised, such that hair cells at the base of the spiral respond best to 
high-frequency sound, and cells at the apex respond best to the lowest frequencies. 
Cochlear tonotopy is primarily imposed by the mechanical properties of the basilar 
membrane upon which the hair cells reside, which is wider and more flexible at the 
apical low frequency end and narrower and stiffer at the basal high frequency end 
[34]. Sound causes a wave that travels along the basilar membrane with the largest 
oscillation occurring at the base of the cochlea for high frequency sounds and towards 
the apex for lower frequencies [13]. The movement produced by the oscillation of 
the basilar membrane causes the hair bundles of the IHCs and OHCs to move back 
and forth at the sound frequency, opening and closing the MET channels, creating a 
receptor potential in the hair cells. The sinusoidal change in receptor potential modu-
lates neurotransmitter exocytosis in IHCs and electromotility in the OHCs [35, 36]. 
The combined electromotile activity of the three rows of OHCs amplifies the sound-
induced motion of the basilar membrane. Cochlear amplification ensures that each 
IHC is sharply tuned to a narrow sound frequency band, known as its characteristic 
frequency (CF)(for a review see [37]).

The tonotopic organisation of the cochlea translates the frequency code of sound 
into a place code. Each IHC along the cochlea represents a narrowly tuned frequency 
channel, like the keys on a piano, that form a tonotopic frequency map. This map is 
preserved and represented throughout the auditory pathway, all the way to the cortex. 
A sound frequency is therefore represented by the relative position of the active IHC, 
or neurons, within the tonotopic map, rather than being encoded by the receptor 
potential or neuronal firing rates; although this does also occur for frequencies below 
a few KHz (see next section). While sound frequency is represented by the tonotopic 
map and split among all the IHCs within each cochlea, the duration, timing and entire 
intensity range has to be encoded by neurotransmitter release from every IHC and 
distributed among the afferent nerve fibres of SGNs, which are estimated to be about 
35,000–50,000 [38]. The functional mechanisms underlying IHC sound processing 
are described in the following section.
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2.1.1 Cochlear inner hair cells

The IHCs convert the sound-induced motion of the hair bundle into a receptor 
potential that drives neurotransmitter release onto auditory afferent neurons. For 
frequencies below ~2 kHz, the IHC receptor potential follows the MET current with 
cycles of depolarisation and hyperpolarisation at the stimulating sound frequency. 
Therefore, the receptor potential of low frequency IHCs is dominated by an alternat-
ing current ‘AC’ component that ‘phase-locks’ to the sound frequency [39, 40]. The 
magnitude of the AC component is proportional to the size of the MET current, 
which is greater for louder sounds [39, 41]. Above a few kilohertz, the filtering prop-
erties of the IHC membrane prevents the receptor potential from phase-locking. As 
such, high frequency IHCs respond to sound with a depolarising shift in membrane 
potential, a direct current ‘DC’ component, that is sustained for the duration of the 
sound. As for the AC component, the magnitude of the DC component is propor-
tional to the loudness [41, 42].

The receptor potentials of low- and high-frequency IHCs are determined by 
the interaction of the MET current with that through different voltage-dependent 
Ca2+ and K+ channels expressed in their basolateral membrane. About 90% of the 
Ca2+ current in all IHCs is carried by CaV1.3 Ca2+ channels [43, 44]. Consistent 
with a crucial role of CaV1.3 Ca2+ channels in IHC signal transmission, deletion of 
CaV1.3 in mice [44, 45] or loss of its function in humans [46] produces deafness. 
The Ca2+ channels provide the inward Ca2+ current that is vital for IHC depolariza-
tion as well as for triggering exocytosis (see below). Adult mouse IHCs also have 
several different K+ channel types that provide the outward K+ current required 
for cell repolarisation and for setting the resting membrane potential. There is a 
voltage-dependent K+ current characterised by slow activation kinetics (IKs), a 
negatively activating delayed-rectifier K+ current (IK,n), and a large voltage- and 
Ca2+-dependent K+ current characterised by fast activation kinetics (IKf) [47–49]. 
Several K+ channel subunits have been identified so far, which account for the 
above K+ currents: Kv1.8, Kv7.4, Kv11.1, and Kv12.1 for IKs, KCNQ4 (Kv7.4) for IK,n, 
and BKCa channels for IKf [50]. Consistent with the different receptor potential 
responses of low- and high-frequency cells, tonotopic differences in the biophysical 
characteristics of IHCs combine to optimise IHC responses to acoustic stimuli of 
different frequency [51]. Low frequency IHCs have a large MET channel resting 
open probability (>40% open at rest in physiological conditions) compared to that 
in high frequency cells (<10%), resulting in the former having a more depolarised 
resting potential [51]. Low frequency IHCs also have a different complement 
of voltage-gated K+ channels compared to high-frequency cells [51]. For low 
frequency IHCs, the depolarised resting potential activates a large proportion 
of the basolateral membrane currents, to increase the speed and accuracy of the 
frequency-following component of the receptor potential [50, 51]. For high fre-
quency IHCs, the more hyperpolarised resting potential and smaller proportion of 
currents active at rest allow the responses of these cells to summate into a DC mem-
brane potential shift proportional to stimulus intensity [51]. Therefore, both low 
and high frequency IHCs are intrinsically tuned to accurately represent the main 
component of the cells’ in vivo receptor potential, showing a preference for either 
timing (AC) or intensity (DC) coding, respectively. While low frequency IHCs 
respond rapidly and accurately to phasic stimuli up to the phase-locking limit, high 
frequency cells respond with clearly defined graded shifts in membrane potential 
over an extended dynamic range.
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The specialisation of low and high frequency IHCs for either response timing or 
graded accuracy, respectively, is likely to be related to the main mechanisms used for 
localising low or high frequency sounds. In mammals, low frequencies are localised 
using the inter-aural timing difference (ITD) of a sound arriving at the two ears, by 
the CNS comparing the differences in timing of the phase-locked activity in auditory 
afferents [52]. High frequency sounds are conversely localised using the inter-aural 
level difference (ILD) of a sound between the two ears, by comparing differences in 
the level of activity in the afferents [53]. Therefore, the IHC biophysical properties 
are best suited to maximise the accuracy of response-timing in low frequency cells 
and response-level in high frequency cells, allowing the detection of ITDs as small 
as 10 ms and ILDs of only 1–2 dB [54]. As well as the differences in their biophysical 
properties, IHCs also show tonotopic differences in the number, organisation and 
function of their ribbon synapses that favour transmission of the intrinsic tuning for 
either phasic or graded receptor potentials (see below).

All of the acoustic information encoded in the IHC receptor potential, including 
timing, intensity and duration, has to be faithfully encoded by neurotransmitter 
release at the IHC ribbon synapses into activity in the SGNs. Each IHC has between 
5 and 30 presynaptic active zones [55] with a specialised synaptic ribbon and post-
synaptic afferent bouton from an unbranched type-I SGN [56, 57] (Figure 2). The 
individual ribbon synapses within each IHC have different activation ranges, presum-
ably to extend the range of stimulus intensities transmitted by each IHC [58–61]. As 
well as differences between individual synapses there are also tonotopic differences 
in the overall synaptic function of IHCs, which could represent a sound frequency-
dependent tuning of exocytosis that correlates with the specialisation for phasic 
or graded receptor potentials described above. In the following paragraphs we will 
focus on these tonotopic specialisations and how they relate to the different receptor 
characteristics of low and high frequency IHCs.

The IHC synaptic ribbons are electron-dense presynaptic organelles, composed 
mainly of the protein ribeye [62]. The function of the synaptic ribbon is to tether 
kinetically distinct pools of synaptic vesicles close to the release sites to provide 
a rapid and relatively inexhaustible release of the neurotransmitter glutamate in 
response to acoustic stimulation (for recent reviews see [19, 63, 64]). The vesicles 
attached to the base of the ribbon and docked at the presynaptic active zones form 
the readily releasable pool (RRP), consisting of a few hundred vesicles per IHC 
[17–19], and are the first to be released following stimulation. The ribbon associated 
vesicles that are further away from the release sites together form a larger second-
arily releasable pool (SRP), which is believed to refill the RRP once it has become 
depleted to maintain relatively high rates of exocytosis for long periods of stimula-
tion [19, 63, 64].

As mentioned above, exocytosis of glutamate-containing synaptic vesicles at 
IHC ribbon synapses is triggered by the entry of Ca2+ through closely coupled volt-
age-gated CaV1.3 Ca2+channels in response to cell depolarisation, similar to conven-
tional synapses. These channels are suited for driving neurotransmitter release at 
sensory synapses since they activate at around, or below, the IHCs estimated resting 
potential (about ─60 mV: [51, 65, 66]). CaV1.3 channels also show rapid activation 
kinetics (sub-millisecond), which is required for precise timing [65–67], and little 
voltage- or Ca2+-dependent inactivation, allowing them to drive prolonged or con-
tinuous neurotransmission [45, 68]. Unlike conventional synapses, however, many of 
the established synaptic proteins have not been found at ribbon synapses, such as the 
SNARE proteins [69] nor the traditional Ca2+ sensors of exocytosis, synaptotagmin 
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1 and 2 [64, 70]. Instead, IHC ribbon synapses are likely to rely on the function 
of the ribbon itself, along with the structural proteins bassoon and piccolino (for 
reviews see [19, 63, 64]) and the multifunctional role of the Ca2+ binding protein 
otoferlin [71–73]. Otoferlin has multiple Ca2+ binding domains and is considered 
to be the main Ca2+ sensor for synaptic vesicle exocytosis at IHCs ribbon synapses 
with multiple roles in the synaptic vesicle cycle, including vesicle priming, dock-
ing, fusion, vesicle pool replenishment and endocytosis [19, 20, 71, 72]. Consistent 
with the primary role of otoferlin in IHCs, otoferlin knockout mice are deaf, and 
mutations in human otoferlin causes a nonsyndromic form of deafness [71, 74].

As well as otoferlin, the Ca2+ dependence of neurotransmitter release at IHC 
ribbon synapses has been shown to be dependent on the unconventional synaptotag-
min isoform, synaptotagmin 4 (Syt4) [75]. Synaptotagmin 4 is unusual since it does 
not bind Ca2+ in the normal Ca2+ sensing domain for exocytosis [76] and, as such, is 
believed to work together with otoferlin to decrease the overall Ca2+ dependence of 
exocytosis in mature IHCs [75]. The Ca2+ dependence of IHC synaptic vesicle release 
determines its operating range and sensitivity to both small and large fluctuations in 
the cell receptor potential. This important property has been studied in IHCs from 
different cochlear regions using patch clamp to record Ca2+ currents and changes 
in cell membrane capacitance (ΔCm) that are indicative of exocytosis from the cells 
complement of ribbon synapses [75, 77–82]. In mature IHCs, neurotransmitter 
release is graded with cell membrane depolarization and, apart from very low-
frequency IHCs (see below), is linearly dependent on Ca2+ entry [78, 79, 83]. Such a 
linear relation seems to be a feature of many sensory synapses where graded amounts 
of neurotransmitter release are required [19]. The functional significance of the linear 
relation is likely to be that it extends the dynamic range of sound intensity discrimi-
nation by facilitating exocytosis at low levels, as well as preventing synapse saturation 
at high levels. While this is true for high frequency IHCs, such as those in the mouse 
(sensitive to sounds above a few kHz), very low frequency cells, such as those of the 
gerbil (CF around 300 Hz) have a high-order exocytotic Ca2+ dependence [80, 81]. 
Such supralinear relation is thought to emphasise the phasic component of the recep-
tor potential to accurately localise very low frequency sounds [51, 81].

While the mechanism responsible for the tonotopic differences in IHC Ca2+ 
dependence remains unknown, the linear relation seems to be correlated with the 
presence of Syt4, with high frequency mouse and gerbil IHCs showing its expression 
whereas it is absent from low frequency gerbil IHCs [75]. This suggests that the Ca2+ 
dependence could be determined by the intrinsic properties of the Ca2+ sensor, which 
is likely to be otoferlin, with or without Syt4. Alternatively, such differences could 
also arise from a variation in the topographic coupling of Ca2+ channels and vesicle 
release sites [55, 78]. It has been suggested that a linear exocytotic Ca2+ dependence 
could arise from a very close ‘nanodomain’ coupling between the Ca2+ channels and 
vesicle release sites [78, 84], whereby the opening of a Ca2+ channel within a few tens 
of nanometres from a vesicle, provides enough Ca2+ to saturate the Ca2+ sensor and 
trigger vesicle fusion [66, 78]. In this situation, an apparently linear overall rela-
tion is created by the one-to-one association of Ca2+ channel openings and vesicle 
release, even though the exocytotic Ca2+ sensor has an intrinsically high-order Ca2+ 
dependence [77, 84]. Direct evidence for the nanodomain coupling between Ca2+ 
channels and vesicle release sites in mouse IHCs has come from the finding that the 
rapidly binding Ca2+ chelator BAPTA inhibited exocytosis more than the slowly acting 
EGTA [82]. However, recent experiments using EGTA showed that exocytosis could 
be uncoupled from Ca2+ entry in high frequency IHCs (CF > 2 kHz) but was more 



39

Signal Transmission by Auditory and Vestibular Hair Cells
DOI: http://dx.doi.org/10.5772/intechopen.107944

resistant in low frequency cells (CF < 2 kHz) [81]. This implies that high frequency 
IHCs have a looser ‘microdomain’-like coupling whereas low frequency cells have the 
tighter ‘nanodomain’ organisation. Therefore, it is likely that the Ca2+ dependence of 
exocytosis is determined by the intrinsic Ca2+ binding properties of the Ca2+ sensors, 
as well as the architecture of the ribbon synapses.

The tonotopic differences in the functional characteristics of the IHC synaptic 
machinery are likely to represent further frequency-specific tuning of the cells to 
accurately represent the main components of their receptor potential, and optimise 
the responses of the primary auditory neurons. The high-order exocytotic Ca2+ 
dependence and tight nanodomain coupling of low frequency IHCs, together with 
their more rapid receptor potential responses (see above), could facilitate the signal-
ling of phase-locked activity up to the highest frequencies possible [51, 81, 85]. By 
contrast, high frequency IHCs do not follow the frequency component of sound, but 
instead have to precisely reflect the graded changes in the amplitude and kinetic prop-
erties of the macroscopic Ca2+ current over a wide dynamic range of sound intensity, 
which is more in line with a linear Ca2+ exocytotic dependence and microdomain 
coupling involving more than one Ca2+ channel [85]. The microdomain coupling of 
exocytosis is known to enhance the “signal-to-noise” ratio of transmission, by reduc-
ing the noise associated with the stochastic Ca2+ channel openings [86]. Therefore, 
mature IHC synapses seem to have developed remarkable frequency-dependent 
tuning. On one hand low frequency cells show submillisecond encoding of recep-
tor potential fluctuations for accurate phase-locking, while on the other hand, high 
frequency cells show precise signalling of graded receptor potentials.

A nanodomain coupling of Ca2+ channels and synaptic release sites in IHCs that 
show phase-locked activity to low frequency stimulation has also been suggested 
from recordings of postsynaptic activity from individual afferent fibres or bouton 
terminals. The close nanodomain coupling has been used to explain how postsynaptic 
activity is phase-locked to a particular time point (phase) of the sinusoidal stimulus, 
independent of its magnitude or intensity [87–90]. In a nanodomain scenario, exo-
cytosis is governed by the properties of the single closely coupled Ca2+ channel, such 
that the increasing channel open probability with depolarization (sound intensity) 
would similarly increase the fusion probability of the “competent” (nearby) vesicle, 
resulting in an action potential at the afferent fibre [85]. This scenario could explain 
why the frequency, but not the amplitude, of EPSCs increases with IHC depolariza-
tion [22, 91–93].

It is possible that heterogeneity between individual synapses within the same IHC, 
in terms of exocytotic Ca2+ sensitivity [94], or the size and voltage-dependence of the 
Ca2+ influx [55], could influence the tonotopic variation in the cell’s synaptic charac-
teristics. However, differences in the properties of neurotransmitter release among 
individual synapses, as a function of their tonotopic position along the cochlea, 
remains unknown. Tonotopic differences have been observed in the spontaneous 
firing rate of afferent fibres in the gerbil that generally have a higher frequency at the 
apex than those at base [95], which is likely to reflect the underlying synaptic ribbon 
function.

2.1.2 Cochlear outer hair cells

Cochlear amplification results from OHC electromotility, whereby the cells 
change length in response to fluctuations in their receptor potential [37]. For cochlear 
amplification to work, the motion of the OHCs must follow the stimulating sound on 
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a cycle-by-cycle basis. Therefore, to drive electromotility throughout the entire audi-
tory range, the OHC receptor potential must have an AC component able to accurately 
follow the MET current up to the highest audible sound frequencies.

The OHCs have, therefore, evolved biophysical specialisations that enhance 
response speed, which are similar to those described for low-frequency IHCs (see 
above) and are required to facilitate accurate phase-locking up to a few kHz. The 
resting open probability of the MET channels in OHCs is about 50% throughout 
the length of the cochlea when experiments are performed using endolymphatic-
like Ca2+concentration [96]. This means that displacement of the stereocilia by the 
acoustic vibration results in a symmetric sinusoidal voltage excursion of the OHC 
receptor potential around its resting level. The large resting MET current also means 
that OHCs have a depolarised resting membrane potential of around ─40 mV in vivo, 
which would activate a substantial proportion of the cell’s voltage-gated channels.

The predominant voltage-gated K+ channel expressed in OHCs is KCNQ4 (Kv7.4; 
[97]) with mutations in KCNQ4 producing deafness [98]. KCNQ4 channels carry the 
large delayed rectifier K+ current IK,n, defined by its very negative voltage activa-
tion range [99]. There is a tonotopic gradient in the size of IK,n with high frequency 
OHCs having a larger current than that present in low frequency cells [96, 100]. The 
depolarised resting potential of OHCs would activate over half of the KCNQ4 chan-
nels, resulting in high-frequency cells having a larger resting K+ current (and smaller 
membrane resistance) than low-frequency cells. There is also a tonotopic difference in 
the overall size of the OHCs, such that high frequency cells are smaller with lower cell 
membrane capacitance compared to low frequency cells [43, 96, 100]. Since the cell 
membrane time constant is determined by the product of cell membrane resistance 
and membrane capacitance, the smaller values for both in high frequency OHCs 
greatly increase the speed at which the cells can respond. In fact, the time constant 
of the OHC membrane was found to be appropriate for allowing voltage responses at 
their CF as a function of position along the cochlea’s tonotopic axis [96]. Therefore, 
OHCs show frequency-dependent differences in their biophysical properties that 
tune their voltage responses to CF, with high frequency cells being faster than low 
frequency cells. The tuning of OHCs is opposite to that seen for IHCs, where very low 
frequency cells showed the most rapid responses in order to phase-lock to sound up to 
only a few kHz.

The OHCs also contain CaV1.3 voltage-gated Ca2+ channels [101, 102] that drive 
the exocytosis of glutamate from their ribbon synapses onto the type-II afferent fibres 
innervating them. The size of the Ca2+ current (measured as a barium current in some 
studies) in immature and mature OHCs is much smaller than that present in IHCs of 
comparative ages [75, 102–104], consistent with the presence of fewer synaptic rib-
bons and afferent terminals on these cells [105]. The voltage dependence of the Ca2+ 
current in mature OHCs was found to be shifted by around 10 mV in the depolarised 
direction compared to that in IHCs [103], which would have implications on the activ-
ity of the Type-II SGNs (discussed below).

The OHC receptor potential is converted into electromotility by the motor 
protein prestin [106]. The OHCs are unique in that they are the only cells known 
to be endowed with somatic electromotility. Prestin is encoded by the SLC26A5 
gene, a member of the SLC26 anion transporter family [106] which has, however, 
lost its transport function [107]. Prestin is packed in the OHC lateral membrane at 
an amazingly high density of over 10,000/μm2 [108]. In response to the sinusoidal 
depolarization produced by the MET current during acoustic stimulation, prestin acts 
as a reverse piezoelectric, by mechanically changing its conformation as a function 
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of voltage (see [37]). As a result, OHC depolarization or hyperpolarisation shortens 
or lengthens the OHC, respectively, by a few μm. Since the tips of the OHC stereo-
cilia are firmly attached to the underside of the tectorial membrane, unlike those of 
IHCs, the change in OHC length amplifies the sound-induced oscillation of the local 
cochlear partition, including the basilar membrane. The result is a stronger mechani-
cal stimulus to the adjacent IHCs, which increases their sensitivity (by as much as 
40–60 dB in mice; [109]) and sharpness of frequency tuning. The importance of 
prestin is also underlined by the finding that mutations produce deafness in humans 
[110].

Consistent with the local amplifying role of OHCs, they are only contacted by 
around 5% of all the SGNs in the cochlea, the Type II afferents, which are character-
ised by thin, unmyelinated axons (Figure 2). Each Type II afferent extends hundreds 
of mm along the cochlear duct to contact several OHCs (up to around 30; [111]). Each 
OHC, in turn, contacts two to three afferent fibres of Type II SGNs [112]. Exocytosis 
in OHCs occurs at ribbon synapses, like those of IHCs, with each mature OHC 
containing only very few ribbons (around 1–4 ribbons per cell: [105]). The presynap-
tic function of OHCs has been investigated with capacitance measurements only in 
immature cells andΔ Cm has been found to be much smaller than that of IHCs [75], 
consistent with their fewer synaptic ribbons. Postsynaptic recordings have shown 
that, unlike the Type I fibres that contact the IHCs, Type II afferent fibres seem to be 
activated only when all their OHC inputs are active simultaneously [113, 114]. Such 
a situation would only by be caused by sounds loud enough to cause acoustic trauma 
[113, 115, 116], and as such the function of Type II fibres is likely to be related to sens-
ing damage or nociception in the cochlea. Recently, however, it has been shown that 
Type-II afferents can be activated by non-damaging, loud sounds [117]. The more 
depolarised activation threshold for the Ca2+ current in mature OHCs [103], could be 
compensated by the much more depolarised in vivo resting potential of the OHCs to 
increase the probability that synapses are simultaneously active. These findings point 
to a more active role for Type II afferents in auditory signal processing.

Type II activation could be involved in transmitting information to the CNS to 
activate feedback efferent pathways to reduce cochlear amplification and avoid/
limit further damage to the cochlea. The efferent input to the OHC constitutes the 
majority of their innervation (Figure 2). The efferent fibres originate from the 
medial olivocochlear (MOC) nucleus in the auditory brainstem [118]. Efferent fibres 
release the neurotransmitter acetylcholine (ACh), the role of which is to inhibit 
OHC electromotility and hence reduce the mechanical amplification of the cochlear 
partition [119]. OHC inhibition is achieved because ACh, by promoting Ca2+ influx 
through α9α10 nicotinic acetylcholine receptors [120, 121], leads to the opening of 
co-localised small conductance Ca2+-activated K+ channels (SK2: [122]). The efflux 
of K+ results in OHC hyperpolarisation. Intracellular Ca2+ diffusion away from SK2 
channels is limited by a thin near-membrane cistern that is co-extensive with the 
efferent terminal contact (Figure 2).

2.2 Signal processing in the vestibular organs

In mammals there are five vestibular sensory organs: the two otolith organs, 
comprising the perpendicularly-arranged utricle and sacculus, and three orthogo-
nally-arranged semicircular canals (horizontal or lateral, anterior, and posterior). The 
utricle and saccule detect horizontal and vertical linear acceleration, respectively, and 
contain a sensory epithelium called the macula, composed of a flat sheet of sensory 
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hair cells and supporting cells. The hair cell stereocilia project into the gelatinous 
otolithic membrane that has otoliths, or ear stones, on its upper surface. The 
semicircular canals detect angular acceleration in the three spatial dimensions and 
contain a sensory epithelium that is called the crista, which is similar to the macula 
but smaller. In the crista the hair cell hair bundles project into the gelatinous cupula. 
On average, there are around 10,000 vestibular hair cells in each mouse labyrinth, 
distributed nearly equally between otolith and canal epithelia [123]. As mentioned 
in the introduction, vestibular hair cells are subdivided into type-I and type-II cells 
based on their cell body shape and innervation pattern [16, 123–127] (see Figure 2). 
The sensory epithelia in the vestibular organs act as accelerometers, detecting motion 
due to linear or angular acceleration and gravity. These forces act on the otolithic 
membrane or the cupula and, combined with the inertia of the endolymph within 
the vestibular organs, deflects the hair bundles of both type-I and type-II hair cells. 
This activates vestibular hair cell signal transduction and information is relayed to 
the brain via the vestibular afferent fibres. Vestibular information is used centrally to 
drive several motor reflexes. These include the incredibly fast vestibulo-ocular reflex 
that maintains eye position and gaze stabilisation [128], and those controlling balance 
and posture [129]. Vestibular information is also used to generate spatial memory, and 
to support orientation and navigation of an individual in the environment [130, 131]. 
When vestibular signalling is impaired, disabling pathological conditions arise such as 
vertigo, nausea, ataxia, an altered perception of self-orientation and oscillopsia.

The vestibular system is considered to be a low-frequency analyser since it 
provides information about velocity of naturally occurring head movements at 
frequencies ranging from 0.1 to a few tens of Hz, well below the frequency of acous-
tic stimuli sensed by cochlear hair cells [132, 133]. Therefore, there is no graded 
organisation of the hair cells according to their characteristic frequency, as observed 
in the cochlea [51]. In the vestibular sensory epithelia, hair cells are instead arranged 
in two different zones. In the maculae of the otolithic organs, there is a curved central 
stripe, called the striola, that shows distinct morpho-functional properties with 
respect to the remaining outer area of the sensory epithelium, called the extrast-
riolar region. There is a similar distinction in the cristae, with a central zone being 
equivalent in many ways to the striolar region of the macula, and a peripheral zone 
that is similar to the extrastriolar region (reviewed in [25]). One major functional 
difference between the zones relates to the firing activity in the afferent fibres that 
contact the hair cells. In the striolar and central zones, afferents show highly irregu-
lar spike activity and adapting responses to head motion, which are best suited for 
encoding rapid phasic signals (transient motions; [123]). By contrast, afferents from 
the extrastriolar and peripheral zones show regular tonic spike trains, suitable for 
encoding slow movements and sustained stimuli, such as maintained head tilts and 
gravity [123, 124, 134, 135].

The correlation between hair cell type and the zonal segregation is less clear, since 
both type-I and type-II hair cells are distributed throughout the vestibular sensory 
epithelia. There is, however, a zonal difference in the afferent wiring patterns of the 
hair cells. Hair cells transmit their signal onto three different classes of vestibular 
afferents. The calyx-only afferents only innervate type-I hair cells, with the calyx 
almost completely enclosing the basolateral surface of the hair cell, and can surround 
a single, or multiple, type-I cells. Bouton-only afferents have smaller terminals, 
similar to those on cochlear hair cells, and branch to innervate several type-II hair 
cells. Finally, dimorphic afferents represent the majority of vestibular afferents and 
are branched to form both calyx endings on type-I hair cells and bouton terminals on 
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type-II hair cells [132, 135, 136] (Figure 2). While both calyceal and bouton terminals 
are found throughout the vestibular sensory epithelium, afferents in central/striolar 
zones are either calyx-only or dimorphic, such that all irregularly firing afferents 
receive a proportion of their input from type-I hair cells. Afferents in peripheral/
extrastriolar zones are either bouton-only or dimorphic, such that all regularly firing 
afferents contact at least one type-II hair cell. Therefore, while there is a degree of 
overlap from the dimorphic afferents, it grossly appears that type-I hair cells are 
responsible for the rapid phasic component of the afferent response, while type-II 
hair cells are required for the tonic component.

2.2.1 Vestibular type-I and type-II hair cells

Both type-I and type-II hair cells transduce head motion into a firing activity 
within the vestibular ganglion neurons. A major goal of vestibular neuroscience is to 
understand the distinct functional roles of type-I and type-II hair cells. It is thought 
that type-I hair cells and their encapsulating calyces might have evolved more recently 
in amniotes (anamniotes only have type-II hair cells) to allow more rapid transmis-
sion of information, possibly required for the transition to a land-based life and the 
acquisition of a head moving independently of the body trunk [25].

The receptor potential in both type-I and type-II vestibular hair cells is driven by 
the depolarizing current flowing through MET channels following sensory-evoked 
displacement of the hair bundles [137, 138], as for cochlear hair cells. Hair cell depo-
larisation then activates voltage-gated K+ channels expressed in their basolateral 
membrane, the opening of which results in cell repolarisation [139, 140]. While this 
mechanism is similar to that of cochlear hair cells, the complement of underlying K+ 
channels differs not only with cochlear hair cells but also between type-I and type-II 
hair cells. In type-II hair cells, the total outward K+ current is composed of a delayed-
rectifying current, an A-type inactivating current, and a Ca2+-activated K+ current. 
Type-II hair cells also express the hyperpolarisation-activated (anomalous rectifying) 
K+ current and the mixed Na+/K+ permeable Ih [141]. As well as an Ih current [141], 
type-I hair cells have a delayed rectifier K+ current component, together with a large 
outwardly rectifying K+ current, termed IK,L, that activates at very hyperpolarised 
membrane potentials, such that it is about half activated at the hair cell’s resting 
membrane potential of around ─70 mV ([142–144]; see [28] for a comparison of 
ion channels expressed in auditory and vestibular sensory epithelia). The molecular 
identity of the channel carrying IK,L remains unknown, however, both KCNQ and 
ether-a-go-go (erg) K+ channel subunits have been suggested to contribute [145]. The 
substantial activation of IK,L at the resting potential of type-I hair cells means that 
these cells have a significantly lower resting membrane resistance (typically less than 
50 MΩ) compared to type-II hair cells (about 1 GΩ) [142, 143, 146]. Since the speed 
of the cells’ voltage responses is determined by the membrane time constant, the low 
membrane resistance of type-I hair cells means they have faster but smaller voltage 
responses compared to type-II hair cells (see [147]). This is consistent with the differ-
ent functional roles proposed for type-I and type-II hair cells as either rapid phasic 
receptors or slower graded receptors, respectively.

The transmission of vestibular information from the hair cells takes place at the 
interface between the cells and the afferent terminals. As for auditory hair cells, this 
occurs at ribbon synapses present in both types of vestibular hair cell, where the 
Ca2+-dependent release of glutamate triggers an action potential discharge at the 
postsynaptic terminals [16, 21, 23, 126, 137]. An important difference is that while 
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each auditory afferent receives the sensory input from a single ribbon, multiple rib-
bons contribute the sensory input to a single vestibular afferent due to their branching 
(Figure 2). Therefore, each vestibular neuron integrates the information from several 
type-I and/or type-II hair cells. In the case of the calyx, there is an additional integra-
tion of information from the multiple ribbon synapses in each type-I hair cell it sur-
rounds. As well as the quantal release of glutamate, type-I hair cells have been shown 
to use a non-quantal mechanism of signal transmission that relies on the unique 
architecture of the postsynaptic calyx [25, 148, 149]. The two modes of vestibular hair 
cell transmission are described below.

The process of quantal synaptic transmission in both vestibular hair cell types is 
similar to that described above for IHCs. Both type-I and type-II hair cells have similar 
numbers of synaptic ribbons, ranging from 7 to 20 per cell [21, 23, 126]. The fusion of 
synaptic vesicles at the ribbon synapse release sites is triggered by Ca2+ influx through 
CaV1.3 Ca2+ channels, and mediated by the Ca2+ sensor of exocytosis otoferlin  
[21, 23, 139, 150–153]. Mature utricular type-II hair cells have a relatively large RRP and 
SRP of synaptic vesicles that become recruited following sustained stimulation  
[153–155]. The large synaptic vesicle pools in type-II cells, which are similar in size to 
those in mature IHCs, allow them to sustain the transmission of tonic signals. This is 
important for maintaining head orientation relative to gravity and for encoding slowly 
varying signals such as low-frequency head movements during walking or running 
[156]. Mature utricular type-I hair cells, on the other hand, show much less synaptic ves-
icle exocytosis, with an RRP, which is around an order of magnitude smaller than that 
in type-II hair cells, and little evidence of an SRP [153]. Although the overall amount of 
exocytosis differs between type-I and type-II hair cells, the number of vesicles released 
in the RRP of a mature type-I cell onto a single calyx is likely to be comparable to the 
amount of RRP vesicles released by type-II cells onto a single afferent terminal [153]. 
The relatively small degree of exocytosis in mature type-I hair cells is likely to be a 
developmental adaptation since it is much larger at immature stages [21, 72].

In mature utricular type-II hair cells neurotransmitter release has a high-order 
Ca2+ dependence [153–155], similar to that found in low frequency mature IHCs [81]. 
The Ca2+ dependence of the smaller exocytotic component in mature type-I hair 
cells remains to be established. A high-order relation in vestibular hair cells could be 
beneficial for representing phasic receptor potentials with speed and fidelity [51, 81]. 
Differences in the properties of exocytosis between vestibular hair cells located in dif-
ferent regions of the vestibular organs (e.g., striola/central compared to extrastriola/
peripheral), remains to be determined.

While postsynaptic recordings have been made from the calyces of type-I hair cells 
[21, 23], no such data is available from the bouton terminals on type-II cells. However, 
a comparison of EPSCs recorded from vestibular calyces and the boutons innervating 
mature cochlear IHCs [92] reveals differences that reflect the presynaptic findings 
described above. The overall size of individual EPSCs is much smaller in calyces com-
pared to IHC boutons, and there is an increase in EPSC amplitude with type-I hair cell 
depolarization that is not seen at cochlear boutons. Calyceal EPSCs have an unusually 
wide range of decays time constants, with some being very slow, presumably reflect-
ing a substantial glutamate accumulation and spill over in the calyceal synaptic cleft 
[23]. The accumulation and spill over of glutamate within the very restricted volume 
of the synaptic cleft would provide a high synaptic gain to maximise the effect of 
the relatively small amount of glutamate release on the calyceal terminal. A more 
restricted release of glutamate from type-I hair cells could also prevent glutamate 
from rising to cytotoxic levels within the synaptic cleft during prolonged stimulation. 
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This could be a reason why a large, and potentially damaging, SRP in type-I hair cells 
may have been replaced by an alternative non-quantal mechanism of signal transmis-
sion [25].

Evidence for a non-quantal mode of transmission in type-I hair cells comes from 
the fact that neither CaV1.3 nor otoferlin knockout mouse models show any serious 
vestibular deficit [71, 157]. Moreover, robust action potential activity could be elic-
ited by hair cell depolarization in calyces from mature CaV1.3 or otoferlin knockout 
mice, which was not affected by the AMPA receptor antagonist NBQX [153]. It is, 
therefore, possible that the lack of glutamate exocytosis in these transgenic mice is 
compensated by non-quantal, Ca2+ independent signal transmission which has been 
shown to occur between type-I hair cells and their surrounding calyx terminal  
([137, 158–161]; recently reviewed in [148, 149]). However, the capacity of non-
quantal transmission to sustain vestibular function in the absence of chemical 
neurotransmission, requires further detailed investigation.

While the exact mechanism of non-quantal transmission remains unknown, it 
appears to involve voltage-gated K+ channels expressed in the pre- and post-synaptic 
membranes facing the synaptic cleft [146, 162]. Different modes of action have been 
hypothesised, although they are not mutually exclusive: 1) K+ exit from the basolateral 
membrane of the type-I hair cells directly depolarizes the calyx by changing the Nernst 
equilibrium potential across the inner calyx membrane [146, 155, 158, 159, 162]; 2) 
pre- and post-synaptic K+ channels create a resistive coupling which allows for a direct 
(electrical) depolarization of the calyx [159] – note that electrical transmission typi-
cally involves gap junctions that are not present in the type-I hair cell-calyx synapse 
[125, 137]; 3) an ephaptic mechanism, whereby electrical fields created across narrow-
ing and invagination of the synaptic space [125], can near-instantaneously influence 
the electrical excitability of the calyx [163], although there is currently no experimental 
support for this hypothesis.

The reasons why type-I vestibular hair cells require a dual, quantal and non-
quantal, mode of signal transmission, are not clear. A restricted RRP of synaptic 
vesicles [153] might provide a transient (phasic) pulse of depolarization to the calyx, 
presumably to emphasise the transient component of the stimulus, as observed in 
calyceal afferents [123]. The potentially slower but sustained non-quantal transmis-
sion due to the accumulation of K+ or glutamate in the synaptic cleft following hair 
cell depolarisation [23, 146] would provide a graded and tonic component of trans-
mission or a sustained baseline level of calyx stimulation, which amplifies the effect 
of quantal transmission. Alternatively or additionally, if non-quantal transmission is 
a resistive or ephaptic coupling, it would provide a very fast (sub-millisecond) signal 
component [25, 137, 159, 164]. Such rapid transmission might be required for signal-
ling jerk (the onset of acceleration: [164]) and for driving the rapid vestibulo-ocular 
reflex (VOR). The VOR, which stabilises gaze by counter-rotating the eyes during 
head rotation, is the fastest known reflex with a total latency as small as ~5 ms in the 
rhesus monkey [165].

While the exact functional roles of type-I and type-II vestibular hair cells remain 
to be determined, their very different biophysics and mechanisms of signal trans-
mission across their synapses suggest they encode very different components of the 
vestibular input. The slower membrane kinetics and fully quantal mode of transmis-
sion onto multiple afferent contacts makes type-II cells suited for the slower, graded 
representation of head position. The rapid membrane kinetics and presence of a dual 
mode of, potentially instantaneous, transmission in type-I cells could specialise them 
for driving the rapid vestibular reflexes.
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2.3 Hair cells loss and strategies for restoring auditory function

The loss of hair cells can result from several environmental insults including 
infectious agents, drugs such as aminoglycoside antibiotics or chemotherapeutics, 
trauma, loud sounds, a host of genetic factors, or ageing. Since mammalian hair cells 
do not regenerate, in contrast to those in birds and lower vertebrates (reviewed in 
[166]), their death produces permanent auditory/vestibular deficit [167, 168]. To date, 
most studies aimed at regenerating hair cells have focused upon cochlear hair cells. 
One reason for this is that loss of vestibular hair cells can be, at least partially, com-
pensated by the other senses of vision and proprioception. There are currently three 
major strategies to restore hair cell function: stem-cell therapy, gene therapy, and 
molecular therapy (see [169–171]; for recent reviews). There has been an enormous 
advance in these methods in recent years, that we briefly discuss in the following 
sections. We refer to some excellent recent reviews on the different areas for those 
interested in exploring this topic further.

2.3.1 Stem-cell therapies

Stem cells have the potential to self-renew and the ability to differentiate into 
multiple cell types. It is now well understood that a specific population of resi-
dent supporting cells, marked with the stem cell markers Lgr5, Lgr6, Sox2, Sox9, 
Frizzled-9, EPCAM, and ABCG2 in the organ of Corti, commonly known as cochlear 
stem/progenitor cells, hold the potential to proliferate and differentiate to form both 
hair cells and supporting cells (reviewed in [172]). There are two potential stem 
cell-based approaches that could be used to treat deafness. The first is the stimulation 
of the resident stem/progenitor cells within the inner ear to proliferate, therefore 
allowing them to replace the lost hair cells (reviewed in [173]). The basic limitation of 
this approach is the insufficient number of resident stem/progenitor cells in the inner 
ear, which means that only a small number of hair cells could potentially be replaced. 
The second approach is the exogenous supply of stem cells (stem cell transplantation) 
into the inner ear. The inner ear stem/progenitor cells, also called sensory precursor 
cells [174], are induced to re-enter the cell cycle by activating the inner ear-related 
signal pathways. Precursor cell proliferation and differentiation is normally regulated 
by various signalling pathways, including WNT, Notch, BMP/Smad, FGF, IGF, and 
Shh pathways [175–178]. The regulation of these pathways is very important for the 
induction of inner ear precursor cell differentiation into mature hair cells. In a recent 
review, Waqas et al. [172] discuss the potential for stem cells to combat sensorineural 
hearing loss in mammals, and explain their current therapeutic applications.

2.3.2 Gene therapies

About fifty percent of inner ear disorders are caused by genetic mutations. Gene 
therapy is the treatment of diseases using genetic material (DNAs or RNAs). Recent 
progress in developing gene therapy treatments for genetic hearing loss has demon-
strated tantalising proof-of-principle in animal models (see e.g., [179, 180]). In their 
reviews, Ahmed et al. [181] and Shibata et al. [182] discuss progress, prospects, and 
challenges for gene therapy in the inner ear. They focus on technical aspects, includ-
ing routes of gene delivery to the inner ear, choice of vectors, promoters, inner ear 
targets, therapeutic strategies, preliminary success stories, and points to consider for 
translating of these successes to the clinic.
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2.3.3 Molecular therapies

Pharmacological compounds that could induce generation of new hair cells would 
be particularly attractive for treating patients with hearing loss caused by hair cell 
death. A few studies have now reported generation of new hair cells by manipulating 
endogenous signalling pathways in supporting cells and in hair cells (reviewed in 
[171, 183]). In short, the differentiation efficiency of inner ear stem/progenitor cells 
into hair cells remains low. An insufficient number of new hair cells, immature new 
hair cells without the function of mature hair cells, and long–term survival of new 
hair cells are all key problems and difficulties that need to be resolved.

3. Conclusions

Mammalian hair cells are exquisite sensory receptors that, over hundreds of 
millions of years of evolution, have refined strategies to signal sound vibrations 
or head movements with amazing sensitivity and precision. Despite the notable 
increase in our knowledge of the mechanisms and molecules involved in hair cell 
function, there are still several aspects that remain to be elucidated. These include 
the intimate mechanisms controlling phase-locked quantal release in cochlear IHCs, 
and the nature of non-quantal transmission in vestibular type-I hair cells, as outlined 
above. Unfortunately, the complex molecular machinery responsible for sensory 
transduction and signalling make hair cells highly susceptible to several environ-
mental ototoxic agents, genetic mutation, and ageing. Hair cells loss in mammals is 
permanent. Although the potential for regenerating hair cells appears to be present 
in adult mammalian inner ears, it requires their correct integration into an existing, 
mature organ. The new hair cells will need to be properly positioned in the epithelium 
according to their specific function (e.g., the hair cell type and location within the 
sensory epithelium), and properly innervated (e.g., calyx or bouton terminal in the 
vestibular epithelia). However, precise localization and connectivity may not be 
an absolute requirement to restore significant functionality. As successful cochlear 
implants have demonstrated, the central auditory pathways are capable of learning 
how to interpret an imperfect or incomplete sensory input. The recent explosion of 
work using gene therapy to restore inner ear function in mouse models represents 
huge potential for the development future clinical applications for curing auditory 
and vestibular disorders in humans.
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Chapter 4

Vestibular Therapy
Madalina Georgescu

Abstract

Vestibular therapy is a common topic in physicians’ search for updated clinical
practice. Early and appropriate vestibular rehabilitation makes a difference in a
patient’s outcome. Peripheral vestibular impairments are often unilateral and hetero-
geneous. For this reason, treatment differs depending on the etiology, the moment
from the onset, and the age of the patient. Following issues will be addressed in this
chapter: medical treatment in the acute phase and subacute/chronic phase of unilat-
eral vestibular loss; repositioning maneuvers for different types of BPPV; vestibular
rehabilitation individualized programs, for vestibular neuritis, otolith dysfunction,
visual vertigo, bilateral vestibular loss; virtual reality in vestibular rehabilitation pro-
grams; evaluation of vestibular rehabilitation programs; and new research treatment
options—vibrotactile Balance Bely and vestibular implant.

Keywords: vertigo, peripheral vestibular loss, repositioning maneuvers, vestibular
rehabilitation, virtual reality, Balance Belt, vestibular implant

1. Introduction

Vestibular lesions have a noticeable impact on patient’s quality of life. Depending
on the disease itself, but also on the patient’s psychological status, vestibular impair-
ment has severe long-term functional consequences in many cases. After headache,
vertigo is one of the most frequent presenting symptoms to physicians in many
disciplines, with a lifetime prevalence of almost 30% [1].

Dizziness is a pathologic condition that includes disorders of spatial orientation
and motion perception and disturbances in gaze stability, posture, and gait. About 5%
of the general population has dizziness, vertigo, or disequilibrium and their preva-
lence, frequency, and severity increases, in general, with age [2]. It is considered that
half of the patients with dizziness have a vestibular dysfunction and in those in whom
vestibular lesion is symptomatic, the odds of falling are 12-fold greater [3].

Four out of five patients report severe impairment of daily activities. This is an
important issue to address when we talk about vestibular therapy and its benefit for
the patient, but also is a parameter which expresses the economic burden of vestibular
diseases: absenteeism, high use of health care, and increased risk of fall with its
consequences (e.g., hip fracture in elderly).

Dizziness is the main reason for physician appointments in patients over 75 years
of age and represents a significant risk factor for falls. Falls are considered the leading
cause of serious injury and death in elderly—10% of hospitalization and 50% of
accidental deaths.
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For all medical, psychological, and economical reasons, vestibular therapy should
have appropriate time-course customization, based on the phase of the disease (acute
or chronic) and type of the peripheral vestibular pathology (single episode, recurrent
episodes), and etiology, if possible (BPPV, vestibular neuritis, endolymphatic
hydrops, labyrinthitis, vestibular paroxysmia, third window syndrome, or bilateral
vestibular loss). Once the diagnosis is established, a correct drug with appropriate
dosage and sufficient duration should be considered. Too low or too high initial dose
might be ineffective or not well tolerated. Also, duration is important for better
recovery—prolonged antivertiginous agents delay vestibular compensation phenom-
enon, and diseases such as Menière disease and vestibular migraine require long-term
treatment [4].

Treatment management must take into account the natural recovery of a unilateral
peripheral vestibular deficit (UVL), through the central vestibular compensation pro-
cess. This represents a neuroplasticity model of recovery after a UVL, with the highest
intensity in the first week after vestibular injury and continues slowly over a long
period of time (1 year) [5]. It is an imperfect and incomplete (high acceleration or
velocity head movements are not always compensated) phenomenon. Central vestib-
ular compensation must be enhanced and accelerated for the best outcome for the
patient, in the shortest possible period of time. This can be obtained with prolonged
treatment (at least 3 months) with betahistine associated with vestibular rehabilita-
tion physical programs, bimodal management widely accepted [6–9].

Vestibular rehabilitation (VR) program is based on physical exercises specially
designed to overcome imbalance issues and minimize the negative consequences of
vestibular impairment, by creating new cortical models of reaction to daily balance
challenges.

VR exercises target a reset of the brain through habituation (reduces avoidance of
certain positions), adaptation (teaching the unaffected balance receptors to undertake
the function of destroyed ones), and substitution (teaching other sensory systems to
compensate for the vestibular impairment) strategies. The treatment is focused on
improving clear vision when moving the head, reducing the intolerance to movement
by use of repetitive eye, head, and body movement, and relearning of balance.

Central compensation of dynamic symptoms involves multiple processes:

• Restoration of peripheral function.

• Compensatory readjustments of brainstem vestibular processing.

• Sensorial substitution of the impaired vestibular function by other sensorial
systems (visual and somatosensorial)—use of smooth pursuit instead of the
nonfunctional vestibulocular reflex (VOR), for example.

• Functional substitution—use of alternative strategies, with different effectors
than the damaged vestibular ones: prediction, saccades instead of VOR, or
extensive use of cervical inputs.

• Behavioral changes in order to minimize vestibular challenges and demands.

All above-mentioned processes except the first one (restoration of peripheral
function) act competitively: all start simultaneously and act redundantly but using one
of them may eliminate the need for others. This selection of the main central
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compensation process is one of the explanations for variable outcomes of the same
process in different patients—dependence on visual substitution impedes upon
somatosensorial substitution mechanisms and vice versa.

Customized vestibular rehabilitation programs might diminish this limit of the
natural recovery phenomena [10–15], as well as specific drug therapy [16]. The overall
outcome of the central compensation process is also influenced by its delay in action.
There is a critical period when neuroplasticity of the vestibular central structures is
highest (first month after the acute injury) and patients must take advantage of this
time-window opportunity in order to trigger early recovery mechanisms [17, 18].

Vestibular rehabilitation exercises may include specific movements which will
trigger the symptoms, in order to “desensitize” the vestibular system (habituation) for
positional or motion-provoked symptoms and progressively improve the gain of the
vestibular reflexes (adaptation). Substitution phenomenon also occurs in order to
replace the vestibular lost function through other senses involved in stabilizing gaze,
stance, and equilibrium. Besides alternation of the sensory inputs, prediction and
anticipation strategies can be implemented. For example, when vestibulo-ocular
reflex is impaired, visual stability is obtained through cervical-ocular reflex.

Coordinating learning strategies in order to maximize adaptation and motor
learning and avoid overstimulation is very important as well [19].

2. Treatment management of peripheral vestibular dysfunction

Management of a peripheral vestibular syndrome includes often combined
vestibular therapies—medication, repositioning maneuvers, vestibular rehabilitation,
psychotherapeutic measures or, rarely, surgery and should be customized to the
individual particularities of each patient.

This will be the issue to address in the following pages.

2.1 Medical treatment

Anatomical connections between vestibular nuclei and autonomous system explain
symptoms associated with a peripheral vestibular lesion:

• Nausea and vomiting

• Pale

• Cold sweating

• Respiratory and circulatory disturbances

All these symptoms appear due to the functional asymmetry of the vestibular
nuclei, which receive different information from the inner ear vestibular receptors
and the treatment target is to restore the balance between the vestibular nuclei. To
achieve this goal, the acute stage treatment implies:

• Sedation of the vestibular system in order to “silence” the difference in activity.

• Reduction and elimination of the autonomous symptoms.
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2.1.1 Symptomatic pharmacotherapy: for the first 1: 3 days

Prolonged use impedes central vestibular compensation, a vital process for a good
recovery of the vestibular deficit.

1.Targeting the vestibular neurotransmitters:

a. Cholinergic: anticholinergic drugs = scopolamine, meclizine. They inhibit
stimulation (excessive impulses) from the peripheral organs and vestibular
nerve and inhibit transmission in the lateral vestibular nucleus. Are
contraindicated in high blood pressure and closed angle glaucoma and
have important adverse reactions—dry mouth, dilated pupils, urinary
retention, sedation, constipation, and confusion.

b. Histaminergic: antihistaminergic drugs = dimenhydrinate. Its mechanism
is uncertain, but it has a central effect by blocking H1 receptors and
inhibiting synaptic transmission on medial vestibular nucleus.

c. GABA neurotransmitters: GABA-ergic drugs = lorazepam, valium. They
provoke a central suppression of the vestibular response, reduce anxiety,
and also have a sedative and hypnotic effect. They impair central vestibular
compensation, and this is the reason they should be administered for at most
3 days. As side effects, impaired memory and addiction should be known.

2.Targeting the vomiting center transmitters:

a. Dopaminergic (selective dopamine D2 antagonist) = droperidol, has a low
incidence of extrapyramidal effects, antiemetic action, improved blood
flow, mucosal secretion in GI, antivertigo, anti-migraine headache, and
antidepressant activity (in low doses).

b. Histaminergic (H1).

c. Serotoninergic (5-HT3 antagonist/5 hydroxytryptamine subtype 3
receptor)—Ondensetron/granisetron, less effective for vestibular emesis
and has a high cost.

Other drugs might also be used in the acute phase, such as:

• Calcium channel blockers = Flurnarazine/Cinnarazine

◦ vestibular suppression on Ca channel in hair cells

◦ antihistamines and anticholinergic activity

◦ side effects: sedation, weight gain, Parkinsonism

• Sodium channel blockers = Phenytoin/nerontin/tegretol

◦ affect GABA neurotransmitters; glutamate antagonist
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◦ induce central nystagmus

◦ uncertain mechanism

• Histamine agonists (H1/H3—receptors agonist) = Betahistine

◦ increase circulation to the inner ear

◦ suppress vestibular function on the healthy side

◦ facilitate central vestibular compensation

◦ side effects: nausea, headache

◦ caution: peptic ulcer, pheochromocytoma

• Acetyl-leucine

◦ vestibular suppressant

◦ rapid antivertigo effect (IV)

2.1.2 Etiologic-based treatment

General medical treatment mentioned above is associated with an etiological ther-
apy when etiology of the peripheral vestibular deficit is known.

• Steroids—for vestibular neuritis and Menière disease; reduce the duration of
vertigo episodes.

◦ methylprednisolone 100 mg/day, doses tapered by 20 mg every fourth day
within 3 days of symptom onset has a significant effect in improving the
recovery of peripheral vestibular function [5].

◦ intratympanic corticosteroids—repeated series of weekly injections of
10 mg/ml dexamethasone for 1 month reduce vertigo spells in 48% of
patients, without deterioration of auditory hair cells (preserved transient
otoacoustic emissions) [20].

• Dietary salt restriction—for Menière disease.

• Diuretics—Menière disease:

◦ thiazide diuretics

◦ potassium-sparing agents = spironolactone, thiazide + amiloride; at least
3 months of diuretic therapy recommended before discontinuing

a. sulfa allergies—can try loop diuretics or alternate therapies
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◦ carbon anhydrase inhibitors (acetazolamide)

a. “inner ear glaucoma”

b. decreased Na-H exchange in tubule

c. decreased CSF production

d. diuretic effects not as long-lasting

e. dide effects—nephrocalcinosis, mild metabolic acidosis, GI
disturbances

• Betahistine (H1-agonist and H3-antagonist)

◦ for Menière disease—at least 48 mg tid for at least 6–12 months

◦ for unilateral vestibular loss (UVL), to facilitate and enhance vestibular
central compensation—48 mg tid for 3 months

◦ for bilateral vestibular loss (in the first 3 months)—48 mg tid for
3 months

◦ it improves the labyrinthine microcirculation by acting on the precapillary
sphincters of the stria vascularis [21] and it reduces the production and
increases the absorption of endolymph

• transtympanically gentamicin—20–40 mg/injection at intervals of
4–8 weeks, depending on the efficacy or single-shot injection with follow-up, to
avoid ototoxicity for disabling vertigo, after trial of adequate medical therapy
[22]. Gentamicin is primarily vestibulotoxic—may impair vestibular dark cells
(endolymph), but has an inherent hearing loss risk (30%).

◦ gentamicin is injected over round window, with patient supine, ear up for
30 min

◦ patients is instructed not to swallow

• low dose of carbamazepine (200–600 mg/day) or oxcarbazepine
(300–900 mg/day) for vestibular paroxysmia [23]

◦ if these are not tolerated, we can try phenytoin, valproic acid or
acetazolamide

• antibiotics, in labyrinthitis and otosyphilis; otosyphilis is treated with the same
protocol as neurosyphilis, with Penicillin, if no allergy is present.

◦ Intravenous Crystallin Penicillin G 18–24,000,000 UI at 4 h intervals for
10–21 days, continued with intramuscular benzathine Penicillin 2,400,000
UI three times in 1 week.
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2.2 Repositioning maneuvers

For benign paroxysmal positional vertigo (BPPV), the most common cause of
peripheral vestibular syndrome, treatment is based on physical maneuvers of
repositioning the otoconial fragments from the semicircular canal into the utricle.

Canal repositioning procedures differ for each semicircular canal and also for
different pathophysiological mechanisms—canalithiasis or cupulolithiasis. For this
reason, a precise diagnosis is mandatory, to establish which ear and which semicircu-
lar canal is affected, which semicircular canal/ear is affected more in cases of
multicanal BPPV and if the otoconial fragments float free or are attached to the
cupula.

For diagnostic and treatment as well, there are some contraindications:

• absolute contraindications: cervical spine trauma or recent surgery

• relative contraindications: glaucoma, morbid overweight

For patients with cupulolithiasis, we first try to dislocate the otoconial fragments
from the cupula by vibrations applied on the affected mastoid or head-shaking
maneuver and transform the cupulolithiasis into a canalithiasis, which has much
higher success rate by repositioning treatment.

For patients in whom an appropriate canal repositioning procedure (CRP) is not
possible, Brandt–Daroff vestibular habituation exercises are recommended. Other-
wise, several CRP is used.

a. canalithiasis of the posterior semicircular canal (pc)—the most frequent affected:

• Semont liberatory maneuver (Figure 1): From a sitting position, patient is
swiftly placed laterally on the affected ear, with nose facing upwards (i.e.,
for left posterior semicircular canal canalithiasis, head is turned 45° to the
healthy right ear and patient is placed laterally on the left side of the trunk).
After nystagmus ceases, the patient is moved quickly through 180° while
maintaining the original head position to lie face down on the opposite side.
This may trigger further nystagmus and symptoms. Return the patient to
the seated position when nystagmus and symptoms stop.

• recently, a variant (Semont plus), is recommended, with better results
[24, 25]. The difference from the original Semont maneuver is that in the
first position, head is extended off the examination coach.

• Epley canal repositioning procedure (Figure 2), with very high rates of
success: The patient is seated upright. Turn his head 30–45° to the
affected ear. Supporting his head, lie him backward quickly, with the
neck slightly hyperextended off the bed. After the nystagmus ceases,
turn the patient’s head 90° toward the healthy ear. After 2 min in this
position, the patient should rotate his body on the healthy side,
facilitating further head rotation to 90° (nose towards the ground). This
may trigger further nystagmus and symptoms. When the nystagmus
and symptoms stop, return the patient to the seated position and bent
the head forward for another 2 min.
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b. canalithiasis of the horizontal semicircular canal (hc)—several methods of
treatment are used, with variable success rates

• forced prolonged positioning on the healthy side (head and whole body),
for 12 h [26]

Figure 1.
Semont liberatory maneuver.

Figure 2.
Epley canalar repositioning maneuver.
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• “barbecue” maneuver [27] (Figure 3). From supine position, patient is
turned in steps of 90° toward the healthy ear until laying on the affected
ear lateral decubitus and then returned to the sitting position. Each position
must be maintained for 1 min.

• Gufoni maneuver (Figure 4) removes detritus from the horizontal
semicircular canal. From the sitting position, patient is brought to the side
position on the healthy. After 20 s, the head is rotated in the yaw plane 45°
down. After 1–2 min in this position, the patient is brought back to the
sitting position, in which the head may rotate back to the neutral position.

c. cupulolithiasis oh the horizontal semicircular canal (hc)—the aim of the
liberatory maneuvres is to transform the cupulolithiasis into a canalithiasis,
either by modifying the canalithiasis maneuvers, either by applying a vibrator
on the affected mastoid during the repositioning maneuver

• Gufoni maneuver (Figure 5)—from the sitting position, patient goes to the
side position on the affected ear and after 20 s, head is turned for 45° with
nose up. After 1–2 min in this position, the patient is brought back to the
sitting position, in which the head may rotate back to the neutral position.

• Kim maneuver [28]. From the supine position, patient turns on the
affected side and head is turned another 45° towards the lesion side.

Figure 3.
Barbeque maneuver.

Figure 4.
Gufoni maneuver for right-hc canalithiasis.
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Vibration is applied on the affected mastoid and then head is turned back
45° towards the healthy ear. In complete lateral decubitus on the affected
ear of the patient. Next position of the patient is supine again, followed by
lateral decubitus on the healthy side, when vibration is again applied on the
healthy ear (for the variant of cupulolithiasis when fragments are on the
short arm of the horizontal semicircular canal). Then patient reaches the
prone position and slowly the patient is brought back to sitting position
without neck extension.

• Zuma maneuver [29]. From the sitting position, patient is swiftly placed on
the affected side (upper trunk). After 3 min, head turned upwards 90° and
maintained in this position for another 3 min. Next, patient turns into the
supine position with the whole body and head is turned 90° towards the
healthy ear. After another 3 min, head is tilted forward, and patient returns
to the initial position (sitting)

d. anterior semicircular canal (ac) canalithiasis—the rarest form of BPPV,
probably because repositioning is taking place spontaneous during night, raised
many controverses regarding treatment.

• One of the first treatment options was to perform an Epley maneuver for
the healthy ear, taken into consideration the co-planarity of the two vertical
semicircular canals—the anterior from one ear and the posterior from the
opposite ear, but it proves a low efficiency [30–32].

• The Yacovino maneuver was seen to be an effective treatment option for
ac-BPPV without having to determine the side involved. However,
simulations showed that the classical Yacovino maneuver carried a risk of
canal switch to the posterior canal. The Yacovino maneuver consists of
four steps each performed at an interval of 30 s: from the sitting position,
patient lies down with head in head-hanging position, 30° below the
horizontal plane. After 30 s, head is elevated so that the chin touches the
chest and then patient returns to the sitting position [33, 34].

Figure 5.
Gufoni maneuver for left-hc cupulolithiasis.
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• To overcome this risk, a modified Yacovino maneuver is suggested [35]. In
this variation, the subject is brought directly from the head-hanging
position to the sitting position. After an interval of 30 s, the neck of the
subject is flexed forward at an angle of 45°.

2.3 Vestibular rehabilitation

For stable, definite unilateral vestibula loss (UVL), treatment is more
complex because recovery of the long-term deficits induced by UVL should start as
soon as possible. As mentioned before, there is a critical period in which the
neuroplasticity mechanisms (central vestibular compensation) should start and
act at their maximal potential in order to give patients the best opportunities to
recover their balance functionality, to return to their daily activities, job, and physical
hobbies.

In order to achieve these,

• Symptomatic medical treatment of the acute phase should not exceed 3 days.

• Central compensation process should be facilitated and enhanced by long-term (3
months) treatment with Betahistine and vestibular rehabilitation (VR)
customized program [36, 37].

VR promotes vestibular compensation by:

• Habituation mechanisms

• Enhancing adaptation of VOR & VSR

• Substitution strategy of balance (pursuit, saccades)

Physical exercises based treatment, which gradually and progressively stimulates
the vestibular system and facilitates vestibular compensation. Starting point is the
minimal skill level the patient if able to perform and, as compensation and habituation
occurs, speed and complexity of the exercises are increased. Vestibular rehabilitation
uses neuroplasticity central mechanisms (adaptation, habituation, sensorial, and
functional substitution) to increase static and dynamic postural stability and to
improve visual-vestibular interactions [36, 38, 39].

Before vestibular rehabilitation program is designed, a detailed evaluation of equi-
librium abilities must be performed, in terms of functionality (gait with head move-
ment, static and dynamic balance in fixed and altered inputs—Timed Up and Go Test,
posturography), alternative sensorial systems capabilities (visual and
somatosensorial) and fall risk (Unipedal Stance Test).

Also, specific activities and head or body positions that provoke symptoms should
be determined.

Today vestibular rehabilitation programs are still based on Cawthorne–Cooksey
exercises developed [40] and modified by Susan Herdman [41], due to their excellent
results in building up the tolerance. These exercises include eye and head movements,
coordination of eyes and head movements (visual-vestibular interaction), postural
control exercises, balance tasks with gradually increased difficulty (eyes opened, eyes
closed, large base support, uneven base support, while walking, in heavy visual or
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noisy environments). Exercises are recommended to be performed twice a day, for
30 min, with 10 repetitions of each exercise.

2.3.1 Cawthorne-Cooksey exercises

A. In bed

1.Eye movements: at first slow, then quick

• up and down

• from side to side

• focus on finger while moving from 1 m to 30 cm away from face

2.Head movements: at first slow, then quick. Later with eyes closed.

• turn from side to side, shoulder to shoulder

• bend backward and forward

B. Sitting

1 and 2 as above

1.Shoulder shrugging and circling

2.Bend forward and pick objects from the ground

3.Rotate on a chair from one side to another, while fixation an image

C. Standing and walking
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1.As A1, A2 and B3

2.Change from sitting to standing with eyes open, then eyes closed

3.Throw a small ball from hand to hand (above eye level)

4.Throw a ball from hand to hand under the knee

5.Change from sitting to standing and turn around in between

6.Walk 5–7 m distance while moving head side to side, backwards to forwards and
from one shoulder to another

2.3.2 Vestibular rehabilitation exercises

At-home exercises are associated, when possible, with weekly sessions of vestibu-
lar rehabilitation exercises based on visual feedback (Figure 6) on specific equipment,
very expensive, unfortunately—Equitest, Bertec, Virtualis, CAREN, etc.

When patients have multifactorial causes of balance difficulty (e.g., elderly with
vision disturbances—cataract, peripheral neuropathy, osteoarthritic pathology),

Figure 6
Visual feedback-based vestibular rehabilitation. (a) Equitest-Neurcom. (b) Bertec system. (c) CAREN system.
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balance recovery is more difficult and good outcome comes with longer time, but with
a positive impact on possible complications of falls. Positive effects on walking,
postural control, balance, and mobility in the elderly have been reported with
exercises in the form of interactive games where virtual reality technologies are
used [42–46].

Vestibular rehabilitation programs must take into consideration some very
important factors:

• age (mobility decreases with age)

• patient’s daily activity and physical condition—non-sports people versus sportive
people

• other comorbidities involve the other sensorial systems involved in balance,
vision, proprioception, superficial somatosensorial inputs—tactile receptors
(touch, foot pressure) and proprioceptive or deep somatosensory inputs—muscle
and tendon stretch receptors. For these patients’ safety has to be enforced for
at-home exercises, in order to prevent falls.

• for patients with bilateral vestibular loss, VR is the only efficient method in
diminishing the severity of gait disturbances. Results come later (after at least
6 months) and treatment lasts for at least 1 year, but usually, some daily exercises
are recommended “forever”.

• during the COVID-19 pandemic, vestibular rehabilitation was based mainly on
telemedicine, with periodic follow-up via internet-based audio and video
connection (WhatsApp was affordable for the majority of patients). Hand out
and links to instruction films for at-home use were created, available on different
websites or especially designed apps. Patient alone is prone to non-adherence and
attrition, so he needs ON-LINE support in this HYBRID program. IDEAL—
family member available = for patient’s SAFETY, especially for:

◦ standing and walking exercises in cases of bilateral vestibular loss

◦ Epley maneuvre—“Tumarkin-like” attack might appear at the end of the
maneuver

These telemedicine solutions are not reimbursed in many countries, and this was a
problem for health care providers and patients as well.

There are also some limitations of VR through telemedicine:

• Unstable internet connection

• Type of mobile phone (it has to have a mobile camera and access to the internet)

• Low technology knowledge from the patient

• Hearing impaired patient

• Light intensity in the room
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• Correct positioning of the video camera, especially for repositioning maneuvers
and walking exercises

Informing and counseling are crucial for coping and therapy adherence. We must
explain to the patients the symptoms and inform them explicitly about the impact of
and need for treatment. Do not forget that therapy adherence in almost any chronic
disease = only 30–50%!!!

For better adherence and compliance of patients to this physical treatment, virtual
reality programs are used more and more often, most easily based on Wii and Kinect
platforms or virtual reality Googles.

Recent studies demonstrated better results with virtual reality in patients with
unilateral peripheral vestibular loss and in elderly. This induces retinal slip and sec-
ondary optokinetic eye movements, which stimulate adaptation and compensation
mechanisms [47, 48]. Using smartphones for delivering the virtual reality environ-
ment proved to be a valid training stimulus, which induces difficulties in postural
stability control. Additionally, if a head-mounted system is used, there is a potential to
reduce the VOR gain through adaptative changes in the central structures of the
vestibular system [49, 50].

Benefit’s evaluation of the vestibular rehabilitation.
Physical treatment through vestibular rehabilitation has proven to be a very

important instrument in recovery of the vestibular deficit. The benefit has to take into
consideration both patient’s evaluation as well as health care provider’s point of view.

• Subjective evaluation of the UVL-induced handicap and treatment’s benefit
includes self-evaluation questionnaires:

◦ VAS—visual analog scale for symptoms associated with vestibular impairment

◦ DHI—Dizziness Handicap Inventory, used for quantification of the severity
of the lesion (Table 1) and also for treatment’s result (improvement with
more than 18 points is considered a statistically significant improvement)

◦ Activities-specific Balance Confidence (ABC) Scale

◦ Anxiety/depression self-evaluation: HADS-A, HADS-D, because many
patients with vestibular impairment experience anxiety, fear, low
confidence in their physical independence and even depression

◦ Vestibular Rehabilitation Benefit Questionnaire which was recently refined
and validated

• Physical performance tests

16–34p Mild handicap

36–52p Moderate handicap

>54p Severe handicap

Table 1.
Severity of the vestibular lesion based on DHI score.
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◦ BBS: Berg Balance Scale

◦ SPPB: Short Physical Performance Battery

◦ POMA: Performance Oriented Mobility Assessment

◦ DGI: Dynamic Gait Index, very useful for fall risk assessment

◦ TUG: Timed Up and Go Test

• Clinical vestibular evaluation:

◦ for vestibulo-ocular reflex (VOR): presence of nystagmus, head impulse test

◦ for vestibulo-spinal reflex (VSR): Romberg test, stepping test, Unipedal
Stance Test (excellent predictor for falls)

• Objective vestibular evaluation:

◦ CDP: computerized dynamic posturography allows assessment of the
vestibulospinal reflex and also visual or proprioception dependence. Recent
versions offer additional tests, such as dynamic visual acuity (DVA) and
gaze stabilization test (GST)

◦ vHIT: video Head Impulse Test

◦ cVEMP and oVEMP: cervical and ocular Vestibular Evoked Myogenic
Potentials

◦ SVV: Subjective Visual Vertical

To summarize, vestibular rehabilitation:

• improves walking, static, and sand dynamic balance

• reduces vestibular symptoms during daily activities

• reduces anxiety and depression induced by AUVL

• increase self-confidence, movement independence, and life quality [51].

• rehab optimizes compensation, sensory substitution, and may lead to new
connections and strategies

• but we have to start FAST with rehab (therapeutical window of 8 days after acute
loss) for patient’s best recovery

Besides unilateral vestibular loss, many patients experience bilateral vestibular
hypofunction (such as aging of the vestibular system in elderly = presbivestibulia) or
even bilateral vestibular loss (bvl). They struggle to maintain balance, especially when
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walking in the dark or on uneven surfaces and present oscillopsia during walking or head
movements. Central vestibular compensation can not occur in these cases due to bilateral
impairment, so patients’ recovery is much more difficult, and imperfect. BVL leads up to
30 times higher risk of falling, significant loss of quality of life, and an increased socio-
economic burden on individuals and on society [52]. The etiologies of BVL vary from
ototoxicity (e.g., aminoglycoside treatment or chemotherapy), to genetic factors (e.g.,
DFNA9), CANVAS or spinocerebellar ataxia, infectious causes (meningitis), autoimmu-
nity (e.g., Cogan’s syndrome), trauma, and neurodegenerative diseases [53–55].

In some patients, there may be a transition from presbyvestibulopathy to BVP due
to aging or neurodegeneration [56, 57].

New methods of treatment for bilateral vestibular loss are also available, only in
clinical studies for the moment:

2.3.3 Vestibular prothesis: Balance Belt

A wearable (hip belt) medical device which provides haptic feedback to improve
balance and mobility in patients with severe bilateral vestibular loss (Figure 7) [58].
Patients improved their independent balance, moved without relying on somebody
else or walking cane.

The Balance Belt, developed by Professor Herman Kingma, contains several tiny
vibration motors and an accelerometer which sense the direction the wearer is leaning
toward and provides vibrational feedback to alert the wearer about their self-
movement and body position. The wearer interprets the feedback subconsciously,
corrects their posture, and improves their balance this way.

According to the inventor: “A sensor in the belt feels, as it were, where gravity is. If
someonemoves too far in the wrong direction, the belt produces vibrations. This is just
enough tomake sure you do not get out of balance and gain just a little bitmore certainty.”

2.3.4 Vestibular implant (VI)

Vestibular implant (VI) (Figure 8) is a self-contained system that provides artifi-
cial sensation of head rotation by electrically stimulating the three semicircular canal
branches of the vestibular nerve [59]. As for cochlear implant, vestibular implant is an

Figure 7.
Balance belt.
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artificial replacement of the non-functional vestibular end organ, which captures head
movement through motion sensors and sends electrical signals to the vestibular nerves
by electrodes that are implanted near the vestibular nerve branches that innervate the
semicircular canals and the otolith organs [60–63].

Clinical studies showed an increase in the vestibulo-ocular gain [64–67], an
improvement of vestibulospinal and vestibulocollic reflexes [68, 69] and restoration
of the dynamic visual acuity in difficult high-frequency head movements [70, 71].

The criteria for VI-implantation should go beyond the existing criteria for BVP, in
order to demonstrate significant impairment of all canals in all frequency ranges, and
(on indication) the otolith organs, because implantation would destroy residual ves-
tibular function [72].

Criteria for vestibular implant eligibility are:

A.Chronic vestibular impairment with 2 disabling symptoms of unsteadiness when
walking or standing plus at least one of the following:

◦ Movement-induced blurred vision or oscillopsia during walking or quick
head/body movements, and/or

◦ Worsening of unsteadiness in darkness and/or on uneven ground

B. Head movement induces the most severe symptoms.

C. Bilaterally reduced or absent angular VOR function documented by at least one
of the following major criteria:

◦ Bilaterally pathological horizontal angular VOR gain ≤0.6 and at least
bilaterally one vertical angular VOR gain <0.7, measured by the video-HIT
or scleral-coil technique. Angular eye velocity is measured at a fixed time
(around 60 ms after onset of the impulse), minimum of seven artifact-free
impulses, with peak acceleration of at least 1000/s2 [73]. Only one vertical
semicircular canal on each side needs to fulfill the criterion of an angular
VOR gain <0.7, since it was shown that selective sparing of a single
semicircular canal is possible [74] while a clinically relevant BVP is still
present, making the patient probably eligible for implantation.

◦ Reduced caloric response (sum of bithermal max. Peak SPV on each side≤6°/s
for 30 s water stimuli or <10°/s for 60 s water or air stimuli). Irrigations of
water, lasting for≥30 s, with a total volume of at least 250ml and 5min interval

Figure 8.
Vestibular implant (Source: MED EL Company).
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between successive irrigations [73]. For air stimulus, 8 l/min for at least 60 s
should be used. Patients with a sum of all bithermal irrigations <20°/s still
reported significant imbalance and/or oscillopsia [53, 75].

◦ Reduced horizontal angular VOR gain ≤0.1 upon sinusoidal stimulation on a
rotatory chair (0.1 Hz, Vmax = 50°/s) and a phase lead >68° (time constant
<5 s).

C0. Obligatory only in case of implantation of otolith structures: Bilaterally absent
cVEMP and oVEMP responses.

D.In case only one or two criteria from C are matched (and also criterion C0 is
matched in case of otolith stimulation), the remaining test(s) should comply
with the following minor criteria:

◦ Bilaterally pathological VOR gains of at least two semicircular canals <0.7,
measured by the video-HIT or scleral-coil technique.

◦ Reduced caloric response (sum of bithermal max. Peak SPV on each side
<10°/s for water and air stimuli of ≥30 s).

◦ Reduced horizontal angular VOR gain <0.2 upon sinusoidal stimulation on
a rotatory chair (0.1 Hz, Vmax = 50°/s).

E. Symptoms are not better accounted for by another disease.

F. Fitting the additional requirements relevant to initial preclinical trials.

◦ Age 18 years and above.

◦ BVP results most likely from a peripheral origin [55].

◦ An improvement in patient’s vestibular function is unlikely [76] (6 months
“wait-and-see” period).

◦ Patent vestibular end-organ and intact vestibular nerve [56] and no chronic
otitis media.

◦ Ability to use the device and follow a personalized rehabilitation program.

◦ Ability to undergo the surgery [57].

G.No current psychological or psychiatric disorder that could significantly
interfere with the use or evaluation of the VI [73].

SHIMP test was not included in the evaluation of the vestibular function since the
clinical relevance of SHIMPs in BVP should still be determined [77].

Handicap Inventory total score of >30 would be preferred since this could show at
least moderate handicap [78–80]. But this is not mandatory if we discuss about
eligibility criteria for vestibular implantation.
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With absent cVEMP and oVEMP responses, it is expected that the benefit of
vestibular implantation will be higher than the drawbacks of the potential iatrogeni-
cally induced vestibular hypofunction due to vestibular implantation of the otolith
endorgans.

Surgery for vestibular implantation implies inserting the electrodes either in the
proximity of the ampullae of the semicircular canals by opening the semicircular
canals or the vestibulum (intralabyrinthine approach), either in the vicinity of the
vestibular nerve branches on the semicircular canals end or in the internal auditory
canal (extralabyrinthine approach) [81]. Each surgical option has its risks—loss of
residual hearing for the intralabyrinthine approach and exposure and damage of the
facial nerve for the extralabyrinthine approach [82].

Since implantation of otolith structures [60] is almost certain to cause otolith
hypofunction due to mechanical disruption of the membranous labyrinth during
implantation, oVEMPS and cVEMPS were included in the implantation criteria when
the otolith structures will be replaced by the vestibular implant.

3. Conclusion

Peripheral vestibular lesions are found in more than 50% of patients with vestibu-
lar impairment. First three etiologies of peripheral vestibular lesions are BPPV, ves-
tibular neuritis and Menière’s disease, each of them with specific treatment
management, different in between.

Only this is solid argument for continuously updating our knowledge in the field,
in order to offer best treatment option to our patients—appropriate repositioning
maneuver, acute or subacute and chronic medical treatment or vestibular rehabilita-
tion individualized programs.

Vestibular impairment, most frequently unilateral, decrease mobility, equilibrium
and impair patient’s daily activities and his job skills, with a decreased overall quality
of life.

Some vestibular disorders have a negative impact upon patient’s daily mental
status, like Menière’s disease with its unpredictable acute attacks. Others, like vestib-
ular neuritis patients, have a long-lasting functional impairment and imply long-term
recovery treatment (medical and physical) which will facilitate and enhance the
natural recovery mechanism of central vestibular compensation.

Bilateral vestibular hypofunction (e.g., elderly) or bilateral vestibular loss is much
more difficult to treat, because vestibular neuroplasticity does not work in these cases.
For these patients, specific vestibular rehabilitation programs were designed, more
recently with specific virtual reality exercises included for better adherence and com-
pliance to years of rehabilitation.

Also, as research studies for the moment, specific medical devices were designed—
vibrotactile Balance Belt and vestibular implant.
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Chapter 5

Vestibular Rehabilitation: 
Conventional and Virtual  
Reality-Based Methods
Başak Mutlu

Abstract

The vestibular system is responsible for sensing the velocity and acceleration of 
angular and linear movements of the head and sensitivity to gravity in maintaining 
balance with its peripheral and central structures. It performs this function through 
vestibular reflexes. When peripheral vestibular diseases occur unilaterally or bilater-
ally, the functions of vestibular reflexes are affected, resulting in deterioration in eye 
movements compatible with head movements and anti-gravity muscle activity coor-
dination, which ensures upright posture against gravity. Dizziness and/or imbalance 
persist in patients in whom the central compensation process cannot be completed, 
resulting in restrictions in the patient’s independent movements, daily activities, and 
quality of life. In the middle and long term, these restrictions cause sedentary life, 
fear of falling, loss of general condition, emotional problems, and social isolation. 
In patients diagnosed with unilateral peripheral vestibular disease, vestibular reha-
bilitation methods based on exercise and living environment arrangements are used 
as valid and reliable methods to support central compensation mechanisms and to 
eliminate movement restrictions. Along with conventional exercises, virtual reality-
based vestibular rehabilitation systems on stable or unstable platforms are also used 
for this purpose. In this chapter, the essential principles of conventional and virtual 
reality-based vestibular rehabilitation methods take place.

Keywords: vestibular disorders, imbalance, central compensation, vestibular 
rehabilitation, virtual reality

1. Introduction

The vestibular nuclear complex integrates and stores inputs from the  
vestibular, visual, and proprioceptive sensors. With its central and peripheral 
connections, the vestibular system provides cortical awareness of head and body 
movements, control of oculomotor activity, control of posture, and control of 
motor skills. The vestibular system is also known to contribute to high-level 
cognitive processes, including spatial perception, spatial navigation, body repre-
sentation, attention, memory, mental imagery, and social cognition. Therefore, 
in addition to weakening the vestibular reflexes in vestibular disorders, spatial 
navigation and memory tasks, as well as body representation and body awareness 
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are impaired. The functional, psychological, and social effects of vestibular 
diseases are very important from a societal perspective [1, 2].

Vestibular sensors are located in the petrous part of the temporal bone in both 
inner ears, in anatomical and physiological relationship with the cochlea. The outer 
part is the bone labyrinth, the inner part is the membranous labyrinth. The membra-
nous labyrinth is filled with endolymph. The space between the bony labyrinth and 
the membranous labyrinth is filled with perilymph. Perilymph is similar to cerebro-
spinal fluid. Endolymph is similar to intracellular fluid (high K+ and low Na+). The 
sensory structures are located in the membranous labyrinth. Sensory receptors in the 
vestibular organs are located close to the vertical and horizontal planes. In this way, 
they can detect all movements of the head. All receptors are excited by forces associ-
ated with acceleration. The utricle and saccule (otolith organs) are sensitive to linear 
acceleration, gravity, and head stability. Semicircular canals are sensitive to angular 
acceleration in their plane. Vestibular sensors differ from other sensory receptors 
because they produce motor reflexes as well as positional perception. The sensors 
of the vestibular labyrinth are innervated by the afferent and efferent fibers of the 
vestibular branch of the eighth cranial nerve. Nerve fibers form the Scarpa’s ganglion 
go to the brain stem as the vestibular nerve. The vestibular nerve divides into superior 
and inferior branches and contains a total of 18,000 to 20,000 nerve fibers. The 
superior branch innervates the utricle, the antero-superior part of the saccule, and the 
superior and horizontal semicircular canals. The inferior vestibular nerve innervates 
most of the saccule and the inferior semicircular canal. Most of the vestibular nerve 
terminates in the vestibular nuclei and a small part in the cerebellum. The vestibular 
nuclei are located in the posterior part of the brainstem where the pontomedullary 
junction. There are four major nuclei (superior, lateral, medial, and inferior) and 
seven minor nuclei separately on the right and left sides of the brain stem. In addi-
tion to vestibular inputs, the vestibular nuclear complex also receives inputs from the 
visual, proprioceptive, cerebellar, and reticular formations. Since the cerebellum is 
the motor coordination center, it plays a role in the regulation of vestibular reflexes. 
Cerebellum has a predominantly inhibitory effect on the vestibular nuclear complex. 
Connections between the cerebellum and vestibular nuclei help maintain balance 
and posture by providing harmony between head, trunk, and eye movements. Inputs 
from vestibular sensors are used to create vestibular reflexes that help maintain bal-
ance. Vestibular reflexes (vestibulo-ocular, vestibulo-spinal, vestibulo-collic, cervico-
ocular, and cervico-collic reflexes) are reflexes that play a role in maintaining balance 
as a result of processing the visual, proprioceptive, and vestibular inputs at the level 
of the vestibular-nuclear complex. The vestibulo-ocular reflex (VOR) provides visual 
focus on an object during head movements. The VOR arc between the vestibular 
system and the extraocular muscles performs this function. All semicircular canals 
and otolith organs have VOR arcs. The VOR keeps the visual image stable on the retina 
when the head moves. While the head is turned to the right, the VOR slowly turns the 
eyes to the left, and the reticular formation that tries to pull the eye to the midline also 
pulls the eye to the middle, this is called physiological nystagmus. Nystagmus may 
occur due to physiological (caloric, rotation chair, head shake) or pathology. The con-
nections between the vestibular nuclei and the spinal cord create the vestibulo-spinal 
reflex (VSR). The VSR is responsible for maintaining posture. The lateral vestibulo-
spinal tract originates from the lateral vestibular nucleus and extends to the spinal 
cord. It keeps the body upright by managing the head, trunk, and lower extremities 
against the slope using utricular input. The medial vestibulospinal tract originates 
from the medial, lateral, and inferior vestibular nuclei. It controls head movements 
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with the inputs from the saccule. The vestibular nuclear complex is also connected 
with the contralateral vestibular nuclear complex, the brain stem centers controlling 
visceral reflexes, the cerebral cortex, and the hippocampus [2–4].

Vestibular system disorders can be central or peripheral. Peripheral vestibular 
system diseases as unilaterally or bilaterally, sudden or gradual, stable, progressive 
or fluctuating, temporarily or permanently, and completely or partially affect the 
vestibular receptor functions. Unilateral peripheral vestibular disorders disrupt 
the symmetry of input from vestibular sensors at the level of the brainstem. This 
may lead to disorientation in the perception of head movements and vestibular 
reflexes [2, 5].

Asymmetric vestibular inputs at the level of the vestibular nuclear complex 
may lead to static vestibular symptoms in the acute period and dynamic vestibular 
symptoms in the sub-acute and chronic period of the pathology. Static vestibular 
symptoms are nystagmus, vertigo, subjective visual vertical and horizontal percep-
tion disorientations, skew deviation, head and trunk tilt to the ipsilesional side, 
and neuro-vegetative symptoms. These symptoms occur spontaneously. In the ideal 
conditions, completely compensated in a few months. Dynamic vestibular symptoms 
are decreased and asymmetrical vestibulo-ocular reflex, vertigo, ocular counter 
rolling, postural instabilities, and cognitive symptoms. These symptoms occur during 
head movements. Compensation takes a longer time than static symptoms. It may not 
disappear completely [1, 6].

2. Vestibular compensation

It is a recovery mechanism after unilateral peripheral vestibulopathy. It is the cen-
tral nervous system process that occurs to reduce the neural firing asymmetry at the 
level of the brainstem due to the lesion and to readjust the gain. In the process of regu-
lation of peripheral function, mechanisms such as regulation of vestibular processing 
at the level of the brainstem, use of prediction and modulation of other senses instead 
of vestibular input, and adaptation to reduce the use of vestibular input are utilized. 
On the lesion side, the intrinsic excitability of the vestibular nuclei is increased, they 
are desensitized to inhibitory inputs, and their activity is gradually increased. The 
contralesional region is under the inhibitory effect of the cerebellum. Mechanisms 
involved in recovery after acute peripheral vestibular pathology with vestibular 
compensation, spontaneous recovery of damaged receptors and neurons, adaptation 
of residual vestibular function (the ability to adapt to head movement during the 
movement of an image on the retina), substitution for lost vestibular functions (with 
visual and somatosensory cues) and habituation to unwanted sensations (reduction 
of symptoms and pathological responses to provocative stimuli by systematic expo-
sure to that stimulus). All of these mechanisms start simultaneously after the lesion. 
Achievement levels can affect each other. The success of one mechanism may obviate 
the need for the other. This results in the recovery processes being different from 
person to person. Static symptoms may improve within weeks, some of the dynamic 
symptoms may persist for life depending on the character of the disease. Otolytic 
symptoms resolve in a shorter time than semicircular canal symptoms. Vestibular 
compensation of static symptoms begins in the first 24–72 hours after acute unilateral 
peripheral vestibular lesion. The patient can walk with or without assistance after 
approximately 48 hours and starts to return to normal activities in two weeks. After 
the first three months, many patients can recover with minor static or dynamic 
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symptoms. Static and dynamic symptoms continue to exist in vestibular compensa-
tion deficiencies. Factors affecting vestibular compensation directly or indirectly 
are age, type of vestibular pathology (stable/progressive/fluctuant), central nervous 
system function, lack of sensory input (vision, sense of touch), vestibulosuppressant 
use, musculoskeletal diseases (lower extremities or spine), sedentary lifestyle, poor 
head-eye stabilization, disturbances in the perception of stability, poor balance strate-
gies, psychological disorders [7].

2.1 Why is vestibular compensation important?

The prevalence of vestibular diseases is high (35.4% over 40 years old, 64.8% over 
60 years old, 84.8% over 80 years old), they increase the risk of falling, increase the 
cost of health care, decrease the quality of life, increase job loss, cause anxiety and 
depression. Recovery is not the same for every patient. Vestibular compensation can 
occur in three ways: full compensation, partial compensation, and decompensation. 
Symptoms of varying degrees of inadequate vestibular compensation are imbalance, 
impairment of visual fixation, spatial disorientation, vertigo, oscillopsia, sensitivity 
to environmental movements, cognitive problems, anxiety, and poor concentra-
tion. The consequences of these symptoms are inactivity, fear of falling, financial 
dependency, social isolation, disabilities in daily living activities/dependency, and 
decreased quality of life [1, 8].

3. Vestibular rehabilitation

It is a patient-oriented and exercise-based therapy program designed to sup-
port vestibular compensation after vestibular pathology. It benefits from vestibular 
adaptation, oculomotor movements, visual cues, somatosensory cues, postural 
strategies, and habituation while supporting vestibular healing mechanisms. Visual 
fixation exercises, head and eye movements combined with various activities, differ-
ent upper extremity, head and trunk movements while maintaining balance despite 
reduced support surface, systematic repetition of movements that increase vertigo, 
and gradually exposing patients to various sensory or motor stimuli are used in the 
exercise program. The purposes of vestibular rehabilitation are to increase gaze stabil-
ity, increase postural stability, reduce vertigo and the risk of falling, make the patient 
independent by improving the activities of daily living, and psychosocial well-being, 
and increase the health-related quality of life. In short, it is aimed to bring the patient 
closer to the normal state before the disease at the maximum level by increasing the 
safe movement and reducing the symptoms. It is an exercise-based therapy program 
designed to support vestibular compensation after vestibular pathology [8–12].

3.1 Indications of vestibular rehabilitation and patient selection

Vestibular rehabilitation is indicated for stable but decompensated vestibular 
lesions, regardless of the age of the patient, cause of pathology, duration, and inten-
sity of symptoms. Stable and insufficiently compensated unilateral vestibular lesions, 
bilateral vestibular lesions, central vestibular lesions, mixed (central and peripheral) 
vestibular lesions, head trauma, psychogenic vertigo, age-related dizziness (with the 
aim of reducing the risk of falling), vertigo of unknown etiology, benign paroxysmal 
positional vertigo (for residual imbalance present in 2/3 of patients after a successful 
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repositioning maneuver) benefit from vestibular rehabilitation. Vestibular compen-
sation cannot develop in patients with active labyrinth pathology and fluctuating/
progressive pathologies (Meniere’s disease, perilymph fistula, superior semicircular 
canal dehiscence, enlarged vestibular aqueduct). Vestibulospressant use, visual and 
somatosensory deprivation, long-term immobilization, advanced age, and central 
nervous system lesions may prolong the recovery period, but do not completely 
prevent compensation [12, 13].

3.2 Vestibular rehabilitation methods

Conventional vestibular rehabilitation methods include Cawthorne-Cooksey 
exercises, multimodal Cawthorne-Cooksey exercises, vestibulo-ocular reflex adapta-
tion exercises, habituation exercises, substitution exercises, and static and dynamic 
balance exercises [14, 15]. Alternative vestibular rehabilitation methods include 
augmented sensory feedback, movable platforms, full-screen optokinetic exercises, 
computer games (exergames), and virtual-reality-based vestibular rehabilitation. 
Alternative vestibular rehabilitation methods can be applied instead of conventional 
exercises or in combination with them. It can be preferred in patients who do not 
benefit from conventional methods.

The conventional vestibular rehabilitation program should be specific to the 
patient’s complaints, suitable for lifestyle, consisting of a reasonable number and 
variety of exercises, easily learned, developed from easy to difficult-from simple to 
complex, functional, and individual. The steps of the rehabilitation program consist 
of evaluation, training of the patient and family, planning of the exercise program, 
domestic arrangements to increase the safety of movement, suggestions for the 
selection of assistive walking equipment and shoes if necessary, implementation of 
the exercise program, evaluation after the therapy, termination of the therapy and 
clinical follow-up.

The evaluation should consist of vestibular function tests (video head impulse, 
functional head impulse, subjective visual verticality and horizontality, static or 
dynamic posturography) that can evaluate vestibular involvement and compensation 
with numerical data and special scales that subjectively evaluate the patient’s quality 
of life or limitations. The vestibular rehabilitation evaluation protocol, which consists 
of qualitative and quantitative data, helps to establish the exercise program, to sup-
port the belief and motivation of the patient in the rehabilitation program, to measure 
the success of treatment, to compare or prove the effectiveness of different rehabilita-
tion methods, and to make the decision to terminate the rehabilitation program of the 
patient [11, 12].

Conventional exercises can be started with visual fixation exercises combined 
with head movements to support the vestibulo-ocular reflex. It can be done lying 
down, sitting, standing, or combined with walking, depending on the functional 
status of the patient. Saccadic and smooth pursuit movements are also added to the 
program in bilateral or central vestibular pathologies where substitution is required. 
The vestibulo-spinal reflex should also be supported to improve postural stability. In 
accordance with the functional status of the patient, a static posture should be prac-
ticed with a regular stance, two feet together, tandem or single leg on stable ground, 
movable ground, or foam. This should be followed by walking exercises, stepping 
forward, backward, left and right, and turning around by stepping around. Normal 
gait, straight gait, gait with horizontal and vertical movements of the head, and gait 
on the foam should be practiced. Turning activities should also be added to dynamic 
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exercises. Static and dynamic balance exercises can also be applied by making changes 
in the visual input [11–13, 15].

Habituation exercises should be applied to the patient to reduce vertigo caused 
by movement. A program consisting of movements that the patient is most uncom-
fortable with can be created. While sitting or standing, repetitive head movements, 
trunk rotation, forward bending, and reaching up can be performed. A program 
consisting of exercises that will not cause neurovegetative symptoms should be 
established [11, 12, 15].

In conventional vestibular rehabilitation, the difficulty level of the exercises 
should be moderate or moderate-high. The exercises that the patient does very easily 
are non-functional exercises for vestibular compensation. The movements that are 
difficult at the beginning should be gradually made more difficult as they are per-
formed more comfortably. Exercises can be applied in the clinic or as a home program 
when the patient comes for control at least once a week. In both methods, the patient 
should do at least two sets of vestibular exercises a day, and each set should last about 
half an hour. In addition to vestibular complaints that occur with movement, patients 
with neurovegetative complaints should do habituation exercises before meals. 
Exercises should be done in front of a wall or in corners to prevent falls. In addition to 
the exercise program, daily walking, simple sports activities, cognitive exercises, and 
regular reading activities should be added to the program. It would be appropriate 
for the patient not to use vestibulo-suppressants during the vestibular rehabilitation 
process.

Virtual reality (VR) is an important contribution of computer technology to the 
vestibular field in recent years. VR is a computer-generated simulation of a visual 
environment or an activity [16] and is defined as the user entering an interactive 
environment that mimics reality [17]. At the same time, VR can be defined as using 
computer technology to create simulations of objects, space, and events. It can rep-
resent both a real and a fictional world. This created virtual world includes not only 
visual content but also auditory and tactile stimuli and allows interaction with the 
user [8]. VR often uses a task to engage the user/patient in the system. This task can 
be walking through a crowded subway station, keeping an airplane on the desired 
route, completing the shopping list at the grocery store, painting an object, skiing, 
or tracking/capturing a target. In the VR system, the floor can be movable or fixed. 
In both cases, it is very important to prevent the patient from falling during exercise. 
Among the factors affecting the success of conventional vestibular rehabilitation are 
the patients’ doing the exercises incorrectly, the active participation of the patients, 
and the need for their motivation. VR is an enjoyable and motivating method against 
the time-consuming, repetitive and monotonous conventional vestibular reha-
bilitation that makes it difficult for the patient to participate. VR-based vestibular 
rehabilitation is an enjoyable method for patients as it includes games that include 
real-time simulations, interactive functions, adaptation, substitution, and habitua-
tion exercises [2, 11, 14, 18].

Before VR, the use of technological equipment for vestibular rehabilitation started 
with exergames, which were reflected on TV screens and provided patient participa-
tion. With developments in the gaming industry, technologies have been added that 
combine an accelerometer and a force plate to provide visual and auditory feedback of 
patients’ baseline pressure centers [19]. At the same time, computer games connected 
to the motion sensor were added [14]. In addition to these, optokinetic stimulation or 
creating a virtual environment by attaching smartphones to the head for use in the 
home environment has also been utilized [20–22].
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Systems called real VR are immersive systems. Virtual reality immersion is the 
perception of one’s physical existence in a non-physical world. This perception is 
created by surrounding the VR system user with visual, sound, or tactile stimuli 
that provide an immersive environment. In rehabilitation, the user’s movements are 
detected and monitored by the system. It is a widely practiced technique for creat-
ing a virtual environment using a variety of spherical, flat screen, or head-mounted 
display formats. The user can interact with objects in VR using body movement. VR 
has recently gained popularity in medicine with the rapid development of mobile and 
visual technologies. It is used as an adjunct in psychiatry, in the treatment of anxiety, 
schizophrenia, or post-traumatic stress disorder, and in the treatment of cognitive 
disorders, Alzheimer’s disease, Parkinson’s disease, post-stroke hemiplegia, anal-
gesic treatment of burns, pediatrics, cerebral palsy rehabilitation, and treatment of 
children with autism spectrum disorders [8, 14, 23, 24].

VR can provide visual, auditory, and tactile feedback that can motivate patients in 
vestibular rehabilitation, create a sense of physical presence in the virtual world, and 
provide personalized training. The system provides a hierarchical and customized 
presentation of realistic environmental stimuli adapted to patients’ balance devel-
opment [22]. Additional hardware can be added to monitor motion kinematics or 
provide force simulations and haptic feedback to participants [15]. The tactile feed-
back makes a significant contribution to vestibular rehabilitation, especially in upper 
extremity activities combined with trunk exercises and moving platform activities 
(for example, archery or skiing). Tactile feedback not only makes the activity more 
realistic and enjoyable but also strengthens proprioceptive input.

Fixed or mobile force plates or treadmills can be integrated into head-mounted VR 
systems. Head-mounted VE systems are very effective in improving vestibulo-ocular 
reflex, oculomotor movements, eye tracking, and head-eye coordination. Systems that 
cannot be integrated with any platform, requiring only eye or head movements or staying 
still, can be called “passive VR rehabilitation systems,” systems that require providing or 
maintaining postural balance on a moving floor, stepping on a stable floor, walking on a 
treadmill or doing yoga can be called “active VR rehabilitation systems” [11, 15, 17, 19].

No photographs were used in this chapter for preventing to highlighting any VR 
system brand. The categories of VR-based vestibular rehabilitation exercises can be 
defined as:

1. Environment or condition simulations: Boat, automobile, airplane, escalator, 
metro station, and elevator simulations in devices with stable floors are very  
effective for habituation in patients who cannot tolerate crowded or active envi-
ronments. Patients exposed to the active environment may show neurovegetative 
symptoms in the early period. Fear, panic, and a feeling of being away from the 
environment may occur. The number, speed, and visual characteristics of the pa-
rameters in the simulation should be started at a level that can be tolerated by the 
patient and gradually become more complicated. Simulation should be applied 
first in sitting, then in standing position on hard or soft ground in the following 
period. In unilateral peripheral vestibulopathy, especially if the vestibulo-ocular 
reflex gain is very low, patients are clearly uncomfortable with the motion simu-
lations when they turn their heads towards the pathological side, motion simu-
lation by changing the head position is very useful in these patients. In systems 
where the ground is mobile, simulations of subway stations, boats or waves are 
more difficult exercises as they also require the preservation of postural balance 
during visual mobility.



Recent Advances in Audiological and Vestibular Research

100

2. Optokinetic simulations: Images created using horizontal, vertical, or rotatory 
moving points, planets, or other different shapes. Background, size, number, 
movement speed, and direction of objects can be adjusted according to the 
patient’s tolerance. In fixed systems, it can be worked in sitting and standing. In 
systems with a movable platform, ground motion also allows the patient to try to 
control posture while watching moving objects.

3. Head-eye coordination: They are used as adaptation and substitution exercises 
as they support both oculomotor movements, head movements, and vestibulo-
ocular reflex. Managing the movements of an object (for example, an airplane, 
planet, or bird) with head movements, watching the moving object with head 
movements, focusing on the target where it turns the head, trying to find the 
materials given as a task in the market environment from the shelves can be given 
as examples of exercises in this category. Movement speed, locations, and sizes 
of objects can be changed according to the patient. Vestibular pathology causes 
patients to restrict their head movements. These exercises activate the patients’ 
head and eye movements. These exercises can be done in systems with a fixed 
floor, again depending on the level of the patient, while sitting or standing on a 
hard floor or foam. They can also be combined with moving platforms.

4. Exercises involving upper extremity: Exercises involving upper extremity move-
ments in vestibular rehabilitation are very important as they require trunk move-
ments or stepping on motionless platforms. The sensors held by the patients 
in both hands can be used for shooting arrows, popping balloons, or painting 
objects. These exercises involve bending forward, reaching up, turning back, or 
stepping. Parameters of the simulation can be changed in accordance with the 
patient. Items that increase cognitive activity can be added to exercises.

5. Activity simulations: These exercises are used very effectively, especially in 
systems with moving platforms. For example, ski simulation creates an effective 
dynamic balance exercise by adjusting almost all parameters of the visual envi-
ronment, the task, and the movement according to the patient.

In the use of VR systems for vestibular rehabilitation, appropriate planning is 
required for the person and the functional level of the person. Vestibular assessment 
protocols are also known to be included in these systems, but will not be discussed in 
this section.

In studies in the literature, VR has been used together with or as an alterna-
tive to the conventional method in vestibular pathologies. There are also studies 
comparing the two methods with each other. Compared to conventional vestibular 
rehabilitation, there are studies stating that the functional effects are the same, 
as well as studies stating that the satisfaction level of patients is higher in the VR 
group [6, 8, 14–16, 18, 19, 21–25].

The systems and protocols applied to differ between studies. The use of computer 
games, which do not fully comply with virtual reality, and even the use of force plate 
home systems have also been evaluated in this category by some researchers, but as 
studies have increased, research with real VR systems has diverged. The reasons for 
using smartphones or force plate systems are to reduce costs and to enable patients 
to exercise at home by using computer systems. VR systems are applied in the clinic. 
VR-based vestibular rehabilitation protocols have been applied in various ways in 
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publications. VR sessions were applied in the clinic for 30–40 minutes five days 
a week or 35–45 minutes two days a week. In some protocols, home exercises are 
included in the program [17].

The VR system needs standardization of exercise protocols and assessment tools. 
Especially in head-mounted systems, cybersickness caused by the inability of patients 
to tolerate the image should be evaluated, the side effects of virtual environment 
use should be documented, and algorithms are needed to decide which patients are 
suitable for the conventional program and which patients are suitable for the VR 
program. Only validated methods should be used to evaluate rehabilitation success, 
both functionally and with questionnaires. In the rehabilitation program, the number 
and duration of sessions and the duration of sessions should be documented. Special 
assessment tools should be used to evaluate side effects such as cybersickness caused 
by virtual reality. Complications of virtual reality rehabilitation, such as falls and 
fractures, should be documented. Patients’ use of symptom-suppressing drugs should 
be documented during the period of VR. Since VR cost systems are high, it is recom-
mended to determine session costs [15, 16, 26].

VR-based vestibular rehabilitation combined with conventional vestibular exer-
cises is a very effective method. Home exercises must be included in the protocol. It is 
known that patients who do home exercises regularly recover in a shorter time. It may 
be preferable to include virtual reality in the program after conventional exercises, 
safe standing, and walking are gained in the first few weeks for patients to gain the 
habit of doing regular vestibular exercises at home and for movement safety [2]. In 
protocols implemented using only VR or similar systems from the beginning of the 
rehabilitation program, the patient may misunderstand that he or she should exercise 
with only one device. The main thing in vestibular rehabilitation is the active partici-
pation of the patient and increasing his activity in the living area. Basically, vestibular 
rehabilitation is not a device-based method, it is a movement-based method. VR is an 
important part of the conventional vestibular rehabilitation protocol.

Advantages of conventional vestibular rehabilitation program are as follows:

• Vestibular rehabilitation is basically an equipment-free therapy method. 
Equipment is only an auxiliary tool.

• Conventional vestibular rehabilitation is a cost-effective and practical method.

• It strengthens the communication and cooperation between the patient and the 
clinician.

• It gives the patient the habit of exercising regularly in the living area.

• It ensures the active participation of the patients in the rehabilitation process.

Advantages of the virtual reality-based vestibular rehabilitation program are as 
follows:

• Enjoyable

• Motivating

• It can create a real-life perception as it completely covers the visual field
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• Provides an effective habituation in patients who cannot tolerate environmental 
movement

• It can simulate special environments that cannot be achieved in clinical conditions

• The floor can be movable or fixed

• The amount of movement on the moving floor can be adjusted

• Provides the opportunity to gradually complicate the exercise

4. Conclusions

If the imbalance continues after vestibular disease, the patient should definitely be 
included in the vestibular rehabilitation program. Conventional vestibular rehabilita-
tion methods enable the patient and family to be informed about both pathology and 
vestibular rehabilitation.

The patient should actively participate in the vestibular rehabilitation process. 
Home exercises are the most important part of vestibular rehabilitation. The patient 
should do at least one session of vestibular exercises every day. They should continue 
these exercises on the days they do not come to the clinic.

Vestibular rehabilitation is a patient-centered approach, not an instrument-oriented 
approach. Of course, virtual-reality systems are unrivaled in terms of the use of 
conditions that cannot be provided in the clinic within the scope of the rehabilitation 
program. Conventional vestibular rehabilitation methods are not sufficient to gain 
tolerance to external motion, especially in motion sickness patients.

In the clinic, starting the vestibular rehabilitation program with conventional 
exercises and continuing the program with virtual reality after the patient gains the 
ability to move safely is very effective in terms of strengthening the patient’s active 
participation in the program and patient-clinician communication.

Vestibular rehabilitation is an exercise-based therapy program designed to support cen-
tral compensation after vestibular pathology. While supporting vestibular compensation 
mechanisms: it benefits from vestibular adaptation, oculomotor movements, visual cues, 
somatosensory cues, postural strategies, and habituation. The aims of vestibular rehabilita-
tion are to increase gaze and postural stability, to reduce vertigo and fall risk, and to make 
the patient independent by improving daily living activities and psychosocial well-being.

Recently, computer games augmented reality and virtual reality systems have been 
used in vestibular rehabilitation programs with the developing computer technology. 
In particular, augmented and virtual reality systems enable the patient to perform 
challenging visual conditions and special activities in a controlled manner which 
cannot be provided in standard clinical conditions. In this chapter, a literature review 
is presented about the roles of classical vestibular rehabilitation and virtual reality 
systems in improving vestibular compensation.
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Chapter 6

Hearing and Vestibular Testing in 
Menière’s Disease
Moslem Shaabani

Abstract

Endolymphatic hydrops (ELH) known as the main pathophysiology of Menière’s 
disease (MD) changes both the cochlear and vestibular function of the inner ear. 
These physiological changes can occur simultaneously (cochleovestibular involvement) 
or separately (cochlear or vestibular involvement). They can also present unilaterally 
or bilaterally (simultaneously or sequentially). Moreover, ELH recurs periodically 
without any specific etiology and known rhythm. Therefore, the patient referred 
for audiological tests may be in attack phase (acute) or inter-attack phase (chronic). 
MD itself may be in early- or advanced stage. In addition, considering comorbidity 
(vestibular or non-vestibular) is vital for differential diagnosis. On the other hand, 
each audiological test (including PTA, ECochG, VNG, vHIT, SVV, VEMPs …) has its 
specific diagnostic viewpoint and gives us a limited snapshot of MD’s clinical picture. 
Consequently, in this chapter, we want to discuss these viewpoints and try to explain 
associations and dissociations of audiological test findings in MD patients.

Keywords: endolymphatic hydrops, pure-tone audiometry, videonystagmography, 
electrocochleography, video head impulse test, subjective visual vertical, vestibular 
evoked myogenic potential

1. Introduction

Menière’s disease (MD) is an inner ear (or labyrinthine) disease [1]. It described by 
a French physician, Prosper Ménière, in 1861. Through observing a group of patients, 
he realized that symptoms such as spells of spontaneous vertigo attacks, occurrence 
of positional vertigo between attacks, tinnitus, and hearing fluctuations that do not 
necessarily occur together might be the clinical picture of a single disease. He was the 
first to emphasize that vertigo could be caused by a damage to the inner ear [2].

As an ear disease, with episodic vertigo and fluctuating aural symptoms (hear-
ing, tinnitus, or fullness) [3], MD patients usually referred to audiology (or vertigo) 
clinics. However, we know that each audiological test has its specific diagnostic 
viewpoint. Therefore, each test shows us a snapshot of real disease.

MD can present in one or both ears (simultaneously or sequentially). Moreover, it 
is not a stable disease; it usually occurs in “attack-inter attack pattern” (i.e., it relapses) 
and progresses to different parts of inner ear (s) (i.e., cochlea, semicircular canals, 
saccule, or utricle). In each attack, new destruction or distortion can occur [4]. Hence, 
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the perspective of inner ear changes after each attack. This scene may return to previous 
state in inter-attack period.

Does destruction occur the same for all parts of inner ear(s)? Does recovery hap-
pen the same for all parts of inner ear(s)? What is the best time for testing the patient 
after the attack? What are the best tests to achieve the diagnosis? Do we have specific 
and sensitive tests for diagnosing the hydrops in each part of inner ear?

In the following, we discuss the viewpoint achieved by each audiological test and 
try to explain associations and dissociations of their findings in MD patients.

2. General auditory viewpoint

2.1 Introduction on pathophysiology and auditory tests

Endolymphatic hydrops (ELH) is the main pathophysiology of MD affects hydro-
dynamics of inner ear fluids [5]. As a result, it changes the mass and stiffness (as well 
as the resonance frequency) of labyrinthine compartment. We expect that cochlear 
hydrops resulted in auditory and aural symptoms such as hearing loss, tinnitus, full-
ness, and hyperacusis (vestibular hydrops discussed in the Section 3).

It seems that cochlear hydrops decreases the distance between stapes and endo-
lymphatic space. The latter contains basilar membrane (BM), which holds outer hair 
cells (OHCs) and inner hair cells (IHCs). Thus, cochlear hydrops alter the activation 
of OHCs, IHCs and their afferents (and probably their efferents too). These altera-
tions can explain auditory and aural symptoms of MD. Can we track the alterations 
(i.e., due to cochlear hydrops) using audiometry, otoacoustic emissions (OAEs), 
electrocochleography (ECochG), auditory brainstem response (ABR), or cochlear 
hydrops analysis masking procedure (CHAMP)?

On the other hand, cochlear hydrops increases the outward pressure on stapes and 
ossicular chain of middle ear. Accordingly, it changes the inner ear perspective con-
comitantly with changing the perspective of middle ear. Can we track these changed 
perspectives using a technique such as wide-band tympanometry (WBT)?

In the following sections, we want to sketch these auditory viewpoints about MD.

2.2 Audiometry and aural symptoms

We can consider general auditory profile (i.e., audiogram) as the main audiological 
test that aids in diagnosis and monitoring of MD. The Barany society (2015) intro-
duces two categories for MD: definite and probable. Two or more episodes of sponta-
neous vertigo (lasting 20 min to 12–24 h) and fluctuating aural symptoms (hearing, 
tinnitus, or fullness) are common between two categories. Nevertheless, in definite 
MD patients, sensorineural hearing loss (SNHL) in low to mid audiometric frequen-
cies, at least in one ear and on one occasion, is an additional diagnostic criterion [3]. 
Consequently, it seems vital to acquire periodic audiograms to diagnose the MD and 
its progression behavior.

Is there a specific pattern for hearing loss in this disease? What is the pattern of 
progress? Do we have a classification for different stages of the disease?

Several audiometric configurations are proposed in MD: peak audiogram (normal 
hearing in 2000 or 3000 Hz), rising (low frequency SNHL), falling (descending, or 
high frequency SNHL), trough, atypical notch (in 1 or 2 KHz, based on our experi-
ence; see Figure 1), and flat SNHL. In early stage of MD, peak and low-frequency 
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audiograms are more common. However, in the advanced stage, flat audiogram (with 
or without more high-frequency loss) arises [6]. In AAO-HNS guidelines (1995), 
four stages of MD classified based on pure-tone audiometry average (PTA): stage I, 
<26 dB; stage II, 26–40 dB; stage III, 41–70 dB; stage IV, >70 dB [7].

In the course of disease, it seems that the hearing loss increases from about slight-
to-mild (low-frequency SNHL) in early stage to moderate-to-severe (flat SNHL) in 
advanced stage. Some studies showed a significant correlation between the grade of 
hydrops and severity of hearing thresholds in low and mid audiometric frequencies. 
Moreover, the audiogram fluctuates with the average of 20–30 dB. The fluctuation 

Figure 1. 
Upper part: Audiogram of a female patient (52y) with 7 years’ history of episodic vertigo attacks that occurred 
in every 2 months. As you can see, we have only a 2 KHz notch in the left ear (i.e., the ear with aural fullness 
and tinnitus). Lower part: The picture shows the caloric test results (SYNAPSYS VNG software by Inventis 
srl.). Caloric result of the same patient with significant vestibular weakness in the left ear (left-UW). Note. The 
patient had normal middle-ear function and normal vHIT results.
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is more during the early stage (perhaps the first year following MD onset) and then 
subsides [1, 5, 6, 8]. The frequency of bilateral MD is about 2–47% [9].

2.3 Mechano-acoustic viewpoint

The ear is composed of three main parts: outer ear, middle ear, and inner ear. In 
these three parts, exactly before mechanoelectrical transduction by hair cells, we are 
facing with mechanical energy of incident sound power. Part of this power reflected 
back and part of that absorbed in the ear. We can track changes in power reflectance 
and power absorbance of the middle ear by wide-band tympanometry (WBT).

2.3.1 Wide-band tympanometry

WBT is a method for evaluating middle-ear diseases such as otitis media with 
effusion (OME), otosclerosis, and ossicular chain discontinuity. Compared to 
the traditional 226-Hz tympanometry, WBT uses multiple frequencies (ranging 
from to 8000 Hz) in 1/24 octave intervals through a descending pressure sweep 
(between +250 and − 350 daPa). Therefore, it is more sensitive to middle-ear 
transfer function [10, 11].

By increasing perilymphatic pressure, ELH can push the stapes footplate toward 
the middle ear. Thus, it restricts the movement of the ossicular chain and decreases 
the compliance of the middle ear [11]. This condition is almost similar to the OME 
(among other middle-ear pathologies). From another viewpoint, ELH decreases the 
impedance of cochlear part, just like large vestibular aqueduct syndrome (LVAS) 
(among other inner ear pathologies). Consequently, studies showed that resonance 
frequency of the middle ear decreased in MD [11], LVAS [12], and OME [13]. 
Moreover, power reflectance in high frequency range (2–4 KHz) increased in MD 
patients [14]. Therefore, WBT has opened a new window on inner-ear pathologies.

2.4 Electro-acoustic viewpoint

The cochlea emits some sounds spontaneously or in response to an external audi-
tory stimulus. These sounds are called spontaneous otoacoustic emissions (SOAEs) or 
evoked OAEs (EOAEs), respectively.

2.4.1 Otoacoustic emissions

OAEs provide a tool for evaluating the function and integrity of outer hair cells 
(OHCs). Presence or absence of OAEs, their amplitudes in different frequencies, and 
suppression of them through contralateral noise are valuable cues for delineating 
OHC loss or dysfunction, estimation of audiogram, and testing auditory efferent 
system, respectively. Do these cues change in Ménière disease?

In MD patients, OAE features are usually compatible with the level of hearing loss. 
In other words, it does not differ from other patients with the same level of sensori-
neural hearing loss [15]. However, in some of MD patients with hearing level between 
30 and 60 dB, OAEs are normally present. Based on these cases, it is possible that 
IHCs become involved sooner due to ELH [16]. On the other hand, a feature of OAE 
(or OHC function) that we have not yet evaluated or do not know may have changed 
in MD patients. A study by Murdin and cowerkers (2010) showed that DOPAE sup-
pression is lower in patients with vestibular migraine [17].
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Suppression of OAEs needs acetylcholine (Ach). Ach is inhibited by calcitonin 
gene-related peptide (CGRP) activity. Increased activity of CGRP in the migraineurs’ 
inner ear could result in an abnormal OAE suppression [18]. Future studies will show 
whether we can use OAE suppression to differentiate between MD and vestibular 
migraine patients.

A case study by Chun and colleagues (2009) revealed that OAE recovery is a 
tool for monitoring treatment in patients with luetic endolymphatic hydrops (due 
to syphilis) [19]. Consequently, OAE features, OAE suppression, and OAE recovery 
provide important toolbox for evaluating and monitoring the diseases that involve 
inner ear.

2.5 Auditory electro-physiologic viewpoint

There are several electro-physiologic tests, which analyze auditory responses and 
contain good information for diagnosis of ELH. In this section, we discuss about 
electrocochleography (ECochG) and cochlear hydrops analysis masking procedure 
(CHAMP).

2.5.1 Electrocochleography (ECochG)

In ECochG test, we present an acoustic stimulus (usually click or tone burst) via a 
headphone (or insert phone) and record a two-component response through several 
leads (electrodes) around the ear (i.e., extratympanic method). One component 
originates from cochlear part, mainly inner hair cells (named summating potential 
or SP), and the other component evokes by auditory nerve fibers (named compound 
action potential or AP). The hypothesis is that ELH can deform basilar membrane and 
affect the latency and amplitude of these two components [20].

There are two ratio methods for analyzing ECochG results: 1. SP/AP amplitude 
ratio; and 2. SP/AP area ratio [21].

By defining latency and amplitude of SP and AP components, we can mea-
sure SP/AP amplitude ratio. For latency measurement, we need the stimulus 
onset (zero time); and for amplitude measurement, we need a baseline (BL). 
Enhancement of SP/AP amplitude ratio is a positive indicator for ELH [21] 
(Figure 2). Baba et al. (2009) reported 0.314 as upper limits of normal for SP/AP 
amplitude ratio [22]. Based on previous studies, it seems that the ratio of more 
than 0.37 (or less than 0.5 as stated by Gibson [23]) has a low sensitivity (less than 
60%) but an acceptable specificity (around 90%) for diagnosing MD [20, 23]. 
Using 1-KHz tone burst and through transtympanic recording, which can make 
the response four times bigger, the audiologist can reach a higher sensitivity for 
diagnosing MD (around 79%) [23].

Several factors related to the subject (i.e., MD patient) affect the usefulness of this 
ratio that include being in attack or inter-attack phase, in early or advanced stage of 
disease, and the degree of hearing loss. Therefore, this criterion may only work in half 
of the MD patients [20].

Considering SP/AP area ratio can improve the sensitivity and specificity of the 
diagnosis. Baba et al. (2009) reported 1.56 as upper limits of normal for this ratio. 
They reported area ratio of 1.97 ± 0.55 in definite MD patients [22].

Finally, it should be noted that although the specificity of the ECochG results (the 
amplitude and area ratios) is high, but sometimes the test is positive in similar diseases 
such as superior semicircular dehiscence (SSCD) [24] and vestibular migraine [25].
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2.5.2 Cochlear hydrops analysis masking procedure (CHAMP)

ELH can affect the traveling wave velocity (TWV). Previous studies showed that 
TWV increases in MD patients [20]. By comparing wave V latency of auditory brain-
stem response (ABR) in response to click-only stimulus, and click-plus-high pass 

Figure 3. 
CHAMP results of the patient presented in the Figure 2. Note the decreased difference between the wave V 
latency of basal part and that of apical part in the left ear with a history of MD.

Figure 2. 
Upper part: Audiogram of a female patient (39y) with 3 years’ history of episodic vertigo attacks (in every 
4–5 months) associated with nausea and left-ear tinnitus. She had normal audiogram and normal middle-ear 
function. Lower part: ECochG results. The amplitude ratio of SP/AP was 29% for A2-trace (normal ear) and 
44% for B1-trace (disordered ear).
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noises, we can measure the effect of increased TWV in MD patients. It means that 
different noises mask different parts of basilar membrane and permit us to differenti-
ate the response of basal part of cochlea from its apical part.

Increased TWV resulted in decreased latency difference between the wave V 
latency of basal part and that of apical part (Figure 3). This is really occurs in MD 
patients. However, the CHAMP test has only high sensitivity and specificity in 
definite MD patients [26].

3. General vestibular viewpoint

ELH as the main pathophysiology of MD affects hydrodynamics of vestibular sys-
tem (semicircular canals and two otolithic organs including utricle and saccule) too. 
We expect that vestibular hydrops resulted in vestibular symptoms such as dizziness, 
vertigo, nausea, vomiting, motion sensitivity, and imbalance.

It seems that vestibular hydrops changes the distance between cochlear and 
vestibular organs, as well as between inner ear and middle ear. Like as cochlear 
part, vestibular end organs have also specialized sensory cells including type I and 
type II hair cells. Thus, vestibular hydrops alters the activation of type I, type II 
and their afferents (and probably their efferents too). These alterations can explain 
vestibular symptoms of MD. We can categorize them as vestibulo-ocular and 
vestibulo-spinal symptoms mediated by neural pathways of vestibulo-ocular reflex 
(VOR) and vestibulo-spinal reflex (VSR), respectively. It is worthy to note that 
vestibulo-collic and vestibulo-sympathetic reflexes have important roles in balance 
system, too.

The vestibular system differs from auditory system in that the right and left 
vestibular systems have functional pairing. It means that they function as two inter-
connected scale pans. This intra-system connection (or functional pairing) exists in 
both peripheral vestibular system (from vestibules up to vestibular nuclei in brain-
stem) and central vestibular system (from vestibular nuclei toward cortical vestibular 
regions). Therefore, vestibular hydrops can affect this functional pairing. The pairing 
deficiency can track using cervical vestibular evoked myogenic potentials (cVEMP), 
ocular vestibular evoked myogenic potentials (oVEMP), videonystagmography 
(VNG), video head impulse test (vHIT), and subjective visual vertical/horizontal 
(SVV/AVH) tests.

Another unique feature of vestibular system is that it is a sensory input for our 
global balance system. Other sensory inputs for balance include visual and somato-
sensory ones. These three main inputs work as a whole-interconnected system to 
keep us balanced (i.e., we have inter-system functional pairing, too). Thus, vestibular 
hydrops can affect the global balance of the patient. Using posturography test, we can 
evaluate the balance of the MD patient.

In the following sections, we want to sketch these vestibular viewpoints about MD.

3.1 Vestibular electro-physiologic viewpoint

Interestingly, we can record the sound-evoked responses of the vestibular system 
by placing electrodes on the neck muscle (i.e., sternocleidomastoid muscle or SCM) 
or below the eyes (i.e., inferior oblique muscle). The former mode records cervical 
vestibular evoked myogenic potentials (cVEMP), and the latter mode records ocular 
vestibular evoked myogenic potentials (oVEMP).
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3.1.1 Cervical vestibular evoked myogenic potentials (cVEMP)

cVEMP is a saccular response. Therefore, it evaluates the function of inferior 
vestibular nerve and sacculocollic reflex. cVEMP response is a biphasic electrophysi-
ological response named p13-n23, based on the occurrence latency of each component 
[27, 28]. Recent study by Shahnaz and David (2021) on cVEMP that performed 
in supine position with raised and turned head showed normal latency range of 
16 ± 1.08 ms for p1 and 24.6 ± 1.98 ms for n1 [29].

cVEMP is an ipsilateral inhibitory response. It means that presentation of each 
acoustic stimulus (usually click or 500 Hz tone burst) for example, to the right ear 
instantaneously decreases the tonus of contracted right SCM. This change induces a 
potential in the recording electrode placed on the SCM. The average of them in response 
to several stimuli (usually about 50–200 stimulus) creates p1-n1 response. Using BC 
stimulus (via a bone oscillator) can provoke a bilateral response. The exact placement of 
oscillator determines the latency and amplitude of each response [20, 30].

Usually, we record cVEMP unilaterally and compare the amplitude of responses 
(i.e., from the peak of p13 to trough of n23) recorded from each side (Figure 4). This 
analysis is called interaural asymmetry ratio (IAR). The upper limit of normal for IAR 
is about 0.4 [31]. In some reports, abnormal IAR is considered as more than 0.33 [32]. 
Based on IAR and the symptomatic ear (as well as historical background), we can 
define the augmented side (i.e., an increased VEMP response that indicated a hyper-
active or hypersensitive saccule) or the reduced side (i.e., a decreased or absent VEMP 
response that indicated a hypoactive or hyposensitive saccule).

An increased and decreased/absent VEMP responses reported in the early and late 
stages of MD, respectively. Saccular hydrops and saccular degeneration proposed for 
explaining these results, respectively [27]. Moreover, interaural differences such as IAR 
and threshold difference between left and right VEMPs, usually affected by the fact that 
the asymptomatic (or unaffected) ear might have some abnormalities (i.e., subclinical 
MD). For pointing this problem, the tuning curve method suggested. In this method, 
amplitude of 500 Hz VEMP compared with that of 1000 Hz in the same ear [33]. The ratio 
decreased in MD patients (i.e., flattening of the tuning curve occurs because in hydropic 

Figure 4. 
cVEMP results of the patient presented in the Figures 2 and 3. Note the interaural asymmetry ratio (IAR) of 
−48% (i.e., smaller VEMP response in the left ear with a history of MD).
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ear, endolymphatic tuning shifts to 100 Hz). They showed that this ratio could be a marker 
for MD progression because the ratio is high during acute phase and is normal during 
intermediate stable phase [33]. Of course, the ambiguity is whether we are going to use the 
test to determine the disorder or to use the test to grade the disorder we already know.

In any case, the point of specificity that mentioned above about ECochG raised 
again. cVEMP threshold is a suitable parameter for distinguishing SSCD from MD, 
but overlaps with vestibular migraine remains a clinical challenge [20].

3.1.2 Ocular vestibular evoked myogenic potentials (oVEMP)

oVEMP is an utricular response. Therefore, it evaluates the function of superior 
vestibular nerve and the utriculo-ocular reflex. oVEMP response is a biphasic electro-
physiological response (n1-p1; n10-p15) [27, 34]. Recent study by Shahnaz and David 
(2021) with a new electrode montage named nasal alar montage found a shorter 
latency for n1 (12 ± 1.67 ms) and p1 (16 ± 1.72 ms) in comparison with traditional 
infraorbital montage [29].

oVEMP is a contralateral excitatory response provoked by excitation of contralateral 
inferior oblique muscle (re. stimulus ear). It should be noted that almost everything that 
was said about cVEMP in MD is true here for oVEMP as well [20, 30]. However, the dif-
ferent origins of these two VEMP responses can help us to differentiate vestibular disor-
ders or to estimate the extent of the disease. In fact, it is better to record both responses, 
even with both AC and BC stimuli, to achieve the best clinical picture of the patient.

3.2 Vestibulo-ocular viewpoint

We know that the involuntary eye movements, which can occur due to head move-
ments, follow vestibular stimulation (i.e., excitation and inhibition of both periph-
eral and central vestibular systems in the frames of intra-system and inter-system 
functional pairing). Therefore, unilateral vestibular disorder, or asymmetric bilateral 
vestibular disorder, can cause involuntary eye movements when the head is at rest. 
These eye movements are vestibular-evoked nystagmus.

Accordingly, by examining eye movements during head rest, head movements, 
or positioning the head, or while stimulating the vestibular system, for example, by 
thermal (caloric), vibrational, or electrical stimulation, the function of VOR reflex 
and the occurrence of abnormal eye movements (such as compensatory saccades or 
different types of nystagmi) can be examined. For this purpose, we use videonys-
tagmography (VNG) test battery (SYNAPSYS VNG by Inventis srl) and video head 
impulse test (vHIT) (SYNAPSYS VHIT by Inventis srl).

The otolith system detects and provides us the real vertical axis of gravity. Based on 
this, and with the help of our real-world experiences from childhood, and the benefit 
of intra-system and inter-system pairings, we can understand other degrees of tilt in 
space; i.e., the tilt of ourselves, which can also be extended to the tilt of objects in our 
surrounding world. Our perception of the real vertical and horizontal axes is a manifes-
tation of the balance in this complicated system. For testing this perception in general 
(and not precisely!), we can use subjective visual vertical/horizontal (SVV/SVH) tests.

3.2.1 Videonystagmography (VNG)

For performing VNG test battery, a goggle with infrared camera(s) placed over 
the patient’s eyes. VNG test battery consists of two categories: 1. Central oculomotor 
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tests that have a visual target and 2. Peripheral vestibular tests that do not have any 
target. The first category includes saccade, smooth pursuit, optokinetic, and gaze 
tests (here, we will not discuss their results for MD diagnosis). The second category 
includes spontaneous nystagmus test (SNT), head-shaking test (HST), Dix-Hallpike 
test (DHT), Positional test (PT), and Caloric test (CT). Instead of head shaking, we 
can use vestibular vibrator to assess vibration-induced nystagmus (VIN).

In peripheral tests, we are looking for abnormal nystagmus. Unilateral MD (or 
bilateral asymmetric MD), especially in the acute (or active) phase, can make an 
imbalance in vestibular system. This imbalance can manifest as spontaneous nys-
tagmus (SN) (Figure 5). Bery et al. visited an interesting MD patient during vertigo 
attack and recorded initial “irritative” nystagmus that beats toward affected ear and 
after about 2 minutes of onset reverses its direction toward the unaffected ear (“para-
lytic” nystagmus) [35]. Following the latter nystagmus, and about 3 days after onset 
(or within the acute phase, a recovery nystagmus toward the affected ear can occur in 
some MD patients [35]. For that reason, in interpreting the results of SN, the audiolo-
gist should pay attention to the disease phase.

Moreover, the imbalance may exhibit itself as head-shaking nystagmus (HSN) 
(Figure 6). HSN is reported in about 68% of MD patients. However, HSN is more 
recordable in the acute phase and has a diverse direction. Its direction may be toward 
or away from the affected side or may be biphasic [36, 37]. Therefore, for its cor-
rect interpretation, the patient’s symptoms and the results of other tests should be 
considered.

On the other hand, the imbalance may exhibit itself as VIN (Figure 7). VIN is 
reported in 28–71% of MD patients. It is often recordable in the acute phase and mostly 
as the irritative type (i.e., beating toward the affected ear) [38]. In our study on 29 
patients with unilateral chronic MD tested in inter-attack phase, we found that vibra-
tional stimulation of the affected ear with 100 Hz stimulus (mastoidal stimulation) 

Figure 5. 
The picture shows spontaneous nystagmus (SN) test results (SYNAPSYS VNG software by Inventis srl.) of a 
male patient (29y) with 5 years of MD symptoms in his right ear. Note the right-beating SN (with SPV of about 5 
degree/seconds). His last attack occurred 2 days before recording this VNG test. This type of SN can be considered 
as recovery nystagmus. Please see the text for more discussion.
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provokes more reliable VIN (average of 3.46°/s) compared with 30 Hz stimulus or 
stimulation of the unaffected ear [39]. Thus, this test can also help in MD diagnosis.

Additionally, the imbalance may present as unilateral weakness (UW) in the 
caloric test (Figure 8). Previous studies showed abnormal caloric results in 42–76% of 
MD patients [40].

Sometimes, the SN can also be seen (or even provoked) in Dix-Hallpike and/or 
positional tests. It is worthy to note that in some patients in attack phase, a direction-
changing nystagmus can occur [41]. Consequently, we must be careful to distinguish 
these patients from others with benign paroxysmal positional vertigo (BPPV) or 
central type of positional vertigo.

The interesting thing to note is that the vestibular system also has a certain operat-
ing frequency. Some tests, such as caloric, cover a very low frequency range of the 
system (0.002–0.004 Hz), and some tests, such as vHIT, cover its high frequency 
range (5–7 Hz) [42]. Head-shaking test stimulates the vestibular system in the range 

Figure 6. 
The picture shows head-shaking nystagmus (HSN) test results (SYNAPSYS VNG software by Inventis srl.) of the 
patient presented in the Figure 1. Note the right-down-beating HSN (with SPV of about 0.7 degree/seconds in 
both directions).

Figure 7. 
The picture shows vibration-induced nystagmus (VIN) test results (SYNAPSYS VNG software by Inventis srl.) of 
a 45y female patient referred for her 5 years’ history of vertigo attacks (about four attacks) associated with nausea 
and left-ear tinnitus. She had moderately severe SNHL in the left-ear. As you can see, the right-beating VIN 
provoked by performing 100 Hz vibration on both mastoids.
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of 1–2 Hz, and vibrational stimulus provokes the system in the range of 10–100 Hz 
[38]. Therefore, we can consider them as complementary tests that incite different 
population of vestibular hair cells and reinforce the diagnosis process.

3.2.2 Video head impulse test (vHIT)

During vHIT (or VHIT), a goggle with infrared camera placed on the patient’s 
eyes or an infrared camera placed in front of the patient. The audiologist moves the 
patient’s head quickly and unexpectedly in the horizontal and vertical planes to test 
horizontal and vertical semicircular canals (SCCs) and their neural pathways. In fact, 
six different movements are performed to test each of the six semicircular canals. 
The patient must keep his/her gaze on a front visual target. If the specific SCC works 
correctly, proper VOR will occur and the gaze will remain on the visual target. If the 
specific SCC does not work correctly, proper VOR will not occur and instead, correc-
tive saccades will occur. VOR gain (eye velocity/head velocity) of >0.8 for horizontal 
SCCs and of >0.7 for vertical SCCs considered as normal response. Corrective sac-
cades that occurred during head impulse (about 150 ms) or after head impulse called 
covert and overt saccades, respectively [40, 43, 44].

Several studies showed that vHIT results are usually normal in MD patients 
(Figure 9). On the other hand, a study by Lee et al. that analyzed HIT responses 
by magnetic search coil during MD attack showed that there is variation in the HIT 
results in terms of both the involved SCCs and the involved ear. Alongside, caloric 
results usually show some weakness on the affected side [45]. This dissociation may 
be due to how the vestibular system is stimulated during each test and cell types that 
involved by Meniere’s disease [43, 45].

Anyway, as mentioned above, vHIT and caloric test are complementary for MD 
diagnosis.

Figure 8. 
The picture shows bi-thermal caloric test results (SYNAPSYS VNG software by Inventis srl.) of the patient 
presented in the Figure 7. Note the significant vestibular weakness in the ear (disordered side).
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3.2.3 Subjective visual vertical/horizontal test (SVV/SVH)

During SVV/SVH, a luminous line projected on a screen and the patient must per-
ceptually adjust it in vertical/horizontal plane. An error of more than ±2 degrees from 
the actual vertical or horizontal determined by the software is considered abnormal. 
This test can be performed in the upright or tilted head position; the latter is more 
sensitive to otolithic function [46].

In Meniere’s disease, the results usually show tilt toward the affected ear, par-
ticularly in the acute phase. The results can be used to monitor the effects of surgery, 
treatment, or rehabilitation on the otolith function recovery [47, 48].

3.3 Vestibulo-spinal viewpoint

3.3.1 Posturography

Vestibulo-spinal function can be assessed by sensory organization test (SOT). SOT 
is a functional balance evaluation performed by posturography device. Posturography 
measures the postural sway and its parameters such as the direction, amplitude, 
velocity, and frequency [49]. The use of SOT may be helpful in the differential 
diagnosis of vestibular migraine from Meniere’s disease [50].

SOT, caloric, and VHIT have a complementary role in evaluating VOR and VSR 
functions.

4. Conclusions

We have no specific test as “Meniere test,” and its classification remains symptom-
based. However, we often face with under-diagnosis or over-diagnosis. On the other 
hand, each audiological test has its own sensitivity and specificity in diagnosis of 
MD. Therefore, in addition to the symptoms, we must use a suitable and comple-
mentary set of hearing and vestibular tests to achieve the best diagnosis. We can look 
at MD from different perspectives that include: audiometry and aural symptoms, 

Figure 9. 
The picture shows video head impulse test (VHIT) results (SYNAPSYS VHIT software by Inventis srl.) of the 
patient presented in the Figures 7 and 8. Note the normal VOR function in the plane of all six semicircular 
canals. However, sometimes a slight asymmetry can be seen between the results of the two sides, as presented in this 
case (VOR gain of 0.95 versus 0.86 for the right- and left-lateral SCCs, respectively).
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Audio-Vestibular Side Effects of 
Drugs and Vaccines in Treatment of 
COVID-19
Magdalena B. Skarżyńska

Abstract

Due to the pandemic of COVID-19, a few new drugs and vaccines were officially 
approved by the EMA (European Medical Agency) and FDA (Food and Drug 
Administration) for prevention and treatment of SARS-CoV-2. The aim of this study 
is to analyze and highlight their potential audio-vestibular side effects as an ototoxic 
adverse reaction. The chapter was written by the review of the available literature in 
the scientific databases such as PubMed, ResearchGate, Scopus, and ScienceDirect, 
and in summaries of product characteristics as an official source of information. 
There were 39 publications and 15 summaries of product characteristics (as other 
sources of data), which were also used in this analysis. Adverse events could be 
permanent or disappear over time. Following treatment for COVID-19, the most 
frequent adverse audio-vestibular reactions reported in clinical trials and publications 
in the area of audiology and otorhinolaryngology were dizziness, blurry vision with 
dizziness, nasopharyngitis, dysgeusia, and tinnitus. As far as vaccines are concerned, 
dizziness as an ototoxic effect was uncommon and occurs only in hypersensitive 
people who experience anaphylactic shock. However, there is still a need to monitor 
ototoxic side effects because of potential interactions with other ototoxic drugs.

Keywords: ototoxicity, COVID-19 vaccine, audio-vestibular side effects, COVID-19 
drugs, tinnitus

1. Introduction

The main aim of this chapter is to draw attention to the pharmacological treat-
ments (medications and vaccines) for COVID-19 and the side effect. The number of 
patients who were treated and vaccinated against COVID-19 is very high. It is very 
important due to the fact that during clinical trials when the number of participants 
is limited, it is not always possible to detect every single adverse reaction of drug. 
Additionally, the participants in clinical trials are included after meeting the specific 
inclusion criteria. After approval of the drug, the treated population is more differ-
ent (e.g., extensive or poor metabolizers). The potential audio-vestibular side effect 
as an ototoxic adverse effect was analyzed in relation to drugs that were currently 
approved by the EMA (European Medical Agency) and FDA (Food and Drug 
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Administration) for the treatment of COVID-19. Some of the drugs and vaccines for 
the treatment of COVID-19 are new, and sometimes it is hard to predict every side 
effect. The number of patients in the 1, 2, and 3 phases of clinical trials is limited. 
As a result, some side effects may be observed during the IV phase (post-market 
surveillance). The detection risk and adverse events in this phase are possible due 
to the real-world usage of each drug. Adverse reactions are classified by the World 
Health Organization (WHO), and the probability of the occurrence of side effect is 
defined as follows: (1) very common (≥ 1/10), (2) common (≥ 1/100 to < 1/10), (3) 
uncommon (≥ 1/1000 to < 1/100), (4) rare (≥ 1/10000 to < 1/1000), (5) very rare 
(<1/10000), and the last, not known, which means that the frequency cannot be 
estimated from the available data.

The audio-vestibular side effects of drugs are classified as ototoxic side effects. 
Tinnitus, vertigo, and dizziness are examples of audio-vestibular side effects that 
should be considered during treatment for COVID-19. However, drugs and vaccines 
in the treatment of COVID-19 may cause the side effects in the area of the audio-
vestibular area, the SARS-CoV-2 may itself manifest in the similar way. Similarly, 
COVID-19 disease may be linked to such audio-vestibular disorders as hearing loss, 
vertigo, dizziness, and/or tinnitus. There are a few hypotheses that are postulated. 
First is neuritis or cochleitis caused by the viral involvement of the vestibulocochlear 
nerve or inner ear. Second is vascular disorders, which may affect semicircular canals 
and cochlea by ischemia. The next purpose may be because of the production of the 
proinflammatory cytokines or microvascular injuries in the region of the peripheral 
and central nervous system that may be caused by the endothelial dysfunction. The 
last purpose may be connected with the accidental after cross-reaction of antibodies 
or T-cells damage to the inner ear [1]. Otorhinolaryngologists, neurologists, audio-
logical specialists, and general practitioners should be aware of this. Tinnitus may 
manifest as sensorineural hearing loss (SNHL) or may be a consequence of central 
alterations caused by drugs. Vestibular side effects may manifest as loss of balance and 
dizziness, instability, unsteadiness, and difficulties in maintaining an upright posture 
[2, 3]. In many cases, it is difficult to find out if the source of the clinical symptoms is 
drug or the transition of the disease of COVID-19.

2. Material and methods

The analysis of the audio-vestibular adverse reactions of the treatment of 
COVID-19 was based on the identification of the relevant literature searching 
and the summaries of product characteristics of the drugs, which were officially 
approved by Food and Drug Administration (FDA) and European Medical Agency 
(EMA). From the analysis of adverse reactions of treatments and based on Evidence-
Based Medicine (EBM), those drugs were eliminated from the analysis: chloroquine 
and hydroxychloroquine, favipiravir, lopinavir/ritonavir, amantadine, oseltamivir, 
azithromycin, and ivermectin. All of these drugs, even if at the beginning of the 
pandemic of COVID-19, were administered to patients and now are no longer 
recommended for treatment of COVID-19 due to a lack of clinical data, publications, 
and recommendation. The number and the type of drugs that are used at the same 
time in the treatment of COVID-19 depend on many different factors, such as: the 
severity of the disease, comorbidities, or other drugs that may interact with anti-
COVID-19 drugs (e.g., PF-07321332/ritonavir). The terms of searching were as fol-
lows: SARS-CoV-2, COVID-19, audio-vestibular side effects, dizziness, ototoxicity, 
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dexamethasone, anakinra, molnupiravir, tocilizumab, casirivimab and imdevimab, 
bamlanivimab and etesevimab, remdesivir, PF-07321332 and ritonavir, tixagevimab 
and cilgavimab, sotrovimab, and COVID-19 vaccines. The criteria of analyzed and 
inclusion were: (1) language (English), (2) type of studies (double-blinded, random-
ized), (3) the number of participants in the study. During the analysis of the adverse 
reactions, it is important to prove correlation between the presence of clinical 
symptoms with the exact drug or vaccine.

3. The results

To this moment, EMA has authorized 10 treatments against COVID-19, which 
were authorized: (1) tixagevimab and cilgavimab (2) casirivimab and imdevimab, 
(3) sotrovimab (4) regdanvimab, (5) tocilizumab, (6) PF-07321332 and ritonavir,  
(7) remdesivir, (8) anakinra, (9) molnupiravir, and (10) dexamethasone. FDA addi-
tionally approved bamlanivimab and etesevimab in the treatment of COVID-19. Most 
frequently reported adverse reactions following COVID-19 treatment in terms of the 
audio-vestibular disorders were dizziness, blurry vision with dizziness, nasopharyn-
gitis, dysgeusia, and tinnitus [4]. All medications in the treatment of COVID-19 may 
be classified into one of the three groups: monoclonal antibodies, anti-viral drugs, 
and immunosuppressive agents.

Tixagevimab and cilgavimab are both recombinant human IgG1κ monoclonal 
antibodies, and the mechanism of action against SARS-CoV-2 is based on them 
binding to non-overlapping regions of receptor binding domain (RBD) of spike 
proteins. In total, 4220 subjects were enrolled in two clinical studies (PROVENT and 
STORM CHASER), where safety and efficiency were examined. In the area of audio-
vestibular disorders, no side effects have so far been identified [5, 6]. Casirivimab and 
imdevimab are human immunoglobulin G1 (IgG1) antibodies that reduce endogenous 
immunoglobulin G levels by up to 79% [7, 8]. The effectiveness of the combination 
of these monoclonal antibodies was assessed on the results of a clinical trial of 799 
adult participants with mild to moderate symptoms of COVID-19. For patients at 
high risk of developing severe disease, those treated with monoclonal antibodies had 
a reduced risk (3% versus 9%) of hospitalization or an emergency room visit within 
28 days of starting treatment [9–12]. Sotrovimab is another monoclonal antibody 
(IgG1κ) with indication of treatment COVID-19 in adult and adolescents (above 12 
years and weighing more than 40 kg), without requirement of supplemental oxygen 
but with the risk of progressing to severe phase of disease. The adverse reactions that 
were reported after administration of sotrovimab during phase II/III randomized, 
double-blind, and placebo-controlled clinical trial for treatment of COVID-19 in 1057 
non-hospitalized, non-vaccinated adult patients (COMET-ICE clinical trial) include: 
hypersensitivity reactions (rash, bronchospasm), infusion-related reactions, and 
anaphylaxis, and dyspnea, but none of these can be classified as audio-vestibular 
disorders. The frequency of reported adverse reactions was classified as rare or 
uncommon. The adjusted relative risk reduction in hospitalization or death at 29 days 
of observation was 79% [13, 14].

Bamlanivimab is a recombinant, fully neutralizing human IgG monoclonal antibody. 
The mechanism of action based on the targeting RBD (receptor binding domain) of the 
spearhead protein. The information about the possible ototoxic effects of bamlanivimab 
is still limited, but dizziness may occur during and after of treatment with bamla-
nivimab according to the result of the clinical study BLAZE-1 (3.2% of patients reported 
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an adverse event of dizziness) [15–18]. The combination of different monoclonal anti-
bodies (tocilizumab and sarilumab – IL-6 receptor antagonists) in the clinical trials has 
been assessed in 803 adult patients: 353 patients in the “tocilizumab group,” 48 patients 
in the sarilumab group and 402 patients, who were enrolled to the control group [19, 20]. 
Dizziness, as a type of ototoxicity side effect, is classified as common after treatment of 
tocilizumab [21, 22]. For sarilumab, according to the clinical trials and according to data, 
nasopharyngitis was reported as a common side effect [19, 23, 24].

Molnupiravir is an oral prodrug and treatment for COVID-19. Molnupiravir is a 
nucleotide analogue, which works by inhibiting the viral replication of the SARS-CoV-2 
by causing viral mutagenesis [25]. The indication for molnupiravir is treatment of 
COVID-19 from mild to moderate in adult patients (COVID-19 positive patients) and 
those of them who are in the population of patients who are at the high risk of progress-
ing the disease to severe phase. Molnupiravir is administered twice a day at the dose of 
800 mg for 5 days. The effectiveness and safety were assessed in phase 3, double-blinded 
clinical trial (acronym MOVe-OUT) with 1411 non-hospitalized subjects, randomly 
divided into two subgroups: N = 710 (subjects that are treated with molnupiravir and N 
= 701 subjects as a control group (placebo group). During clinical trials, serious adverse 
reactions occurred in 7% in the first subgroup and in 10% of those patients from the 
placebo group. In the area of audio-vestibular disorders, dizziness was mostly reported 
and occurs in 1% of patients from both groups [25, 26]. The second oral anti-COVID-19 
drug is the combination of co-packaged tablets with two active substances ritonavir and 
PF-07321332. PF-07321332 is a SARS-CoV-2 main protease (Mpro) inhibitor, and rito-
navir is an HIV-1 protease inhibitor and CYP3A inhibitor [27]. The efficacy and safety 
of this drug were assessed in the randomized and placebo-controlled, phase 2/3 of the 
clinical trial (C4671005 EPIC-HR) with 2224 adult patients who suffer form COVID-19. 
Enrolled patients were then divided into two subgroups: the first one with 1109 patients 
and the second one with 1115 subjects. In total, 6% of all patients reported dysgeusia, 
and the most common side reactions were: hypertension, myalgia, and diarrhea [27].

Anakinra has been authorized for treatment of many diseases such as rheumatoid 
arthritis for adult patients, autoinflammatory periodic fever syndromes, and for 
treatment of Cryopyrin-Associated Periodic Syndromes. The mechanism of action of 
anakinra is based on neutralization of the biologic activity of interleukins (IL-1α and 
IL-1β) by inhibiting the binding to the receptor IL-1RI. The efficacy and safety of 
anakinra in the treatment of COVID-19 were assessed during randomized, placebo-
controlled clinical trial with the acronym SAVE-MORE. In total, 405 patients were 
enrolled to this study. Side effects in the area of the otorhinolaryngology and audio-
vestibular disorders were not [28, 29].

Dexamethasone has an anti-inflammatory effect and is therefore mainly used 
as an adjunct in the treatment of viral pneumonia. Due to its higher potency, it is 
suspected that this drug might prove effective in treating patients with SARS-CoV-2 
[30–32]. Dexamethasone in the treatment of COVID-19 is responsible downgrad-
ing IDO1 (indoleamine 2,3-dioxygenase) and AhR (aryl hydrocarbon receptors) 
genes and as a result, reducing inflammation. After entering the human body, 
SARS-CoV-2 activates receptor AhR (aryl hydrocarbon receptors) after entering 
their target cells through a mechanism independent of IDO1. SAAS (systemic AhR 
activation syndrome) is the result of the upregulation of the series effectors that are 
depended on the AhR [30, 33, 34]. The strong recommendation for administration of 
dexamethasone in severe-ill patients is to prevent or reduce a systemic inflammatory 
response, which may lead to the multiorgan dysfunction and damage of the lung [35]. 
The European Medical Agency (EMA) approved dexamethasone for the treatment of 
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COVID-19 patients undergoing mechanical or aerobic ventilation [36]. Side effects in 
the area of otorhinolaryngology may cause blurry vision with dizziness [30, 35].

Remdesivir, which is an adenosine nucleotide prodrug, was one of the first drugs 
approved for the treatment of COVID-19. It is metabolized in the human organism 
into the remdesivir triphosphate and impacts on the replication of the viral RNA. The 
safety and efficacy were evaluated during NIAID ACTT-1 Study with 1063 partici-
pants. None of the audio-vestibular adverse reactions were reported [37].

3.1 COVID-19 vaccines

Until then, there are five vaccines approved by European Medical Agency: (1) 
Comirnaty (marketing authorization holder: BioNTech and Pfizer), (2) Nuvaxovid 
(marketing authorization holder: Novavax), (3) Spikevax (marketing authorization 
holder: Moderna), (4) Vaxzevria (marketing authorization holder: AstraZeneca), 
and (5) Jcovden (marketing authorization holder: Janssen). According to the data 
presented by EMA in safety report of COVID-19 vaccines, 870 million doses of vac-
cines have been given to citizens in the area of European Union (UE) and European 
Economic Area (EEA), and there is no information about the new audio-vestibular 
adverse reactions. The vast majority of all side effects are mild and short-lived [38]. 
Clinical trials show that systemic and local reactions may occur as a result of vaccina-
tion. According to the clinical data and what patients most frequently report are pain 
at the injection site and less frequently redness or swelling at the site, headache and 
fatigue, and fever. After official authorization of COVID-19 vaccines by European 
Medical Agency (EMA) and Food and Drug Administration (FDA), the continuation 
of monitoring and analysis of further side effects is obligation of pharmaceutical 
companies and safety authorities. Some of the drugs and vaccines for the treatment of 
COVID-19 are new, and sometimes it is hard to predict every side effect. The number 
of patients in the 1, 2, and 3 phases of clinical trials is limited. As a result, some side 
effects may be observed during the IV phase (post-market surveillance). The detec-
tion risk and adverse events in this phase are possible due to the real-world usage of 
each drug. Some authors highlight that there may be relationship between occurrence 
of tinnitus and SSNHL (Sudden Sensorineural Hearing Loss) after vaccination, but it 
needs further clinical studies and observation as the relationship has been described 
as indirect [39–41].

According to the summary of product characteristics, Comirnaty in one dose 
contains 30 μg of COVID-19 mRNA embedded in lipid nanoparticles. The efficacy and 
safety ratio of this vaccine was evaluated in participants enrolled in two clinical studies 
that included 21,744 participants who had received at least one dose of the vaccine. 
The most frequent side effects in participants that were reported are: (1) pain at the 
injection site (>80%), (2) fatigue (>60%), (3) headache (> 50%), (4) myalgia and 
chills (>30%), (5) arthralgia (>20 %), (6) pyrexia, and (7) swelling at the injection 
site (>10 %). The side effects were classified as mild to moderate and usually resolved 
within a few days after vaccination. Dizziness as an audio-vestibular side effect 
occurred only in hypersensitive people as part of anaphylactic shock, and its frequency 
is unknown (it cannot be estimated from available data) [42].

Moderna COVID-19 vaccine in one dose contains 100 μg of COVID-19 messenger 
RNA embedded in SM-102 lipid nanoparticles. The effectiveness and safety profile 
was evaluated in a randomized, placebo-controlled phase 3 clinical trial in 30,351 
participants who received at least one dose of the vaccine. The most frequent reported 
adverse reactions in participants were similar as in all other vaccines: (1) pain at the 
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injection site (92%), (2) fatigue (70%), (3) headache (64.7%), (3) myalgia (61.5%), 
(4) arthralgia (46.4%), (5) chills (45.4%), (6) nausea/vomiting (23%), (7) axillary 
swelling/tenderness (19.8%), (8) fever (15.5%), (9) swelling at the injection site 
(14.7%), and (10) redness (10%). The side effects were defined between mild to 
moderate and not long-lasting (usually side effects resolved in the period within a few 
days after injection). Dizziness as an ototoxic effect may occurred only in hypersensi-
tive people as part of anaphylactic shock, and its frequency is unknown (cannot be 
estimated from the available data) [43].

One dose of vaccine consists of 0.5 mL (brand name: Vaxzevria. The efficacy and 
safety were assessed in four clinical trials with number of participants: 23,745. The 
most frequently reported adverse reactions were: (1) injection site tenderness (>60%); 
(2) injection site pain, (3) headache, (4) fatigue (>50%); (5) myalgia, (6) malaise 
(>40%); (7) pyrexia, (8) chills (>30%), (9) arthralgia, and (10) nausea (>20%). In 
the area of otorhinolaryngology, dizziness as an ototoxic side effect may occur only in 
people who are hypersensitive for the ingredients of vaccine as a part of anaphylactic 
shock. The frequency of the reaction is unknown [44–48].

Janssen vaccine is an adenovirus vaccine against COVID-19 disease, and one dose 
(0.5 mL) contains adenovirus type 26 encoding the SARS-CoV-2 spike glycoprotein* 
(Ad26.COV2-S, not less than 8.92 log10 infectious units). The safety of Janssen 
COVID-19 vaccine has been evaluated in an ongoing Phase 3 study (COV3001) in 
which a total of 21,895 adults aged 18 years and older received a single-dose vac-
cination. The most common systemic adverse reactions were: (1) headache (38.9%), 
(2) fatigue (38.2%), (3) myalgia (33.2%), and (4) nausea (14.2%). Pyrexia (body 
temperature ≥ 38.0°C) was observed in 9% of participants. The most important side 
effects in the audiology and otorhinolaryngology field reported in the clinical trials 
were dizziness (of uncommon frequency) and tinnitus (rare).

Nuvaxovid is a recombinant, adjuvanted vaccine against COVID-19, and one 
dose (0.5 mL) contains 5 μg of the SARS-CoV-2 spike protein and is adjuvanted with 
Matrix-M. The safety profile was evaluated from five clinical trials involving 49,950 
adult participants. The adverse reactions were mild to moderate and included (1) site 
tenderness (75%), (2) injection site pain (62%), (3) fatigue (53%), (4) myalgia (51%), 
(5) headache (50%), (6) malaise (41%), (7) arthralgia (24%), (8) nausea, and (9) 
vomiting (15%). The duration of adverse reactions was a few days. No adverse reac-
tions important from an otorhinolaryngological or audiological point of view were 
reported. Dizziness as an ototoxic effect occurred only in hypersensitive people as part 
of anaphylactic shock and as an adverse reaction with uncommon frequency [49].

4. Discussion and conclusion

At the beginning of pandemic of COVID-19 and due to the lack of specific treat-
ment ototoxicity as a side effect was reported after treatment included chloroquine 
and hydroxychloroquine. By analyzing new, COVID-19 therapies, including those 
already approved by the regulatory authorities (EMA and FDA), we will be able to 
gain knowledge about new disease treatment protocols and their possible side effects, 
including those related to the hearing organ. The earlier we can implement monitoring 
measures the better. Patients with renal impairment, children under 3 years of age, 
people over 65 years of age, pregnant women, and patients who have been treated with 
ototoxic drugs or who will be administered an ototoxic drug for more than 14 days are 
at higher risk of presence of side effects [41, 50, 51]. Tinnitus, dizziness, vertigo are 
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the most frequently reported side effects in the area of the audio-vestibular disorders 
during the treatment of COVID-19. This is important not only for specialist such as 
otorhinolaryngologists, audiologists, but also for neurologists and general practi-
tioners. As far as tinnitus is concerned, this disorder may manifest as sensorineural 
hearing loss (SNHL). Loss of balance, dizziness, instability, difficulties in maintaining 
an upright posture, and unsteadiness are classified as vestibular side effects.

In 2021, the FDA and EMA approved monoclonal antibodies and oral drugs for 
treatment of COVID-19. The SARS-CoV-2 itself may cause similar audio-vestibular 
disorders. Many of the drugs approved by the EMA and FDA are new, and as a result 
not every side effect is known. Dizziness, blurry vision with dizziness, and tinnitus 
are the most frequently reported adverse reactions during and after treatment of the 
COVID-19. Additionally, nasopharyngitis and dysgeusia have been reported. While 
vaccines are concerned, dizziness as an ototoxic effect may occur only in hypersensi-
tive people as a result of anaphylactic shock (a rare adverse reaction). The ototoxic-
ity (hearing loss) of the drugs described in this chapter does not have such severe 
symptoms as some drugs used in the treatment of COVID-19 in 2020 (in particular, 
hydroxychloroquine). The continuous monitoring of possible ototoxic side effects 
may arise from interactions with other ototoxic drugs. Finally, the SARS-CoV-2 itself 
may cause similar audio-vestibular disorders as the drugs for treatment of COVID-19.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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