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ABSTRACT 
 

Ménière’s disease (MD) is an inner ear disorder characterized by episodic vertigo 

associated with sensorioneural hearing loss and fluctuating symptoms (tinnitus and 

fullness) in the affected ear. Despite many years having passed since it was first described 

its ethiopathogenesis remains uncertain and the current therapy aims predominantly to 

control the symptoms of the condition, namely the severity and frequency of the vertigo 

attacks. Also, post-mortem light microscopy assessment of the inner ear of MD patients 

has shown that endolymphatic hydrops (EH) is the most frequent histopathologic finding. 

However, in spite of an extensive number of studies published, MD’s 

characterization, functional evaluation and treatment remain unclear. 

The aim of this thesis was to evaluate diagnostic and treatment topics, 

encompassing both clinical and basic science perspectives, which are still under debate, 

to try to shed light on how we approach, evaluate and treat MD.  

An epidemiological cluster analysis on MD patients has provided evidence for a 

possible association between aetiologic factors and the clinical expression of the disease. 

This finding supports the belief that EH is a necessary condition, but other cofactors may 

be indispensable to the full expression of the disease. It has also been possible, through 

this study, to define distinctive clinical phenotypes, not merely limited to inner ear 

symptoms but also to other crucial aspects, such as family history of MD, migraine or 

autoimmune disorders. 

From the clinical standpoint, the role of the bedside vestibular examination, namely 

spontaneous nystagmus, head shaking nystagmus and vibration induced nystagmus, in a 

grouped way, revealed quite variable results. No direct relationship with the duration of 

the disease, functional level or time since the last attack were observed; nevertheless, it 

offered a broader portrait of the vestibular function status, with clinical significance. 

Through an experimental approach in the animal model, it has been possible to 

demonstrate that the degree of EH has a negative correlation with the delivery of 

gentamicin to the perilymph, when administered in the middle ear and this feature, in the 

near future, could be taken into account for the adjustment of intratympanic gentamicin 

(ITG) protocols. 

To evaluate ITG treatment results by head impulse test (HIT) a systematic review 

and meta-analysis was undertaken. It was demonstrated that the instrumental HIT, either 

with scleral search coil or video head impulse test, was effective in evaluating the 
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semicircular canal function, as vestibulo-ocular reflex gain changes in the direction of the 

treated ear were clearly observed. It was furthermore possible to corroborate that a partial, 

rather than a total ablation of the vestibular end organ, appears to be sufficient to control 

the disease, as a significant degree of function is still preserved after treatment. The 

assumption that a better control of vertigo is apparently proportional to the degree of 

damage caused to the inner ear, namely in the horizontal and anterior semicircular canals, 

has also been established. 

An improved knowledge of the influence of EH in ITG will potentially improve 

treatment protocols, and an accurate functional evaluation towards a treatment endpoint 

will avoid unnecessary side effects. 

The results of this research project will hopefully improve the capability to more 

clearly approach and assess MD patients, either in a diagnostic or treatment perspective. 

Moreover, both from a clinical and experimental view, new avenues for further research 

have been opened. 
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RESUMO 
 

A Doença de Ménière (DM) é uma doença do ouvido interno caracterizada por 

vertigem recorrente associada a hipoacúsia neurossensorial e outros sintomas, flutuantes, 

no ouvido afetado, tais como a sensação de plenitude auricular e o zumbido. A primeira 

descrição da doença data de há décadas, mas a etiopatogénese permanece incerta e o 

tratamento visa, essencialmente, controlar os sintomas da doença, designadamente a 

gravidade e frequência das crises de vertigem. A avaliação histológica do ouvido interno 

de doentes com DM demonstrou que a hidrópsia endolinfática (HE) é, ainda assim, o 

achado histopatológico mais consistente.  

Apesar da multiplicidade de estudos publicados, a caracterização, avaliação 

funcional e tratamento da DM permanecem pouco claros. 

A presente dissertação teve por objetivo avaliar, tanto do ponto de vista das ciências 

básicas como do ponto de vista clínico, aspetos particulares do diagnóstico e tratamento 

da DM que se afiguram de impacto significativo na forma como abordamos, avaliamos e 

tratamos a referida doença. 

A análise epidemiológica de clusters mostrou evidência para uma possível 

associação entre um fator etiológico e uma expressão clínica. Este resultado suporta, por 

isso, o conceito de que a HE é uma condição necessária, mas outros cofatores poderão 

ser indispensáveis para a expressão completa da doença. Além disso, permitiu definir 

fenótipos clínicos distintos, não apenas limitados aos sintomas do ouvido interno, mas 

também a outras informações cruciais, tais como a história familiar de DM, enxaqueca 

ou distúrbios autoimunes. 

Do ponto de vista clínico, a descrição do exame vestibular de cabeceira, ou seja, a 

avaliação de nistagmo espontâneo, nistagmo pós head shake e nistagmo induzido por 

vibração, de forma agrupada, revelou resultados bastante variáveis. Não foi observada 

nenhuma relação estaticamente significativa com a duração da doença, o nível funcional 

ou tempo desde a última crise. Ainda assim, oferece-se uma descrição clínica mais ampla 

do estado da função vestibular. 

Através de uma abordagem experimental no modelo animal foi possível demonstrar 

que o grau HE tem uma correlação negativa com a transferência de gentamicina para a 

perilinfa, quando esta é administrada no ouvido médio. Esse aspeto particular poderá, 

num futuro próximo, ser tido em consideração para o ajuste dos protocolos de 

administração de gentamicina intratimpânica (ITG). 
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Foi efetuada uma revisão sistemática e meta-análise para avaliar os resultados do 

tratamento com ITG através do teste de impulso cefálico (HIT). Ficou demonstrado que 

o HIT instrumental, nomeadamente com o scleral search coil ou com o vídeo HIT, foi 

eficaz na avaliação da função canalar, sendo observadas alterações do ganho do reflexo 

vestíbulo-ocular na direção do ouvido tratado. Além disso, foi possível evidenciar que 

uma supressão parcial da função vestibular parece ser suficiente para alcançar o controlo 

da doença. Foi ainda estabelecida a presunção de que um melhor controlo da vertigem é 

aparentemente proporcional ao grau de lesão produzido, designadamente nos canais 

semicirculares horizontal e anterior. 

Um conhecimento mais profundo do impacto da HE na ITG melhorará 

potencialmente os protocolos de tratamento. Uma avaliação funcional mais precisa 

visando identificar um possível endpoint do tratamento poderá, também, e naturalmente, 

reduzir o risco de efeitos colaterais desnecessários. 

Com os resultados obtidos no âmbito da presente dissertação procurou contribuir-

se para melhorar a abordagem diagnóstica e terapêutica dos doentes com DM e, 

adicionalmente, através de uma perspetiva abrangente em termos clínicos e 

experimentais, fomentar futuras investigações.  

  



 xix 
 

LIST OF ACRONYMS 
 

AAO-HNS American Academy of Otolaryngology-Head and Neck Surgery 

EcoG  Electrocochleography 

EH  Endolymphatic Hydrops 

Gd  Gadolinium 

HIT  Head Impulse Test 

HSN  Post Head Shake Nystagmus 

IT  Intratympanic 

ITG  Intratympanic Gentamicin 

MRI  Magnetic Resonance Imaging 

MD  Ménière’s Disease 

NO  Nitric Oxide 

OD  Odds Ratio 

RW  Round Window 

SM  Scala media 

ST  Scala tympani 

SV  Scala vestibuli 

SCC  Semicircular Canal 

SNHL  Sensorineural Hearing Loss 

SN  Spontaneous Nystagmus 

TT  Transtympanic 

VEMP  Vestibular Evoked Myogenic Potentials 

VIN  Vibration Induced Nystagmus 

VOR  Vestibulo-Ocular Reflex 

  



 xx 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xxi 
 

LIST OF ORIGINAL PUBLICATIONS 
 

This thesis is based on the following articles, which are referred to in the text by 

their Roman numerals: 

 

I - Clinical subgroups in bilateral Meniere Disease 

Frejo L, Soto-Varela A, Santos-Perez S, Aran I, Batuecas-Caletrio A, Perez-Guillen 

V, Perez-Garrigues H, Fraile J, Martin-Sanz E, Tapia MC, Trinidad G, García-Arumi 

AM, González-Aguado R, Espinosa-Sanchez JM, Marques PS, Perez P, Benitez J, Lopez-

Escamez JA. (2016) Front Neurol.; 7; 182: 1-9.   

 

II – Bedside vestibular examination in patients with unilateral definite 

Ménière's disease  

Marques PS, Perez-Fernandez N. (2012) Acta Otolaryngol Stockh.; 132(5): 498-

504. 

 

III - Gentamicin delivery to the inner ear: does endolymphatic hydrops 

matter? 

Marques PS, Duan M, Perez-Fernandez N, Spratley J. (2018) Manuscript accepted 

for publication in PLOS ONE journal. 

 

IV – Single intratympanic gentamicin injection in Ménière’s disease: VOR 

change and prognostic usefulness 

Marques PS, Manrique-Huarte R, Perez-Fernandez N. (2015) Laryngoscope; 

125(8): 1915-20. 

 

V - Instrumental head impulse test changes after intratympanic gentamicin 

for unilateral definite Ménière’s disease: a systematic review and meta-analysis  

Marques PS, Dias C, Perez-Fernandez N, Spratley J. (2018) Auris Nasus Larynx.; 

45(5): 943-51.  

  



 xxii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xxiii 
 

LIST OF CONTENTS 
 

ACNKOWLEDGEMENTS.........................................................................................xiii 

ABSTRACT...................................................................................................................xv 

RESUMO......................................................................................................................xvii 

LIST OF ACRONYMS................................................................................................xix 

LIST OF ORIGINAL PUBLICATIONS....................................................................xxi 

LIST OF CONTENTS………..…………………………………………………….xxiii 

FOREWORD .................................................................................................................. 1 

I. INTRODUCTION ....................................................................................................... 3 

I.1. THE EAR ................................................................................................................. 5 

I.2. DEFINITION AND DIAGNOSTIC CRITERIA ............................................................. 11 

I.3. HISTORICAL NOTES ............................................................................................. 13 

I.4. HISTOPATHOLOGIC CHARACTERISTICS OF THE DISEASE ................................... 14 

I.5. AETIOLOGIC FACTORS OF THE DISEASE .............................................................. 18 

I.5.1. Aquaporin/vasopressin system and EH .................................................... 19 

I.5.2. Hormonal factors ........................................................................................ 19 

I.5.3. Oxidative stress ........................................................................................... 19 

I.5.4. Immunological mechanisms and allergy ................................................... 20 

I.5.5. Genetics, cellular and molecular mechanisms .......................................... 21 

I.5.6. Diet ................................................................................................................ 22 

I.5.7. Atmospheric mechanisms ........................................................................... 22 

I.5.8. Migraine ....................................................................................................... 23 

I.5.9. Vascular diseases ......................................................................................... 23 

I.6. ANIMAL MODELS .................................................................................................. 24 

I.7. CLINICAL PICTURE AND PROGRESSION ............................................................... 26 

I.8. EPIDEMIOLOGY .................................................................................................... 31 

I.9. CLINICAL EVALUATION ....................................................................................... 32 

I.10. INSTRUMENTAL EVALUATION ........................................................................... 34 

I.11. INNER EAR IMAGING .......................................................................................... 39 

I.12. TREATMENT ....................................................................................................... 41 

I.12.1. Treatment of acute vertigo attacks .......................................................... 41 

I.12.2. Preventive measures ................................................................................. 42 



 xxiv 
 

I.12.2.1. Non-surgical treatment .......................................................................... 42 

I.12.2.2. Intratympanic (IT) treatment ............................................................... 44 

I.12.2.3. Surgical treatment .................................................................................. 47 

1.12.2.4. Bilateral disease ..................................................................................... 49 

II. AIMS ......................................................................................................................... 51 

III. PUBLICATIONS ................................................................................................... 55 

III.1. CLINICAL SUBGROUPS IN BILATERAL MÉNIÈRE DISEASE .............................. 57 

III.2. BEDSIDE VESTIBULAR EXAMINATION IN PATIENTS WITH UNILATERAL DEFINITE 

MÉNIÈRE’S DISEASE .................................................................................................. 69 

III.3. GENTAMICIN DELIVERY TO THE INNER EAR: DOES ENDOLYMPHATIC HYDROPS 

MATTER? .................................................................................................................... 79 

III.4. SINGLE INTRATYMPANIC GENTAMICIN INJECTION IN MÉNIÈRE’S DISEASE: 

VOR CHANGE AND PROGNOSTIC USEFULLNESS ...................................................... 103 

III.5. INSTRUMENTAL HEAD IMPULSE TEST CHANGES AFTER INTRATYMPANIC 

GENTAMICIN FOR UNILATERAL MÉNIÈRE’S DISEASE: A SYSTEMATIC REVIEW AND 

META-ANALYSIS ....................................................................................................... 111 

IV. DISCUSSION ....................................................................................................... 123 

IV.1. CLINICAL VARIABILITY OF THE DISEASE ....................................................... 125 

IV.2. INFLUENCE OF EH ON IT TREATMENT .......................................................... 131 

IV.3. REDUCING THE UNPREDICTABILITY OF VESTIBULAR DAMAGE AFTER ITG . 134 

IV.4. FUTURE PERSPECTIVES ................................................................................... 138 

V. CONCLUSIONS .................................................................................................... 141 

VI. REFERENCES ..................................................................................................... 145 

  



 1 

FOREWORD 
 

This thesis, devoted to Ménière’s disease (MD) and Endolymphatic hydrops (EH), 

should be contextualized in my clinical trajectory in the field of Otoneurology. 

My particular interest in this subject started during the Otorhinolaryngology 

residency program when, led by Margarida Santos, M.D., Chairman of the Department 

of Otorhinolaryngology of S. João Hospital Centre and my residency supervisor, Jorge 

Spratley, M.D., Ph.D., I performed my first training period at the Department of 

Otorhinolaryngology of CUF Infante Santo Hospital, in Lisbon, under the guidance of 

Carlos Garcia, M.D., Alfredo Luís, M.D and João Paço, M.D., Ph.D.. This was an 

unforgettable experience in one of the first medical centres in Portugal to have a group 

specifically dedicated to the care of patients suffering with dizziness and balance 

complaints. After the residency program, at Porto, I also had the opportunity to regularly 

attend the otoneurology clinic of Rosmaninho Seabra, M.D., at the Lusíadas Porto 

Hospital, further improving my clinical skills. Few years later, with the objective of 

creating a Balance Disorders Diagnostic and Treatment Unit at the S. João Hospital 

Centre, I had another training period at the Clinica Universidade Navarra, in Spain, under 

the guidance of one of the co-supervisors of this thesis, Nicolas Perez-Fernandez, M.D., 

Ph.D.. There, I had the opportunity to study a large group of MD patients, which led to 

my first publication on the topic. Throughout the years, both in clinical and in research 

activities, my interest in the subject has expanded thanks to the collaboration of Antonio 

Lopez-Escamez, M.D., Ph.D, in the multicentric Meniere disease's Consortium, in Spain, 

and Maoli Duan, M.D., Ph.D., from the Karolinska Institutet, in Sweden. 

Méniére’s disease is characterized histopathologically by EH and is, indeed, one of 

the most fascinating and puzzling of all clinical conditions encountered by the 

otolaryngologist and neuro-otologist. Yet, despite having captivated clinicians and 

researchers for more than a century and after thousands of published papers the causes, 

pathophysiology, staging and treatment of MD are not sufficiently understood. The 

inherent variability of the disease and the above-described issues, as well as the personal 

daily clinical struggles associated with the diagnosis and management of MD, made the 

choice and focus on this theme, as a research problem, inevitable. To look at these open 

questions, an integrated clinical and experimental study was designed and completed in 

this thesis. 
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I.1. The ear 
 

The ear not only receives, modulates, conducts, amplifies and discriminately 

analyses the complex pressure waves which are sound, but also contain the end organs of 

balance, which will be responsible for sensing and transmitting the information regarding 

movement to the central nervous system, for the generation of appropriate adaptive 

responses (Standring, 2008). Anatomically it is divided into three distinct parts: the 

external, middle, and inner ear. Excluding the auricle and soft tissue portion of the 

external auditory canal, it is enclosed within the temporal bone (Baloh and Honrubia, 

2001) (Figure 1). 

 

 
Figure 1. A drawing depicting the anatomical relationships between the outer, middle, 

and inner ears in humans, drawn by Max Brödel in 1939. (with permission from John 

Wiley & Sons Ltd.) (Van De Water, 2012) 

 

The inner ear 

Embryologically, the inner ear originates from the primitive otic primordium 

evolving to the otic capsule, which may be divided in: a) the organ of hearing, the cochlea; 

b) the organs of balance, the utricle, the saccule and the semicircular canals (SCC) 

(Schuknecht, 1993, O’Neill, 2015). It comprises the bony labyrinth, which is a series of 

interlinked cavities within the petrous temporal bone, and the membranous labyrinth 

composed of interconnected membranous sacs and ducts that line up inside of the bony 

cavities. The labyrinth consists of an anterior cochlear part and a posterior vestibular part 

(Anson and Donaldson, 1981), in which the vestibule is a central chamber, marked by the 
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recesses of the utricle and saccule. (Figure 2) The superior and posterolateral walls 

contain openings for the three SCC. Halfway between the canals and the sigmoid sinus, 

the slit-like aperture of the vestibular aqueduct contains the endolymphatic sac, a structure 

critical in the exchange of endolymph. A second opening is that of the cochlear aqueduct, 

providing a connection between the subarachnoid and the perilymphatic spaces (Baloh 

and Honrubia, 2001). 

 

 
Figure 2. A drawing of the right membranous labyrinth of an adult human, showing the 

major sensory receptors and their pattern of nerve fiber ingrowths from the vestibular and 

cochlear nerves, drawn by Max Brödel in 1934. (with permission from John Wiley & 

Sons Ltd.) (Van De Water, 2012) 

 

The inner ear includes two compartments (Schuknecht, 1993). The perilymphatic 

space with perilymph, which is a clear fluid with an ionic composition similar to other 

extracellular fluids, i.e. low in potassium ions and high in sodium and calcium. The other 

compartment contains endolymph, which is a fluid that directly “bathes” the 

neuroepithelial cells of the cochlea and the vestibular system, with an ionic composition 

similar to the cytosol, i.e. high in potassium ions and low in sodium and calcium 

(Campelo and Caroça, 2016). The ionic differences make the endolymphatic 

compartment approximately 80mV more positive than the perilymphatic space. These 

ionic gradients and electric potential (endocochlear potential) are kept constant by the 

action of the stria vascularis epithelium and are indispensable to the primary function of 
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the inner ear, as they provide the driving force for mechanotransduction, the process by 

which sensory hair cells convert the vibrations of the inner ear fluids, either by head 

movements or sound stimuli, into electrical signals, which are transmitted via the 

vestibulocochlear nerve to the vestibular and cochlear nuclei in the brainstem, 

respectively (Standring, 2008). 

 

The cochlea 

The mammalian cochlea is a snail-shaped organ with a series of fluid-filled 

compartments. Two windows, the oval window and the round window, separate the 

middle from the inner ear, more specifically from the perilymph. In the human, it evolves 

into two and a half turns, which are divided by the basilar membrane and the Reissner’s 

membranes into three distinct fluid-filled compartments: scala tympani (ST), scala 

vestibuli (SV) and scala media (SM) or cochlear duct. (Figure 3) 

 

 
Figure 3. Diagrammatic cross section of a cochlear canal, by Rasmussen in 1943. 

(Adapted from Yantis) (Yantis, 2004) 

 

The vibration of the cochlear perilymphatic fluid transmits the movement to the 

basilar membrane, thereby stimulating the hair cells of the neuro-epithelium of the organ 

of Corti, where transduction of the vibratory impulses into bioelectric signals takes place. 

Previous histopathological and electrophysiological studies mentioned that the basal 

region is responsible for the processing of the high-frequency sounds and the apical for 
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the low-frequency sounds (Schuknecht, 1953, Spratley, 2003). For sound transduction, 

the endocochlear potential is crucial for the improvement of the microphonic potential 

(hair cell receptor potential) and the compound action potential of the auditory nerve on 

nerve cells of the spiral ganglion, located in the cochlear modiolus (Trigueiros-Cunha et 

al., 2003). Hence, the bioelectric impulses head into the central nervous system, through 

the auditory nerve. On the acoustic pathway, the signals are processed until reaching the 

auditory cortex in the temporal lobe, where the auditory sensorial integration takes place. 

At different levels of this pathway there are certain neurons, within a limited range of 

frequencies and sonorous intensities (tonotopy), which allows a specific cochlear region 

to have an exclusive representation in the central nervous system (Paula-Barbosa and 

Sousa-Pinto, 1973, Paula-Barbosa et al., 1975, Kiang, 1980). 

 

The vestibular system 

The structures of the vestibular system are sensitive to movement detection, either 

linear (utricule and saccule) or angular (SCC), this being essential for the maintenance of 

balance (Manley, 2000, Trigueiros-Cunha and Pinto Moura, 2012). 

The utricule and saccule are horizontally and vertically orientated in a 

perpendicular fashion, respectively. In these so-called otolithic organs, the hair cells are 

imbedded in the maculae and covered with a calcium carbonate crystal–laden layer called 

the otolithic membrane. When the head suffers a linear acceleration or a change in 

position, the otolithic membrane shifts its position, deflecting the stereocilia and 

depolarizing the sensory cells (Goebel, 2008). 

Each labyrinth also comprises three SCCs (horizontal or lateral, anterior or superior 

and posterior), roughly orientated 90 degrees to one another, in the three spatial planes, 

each one representing the three-dimensional space in which the vestibular and ocular 

motor systems are responsible for spatial orientation, perception of self-movement, 

stabilization of gaze and postural control function (Brandt et al., 2005). The canals have 

a dilated end, the ampulla, which contains the crista ampullaris, where sensory hair cells 

are located, as well as the gelatinous fan-like divider, called the cupula. With angular 

head movements, the inertia of the fluid within the canals causes pressure on the cupula, 

which stimulates the hair cells in the crista, either to increase or decrease their firing rate 

depending on the direction of fluid displacement and the orientation of the hair cells on 

the crista. Interestingly, at its apex, each hair cell has one long apical projection termed 

the kinocilium and several shorter projections called stereocilia. Deflection of the 
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stereocilia toward the kinocilium causes an increase in the cell's resting firing rate. 

Conversely, bending the stereocilia away from the kinocilium, causes a drop in the firing 

rate. 

Therefore, detection of movement in any direction can be coded by specific 

orientation of the hair cells within the SCCs and in the otolithic organs. This bioelectric 

information is transmitted through the superior (utricule, anterosuperior part of the 

saccule, horizontal and anterior canals) and inferior (saccule, posterior canal) divisions of 

the vestibule-cochlear cranial nerve (VIII) to the vestibular nuclei in the brainstem 

(Eggers and Zee, 2003). 

The imput of the SCC synapse makes the first afferent arm of the reflex arch into 

the medial and superior vestibular nuclei. Thereafter, second-order neurons course 

ipsilaterally and contralaterally in the medial longitudinal fasciculus to reach the sixth, 

fourth, and third oculomotor nuclei. A third motor neuron then innervates the extraocular 

muscles to create conjugate eye movements, equal and opposite to head movement, 

completing the direct vestibulo-ocular reflex (VOR). However, a second multisynaptic 

VOR pathway exists and functions simultaneously with the first as a modulator and 

integrator of signals from visual and proprioceptive cues. Without the VOR, gaze 

stabilization during high-velocity impulsive head movements would be impaired, and 

visual acuity would decline (Baloh and Honrubia, 2001). (Figure 4) 

A large group of the vestibular nerve fibers establish synapses in the medial and 

lateral vestibular nuclei, from where they send second-order neurons to the anterior horn 

cells of the cervical cord (medial vestibulo-spinal tract) and the entire spinal cord (lateral 

vestibulo-spinal tract), respectively, activating the antigravity muscles of the neck, 

thorax, and lower limbs. (Figure 4)  

The pathways from the macules to the extraocular muscles are apparently less 

clearly defined than those from the SCCs, but a smaller number of fibers also carry 

utricular and saccular information rostrally, to the extraocular muscles, to produce 

rotational and vertical ocular adjustments during head tilt (Baloh and Honrubia, 2001). 

At the central nervous system, the midline cerebellum plays a pivotal role in 

modulating the final motor activity triggered by the VOR and vestibulo-spinal reflexes. 

The direct and indirect vestibular inputs reach the cerebellum, which produces an 

inhibitory influence through Purkinje cell activity, to fine tune ocular and postural 

movements. However, other areas in the mesencephalon and cerebral cortex specifically 

process vestibular sensations, as ascending vestibulo-cortical pathways, including the 
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vestibular nuclei, the thalamus, the superior Sylvian gyrus and the inferior intraparietal 

sulcus, which appear to integrate vestibular, proprioceptive, and visual signals (Goebel, 

2008). 

 

 
Figure 4. Horizontal vestibulo-ocular and vestibulo-spinal reflexes. (AC, HC, PC 

anterior, horizontal and posterior semicircular canals; SVN, LVN, IVN, MVN superior, 

lateral, inferior and medial vestibular nuclei; III, VI, oculomotor and abducens nuclei) 

(with permission of Brandt T.) (Brandt et al., 2005) 

 

The round window membrane 

The round window membrane (RWM) was first described in 1772, by Scarpa, who 

named this structure as a secondary tympanic membrane, as it closes the round window 

at the base of the cochlea (Spratley, 2003). It is located posteroinferiorly in the medial 

wall of the middle ear, within the RW niche, which is created by a small promontory bony 

overhang presenting an average depth of approximately 1.5 mm (Nomura, 1984) and, 
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despite being called round, it is actually triangular in shape (Atturo et al., 2014). In 

human, at the entrance of the RW niche, mucosal folds and fibro-fatty tissues are 

frequently present, in up to one third of individuals, partially or completely covering the 

niche (Alzamil and Linthicum, 2000, Penha and Escada, 2005).  

The RWM is not uniform as it is thicker at the periphery, thinner towards the central 

part and presents a slight convexity towards the ST. It consists of three layers: an outer 

epithelium facing the middle ear, a middle layer of connective tissue and an inner 

epithelium facing the inner ear and no significant differences in its thickness with aging 

have been found, although an increase in ground substance and elastic fibers width has 

been described (Carpenter et al., 1989, Goycoolea and Lundman, 1997). 

The role of the RWM is still not well defined, but it seems that its basic function is 

to act as a release mechanism, allowing movement of the inner ear fluid after the stapes 

footplate movement, in the oval window, when it is stimulated by sound. However, 

several additional functions have been suggested, such as: an alternative way for 

conducting sound to the cochlea (Goycoolea and Lundman, 1997); a main route for 

passage of substances from the middle into the inner ear (Juhn et al., 1989, Goycoolea, 

2001); to work as a barrier to potentially ototoxic substances during infectious processes; 

or to act as an active semi-permeable membrane, taking part in secretion into and/or 

absorption from perilymph (Goycoolea, 2001). 

In this context, the permeability of the RWM has actually been demonstrated 

experimentally for several substances, although different factors, such as molecular 

weight of molecules, concentration of substances or inflammation of the membrane 

and/or middle ear appear to impact (Schachern et al., 1987b, Spratley, 2003, Penha and 

Escada, 2003).  

Surprisingly, to our knowledge, the influence of EH on RWM permeability has not 

been addressed in the literature. 

 

I.2. Definition and diagnostic criteria 

 

Ménière’s disease (MD) is an inner ear syndrome of unknown origin consisting of 

episodes of spontaneous vertigo, usually associated with unilateral fluctuating 

sensorineural hearing loss (SNHL), tinnitus and aural fullness (Lopez-Escamez et al., 

2015). The attacks are unexpected, often intense and may vary in length of time, from 20 

minutes to 12 hours, with a substantial impact in patients’ quality of life.  



 12 

Recently, in 2015, and following several efforts taken in the past to delineate 

diagnostic criteria for MD, a consensus document was jointly formulated by the 

Classification Committee of the Barany Society, the Japan Society for Equilibrium 

Research, the European Academy of Otology and Neurotology, the Equilibrium 

Committee of the American Academy of Otolaryngology-Head and Neck Surgery (AAO-

HNS) and the Korean Balance Society (Lopez-Escamez et al., 2015). 

 

 

The classification includes two categories: definite and probable MD. 

 

Definite MD has been defined as: 

A. Two or more spontaneous episodes of vertigo, each lasting 20 minutes to 12 

hours; 

B. Audiometrically documented low to medium frequency SNHL in one ear, 

defining the affected ear on at least one occasion before, during or after one of the 

episodes of vertigo; 

C. Fluctuating aural symptoms (hearing, tinnitus or fullness) in the affected ear; 

D. Not being better accounted for by another vestibular diagnosis. 

 

Probable MD has been defined as: 

A. Two or more episodes of vertigo or dizziness, each lasting 20 minutes to 24 

hours;  

B. Fluctuating aural symptoms (hearing, tinnitus or fullness) in the affected ear; 

C. Not being better accounted for by another vestibular diagnosis. 

 

However, as most studies on the natural course of MD were published before the 

2015 diagnostic criteria, most papers described in this thesis still apply the 1995 American 

Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS) guidelines 

(Equilibrium, 1995). (Table 1) 
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Table 1 - Diagnosis of Ménière’s disease 

Certain Ménière’s disease 

Definite Ménière’s disease plus histopathologic confirmation 

Definite Ménière’s disease 

Two or more definitive spontaneous episodes of vertigo 20 minutes or longer 

Audiometrically documented hearing loss on at least one occasion 

Tinnitus or aural fullness in the treated ear 

Other causes excluded 

Probable Ménière’s disease 

One definitive episode of vertigo 

Audiometrically documented hearing loss on at least one occasion 

Tinnitus or aural fullness in the treated ear 

Other causes excluded 

Possible Ménière’s disease 

Episodic vertigo of the Ménière type without documented hearing loss, or 

Sensorioneural hearing loss, fluctuating or fixed, with disequilibrium but without definitive 

episodes 

Other causes excluded 

Table 1. American Academy of Otolaryngology-Head and Neck Surgery 1995 guidelines 

for diagnosis and therapy evaluation of MD (with permission of AAO-HNS) 

(Equilibrium, 1995). 

 

I.3. Historical notes 

 
More than 150 years have passed since Prosper Ménière described this disease in 

1861. At the time, Ménière published the article “Sur une forme de surdité grave 

dépendent d’une lesion de l’oreille interne”, in the Bulletin de l’Académie Impériale de 

Médicine (Meniere, 1861). However, years earlier, in 1848, through a comment in the 

French translation of Wilhem Kramer’s “Traité des maladies de lóreille” (Kramer, 

1848), Ménière wrote about the first possible link between an inner ear problem and the 

primarily well-known apoplectiform crisis.  

In the paper published in 1861, Ménière distinctly defined a clinical condition: 

 

1. “Un appareil auditif, jusque-là parfaitement sain, peut devenir à coup le 

siége de troubles fonctionnelles consistant en bruits de nature variables, continus ou 

intermittents, et ces bruits s’accompagnant bientôt d’une diminution plus ou moins 

grande de l’audition. 
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2. Ces troubles fonctionnels ayant leur siège dans l’appareil auditif interne 

peuvent donner lieu à des accidentes réputés cérébraux, tels que vertiges, 

étourdissements, marche incertaine, tournoiement et chute, et de plus ils sont 

accompagnés de nausées, de vomissements et d’un état syncopal. 

3. Ces accidents, qui ont la forme intermittente, ne tardent pas à être suivis 

de surdité de plus en plus grave, et souvent l’ouïe est subitement et complétement abolie. 

4. Tour porte à croire que la lésion matérielle qui est cause de ces troubles 

fonctionnels réside dans les canaux demi-circulaires” (Meniere, 1861). 

 

It was necessary to wait several years for new considerations on the disease (Tinoco 

and Paço, 2016), as only in 1938, both Hallpike and Cairns, in the United Kingdom 

(Hallpike and Cairns, 1938), and Yamakawa, in Japan (Yamakawa, 1938), presented 

histologic descriptions of patients’ temporal bones. In the paper presented to the Royal 

Society of Medicine, Charles Hallpike first suggested that: “(…) temporal bones showed 

a gross distention of the endolymph system (…)” (Hallpike and Cairns, 1938). 

A few years later, in 1943, Altmann and Fowler (Altmann and Fowler, 1943) 

concluded that imparities in the production and absorption of endolymph could lead to 

the disease and, in 1967, Kimura (Kimura, 1967), in an elegant experimental study in the 

guinea-pig model, showed that blocking the endolymphatic sac and duct, could provoke 

obstruction of the endolymphatic outflow, reliably inducing hydrops of the inner ear. 

Throughout the following years, careful temporal bone studies have confirmed that 

patients diagnosed with MD consistently exhibited endolymphatic hydrops (EH), and, 

therefore, this characteristic became the most consistent marker of the disease (Merchant 

et al., 2005), although possibly not fully responsible for the aetiology or the mechanisms 

of the symptoms associated to this disease (Rauch et al., 1989). 

 

I.4. Histopathologic characteristics of the disease  

 
Histopathology of the human temporal bone has described the pathological changes 

existing in MD. As a central finding – endolymphatic hydrops - an expansion of the 

endolymphatic system of the inner ear, where distension of the SM with ballooning of 

Reissner’s membrane into the SV can be observed, mostly in the cochlea, but also in other 

regions of the inner ear (Hallpike and Cairns, 1938, Yamakawa, 1938, Schuknecht et al., 

1962, Paparella, 1984, Merchant et al., 2005, Foster and Breeze, 2013). 
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After the works of Merchant et al. (Merchant et al., 2005), a new perspective arose 

that the relationship between EH and MD was not a simple, ideal, correlation and that it 

should only be considered a histologic marker, rather than being directly responsible for 

the symptoms (Salt and Plontke, 2010). More recently, Foster and Breeze (Foster and 

Breeze, 2013) tried to determine the true relationship between EH and MD, through a 

comprehensive review of 53 journal articles. In fact, a significant number of EH cases did 

not actually present a clinical history of MD, but this did not hold true for the reverse, 

and a 98.8% correlation between the 1995 AAO-HNS diagnostic criteria and EH was 

observed (Equilibrium, 1995). There is, unquestionably, strong evidence that EH 

probably causes MD and is not just a simple epiphenomenon (Foster and Breeze, 2013, 

Gurkov et al., 2016a).  

But, the fact that evident hydrops, until recently, could only be objectively 

determined at autopsy did not permit the identification of the precise timing of EH onset. 

However, autopsy studies have shown that hydrops is relatively common and can even 

appear in very young children, as has been identified in autopsied temporal bones in 17% 

of children (Belal and Antunez, 1980, Bachor and Karmody, 1995) and in 1.4% of 

newborns (Buch, 1966). This presence in infancy also suggests a possible congenital 

origin. In contrast, MD develops predominantly in middle age and is relatively rare in 

children (Harris and Alexander, 2010). As such, both the presence of asymptomatic 

hydrops in children and young people and the very low incidence of MD in these younger 

groups strongly suggests that hydrops, in fact, precedes MD and thus further supports EH 

as a cause, rather than a consequence of MD (Foster and Breeze, 2013). Additionally, 

autopsy studies have found EH in a few individuals without MD showing that, in these 

cases, EH cannot be a consequence of MD (Merchant et al., 2005). Once imaging studies, 

and other diagnostic methods become routinely available, it will be possible to accurately 

demonstrate EH in living persons, as well as the timing of onset of EH with respect to 

MD symptoms, validating, or not validating, these theories. 

Although still unclear, an imbalance between secretion and resorption of 

endolymph has generally been proposed as the pathophysiologic mechanism involved 

(Gibson and Arenberg, 1997). Respecting the endolymph secretion/reabsorption 

mechanism, one theory is based on Guilds’ work on the circulation of endolymph, known 

as the “longitudinal flow theory” (Guild, 1927). According to this theory, the endolymph 

is produced in the SM, passing through the ductus reuniens, saccule and endolymphatic 

duct to reach the endolymphatic sac, where absorption takes place. An alternative theory, 
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the “radial flow theory”, proposes that the production of endolymph proceeds from 

perilymph which should exist in each cochlear section, independently (Naftalin and 

Spencer-Harrison, 1958). The fluid transport takes place through Reissner’s membrane, 

with an ion exchange being carried out by the stria vascularis. Indeed, the current 

knowledge appears to support the hypothesis that longitudinal and radial flows are 

complementary and can happen simultaneously (Naftalin, 1994, Paparella and Djalilian, 

2002, Söderman, 2002). 

The origin of the dysfunction is even more uncertain, although several theories have 

also been proposed. Apparently the major driving mechanisms appear to be essentially 

hydraulic, including absorptive defects in the endolymphatic sac (Becvarovski and 

Zappia, 2002), disturbed dark cell secretion (Kimura, 1969), interference in aquaporin 

activity (Eckhard et al., 2012) or even barotrauma (Antonelli et al., 1993). In addition, 

anatomical variations have been implicated, such as an obstruction in the endolymphatic 

duct (Becvarovski and Zappia, 2002), as can be the narrowing of its isthmus, which is a 

common feature in temporal bone of patients with MD (Ikeda and Sando, 1984). Other 

anatomical variants may include changes in the anatomy and positioning structures as the 

vestibular aqueduct, endolymphatic sac and the sigmoid sinus, as well as an altered 

pneumatisation of the petrous bone (Paparella and Djalilian, 2002). The volume of the 

vestibular aqueduct and its external aperture, endolymphatic duct, and intratemporal 

endolymphatic sac were also found to be reduced, either when comparing bones with EH 

without vestibular symptoms or with normal bones (Monsanto et al., 2017). Moreover, 

the observed open status of the utriculo-endolymphatic valve (Bast’s valve), in the MD 

group, could be secondary to a higher retrograde endolymph pressures caused by the 

smaller drainage systems observed (Monsanto et al., 2017). It appears that a smaller 

vestibular aqueduct, endolymphatic duct and sac could interfere in endolymph 

homeostasis. Based on the principle of “functional reserve”, such a hypothesis could 

explain why smaller endolymphatic compartments may produce symptoms in some 

patients (Monsanto et al., 2017). 

Inside the endolymphatic sac an increased amount of intraluminal precipitate 

consisting of increased glycoprotein secretion in MD patients, has also been demonstrated 

(Ikeda and Sando, 1984, Wackym et al., 1990) which, by its osmotic effect, may 

additionally interfere with inner ear homeostasis and contribute to EH formation or 

augmentation (Spratley et al., 2000). 
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Studies assessing human specimens with MD have not revealed a homogeneous 

distribution of EH, but a universal involvement of structures of the inferior compartments 

of the inner ear (the saccule and the cochlea) with a less-frequent involvement of the 

superior sections (the utricle and the SCC canals) (Okuno and Sando, 1987). The orderly 

pattern of lesions further indicates that the disease probably proceeds in stages, starting 

as a mild distension in the cochlear apex, progressing serially through the adjacent 

chambers with more pronounced degrees of membrane distension, herniation and rupture, 

and eventually reaching the canal system (Pender, 2014). This degree of distension 

appears to be related to the mechanical compliance of membranous components of the 

inner ear (Wit et al., 2000), with higher compliance (mechanically weaker membranes) 

in the saccule and lower compliance (mechanically stronger membranes) in the SCCs 

(Salt and Plontke, 2010). Recent studies using magnetic resonance imaging (MRI) were 

also in line with these histopathologic findings (Zou et al., 2005, Nakashima et al., 2007, 

Naganawa et al., 2008, Naganawa and Nakashima, 2014).  

Morphologically, under light microscopy, EH can be consistently found, but other 

special features, either in the cochlear sensory hair cells or in the innervation patterns are 

not detectable. As such, it can reasonably be assumed that the symptoms of MD may 

involve additional ultrastructural or biochemical factors (Schuknecht, 1993). 

At the ultrastructural level, previous studies have revealed minimal changes in the 

cochlear hair cells, such as fusion of stereocilia or displacement of outer hair cells 

towards the basilar membrane, with loss of contact with the cuticular plate (Kimura et al., 

1976, Nadol and Thornton, 1987). These lesions, by themselves, may disable the cochlear 

amplifier function of the outer hair cells, leading to hearing loss. Other studies, such as 

those by Tsuji et al. (Tsuji et al., 2000), also showed a significant reduction of type II hair 

cells in all five vestibular end organs, and of vestibular ganglion neurons, as well as a 

marked neuronal loss in the spiral ganglion, in both the ipsilateral and contralateral ear in 

patients with unilateral MD (Kariya et al., 2007). Neural fiber loss in the spiral osseous 

lamina (Spoendlin et al., 1992) and a reduced number of afferent nerve endings and 

synapses at the bases of inner and outer hair cells have been observed, in addition (Nadol 

and Thornton, 1987). Interestingly, the damage to ganglion cells rather than the damage 

to sensory hair cells has been previously associated as a main factor related with the 

initiation and progression of symptoms (Conlon and Gibson, 2000, Yamamoto et al., 

2010). Not less important is the fact that the stria vascularis in hydropic temporal bones, 

was found to be atrophic, with a smaller area, and showing scanty blood vessel density 



 18 

(Kariya et al., 2009). 

Rationally, endolymphatic hydrops has been frequently classified as embryopathic, 

acquired or idiopathic (Schuknecht and Gulya, 1983). Embryopathic hydrops is rare and 

has been frequently associated with Mondini dysplasia (Schuknecht and Gulya, 1983). 

The acquired type results from a previous aggression to the inner ear, namely after trauma 

(e.g. temporal bone fracture) or after an inflammatory incident (e.g. viral, bacterial or 

spirochetal) (Brandt, 2003). The unknown aetiology of the idiopathic type characterizes 

MD (Campelo and Caroça, 2016). 

In sum, hydrops seems to be required for MD, but it is necessary to emphasise that 

not every EH is MD. However essential, isolated EH, with all the above-mentioned 

structural and ultrastructural features is, itself, probably not sufficient to produce the full 

clinical expression of MD. Perhaps concurrent factors are necessary to convert an 

asymptomatic hydrops into a symptomatic MD. 

 

I.5. Aetiologic factors of the disease 
 

Over the years, information regarding inner ear homeostasis and its disturbances 

has been mostly gathered by the observation of diverse animal models of EH (Salt and 

Plontke, 2010). Recent research has provided evidence that challenges the original 

hypothesis of imbalance between endolymph secretion and resorption. Reportedly, 

measurements of the endolymphatic flow, in guinea pigs, have shown that the volume of 

secreted endolymph, as well as the rate of its flow, appear to be insufficient to have a 

relevant physiological significance (Salt and Ma, 2001, Hietikko, 2013).  

The pathogenesis of MD is complex, and it appears that many factors may have an 

impact in endolymph homeostasis. Therefore, the precise etiology is likely multifactorial, 

with possible lines including anatomic, genetic, inflammatory and immunologic, viral, 

vascular, metabolic and psychological factors (Saeed, 1998, Rauch, 2010). Also, 

disturbances of barometric, osmotic, hydrostatic and perfusion pressures may also play a 

role, as contributing factors in MD (Rauch, 2010).  

This probable variability concerning aetiological factors may, naturally, in the 

future and if well established, have significant consequences on how MD patients are 

approached, evaluated and treated. 
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I.5.1. Aquaporin/vasopressin system and EH 

The importance of water and ion channels in the development of EH has been 

widely debated with the aquaporin water channel family amongst the most studied, as 

several genes are expressed in the endolymphatic sac (Ishiyama et al., 2006). Takeda et 

al. (Takeda et al., 2000) suggested a role of vasopressin in the development of EH, as its 

administration, in guinea pigs, resulted in EH and, according to Sawada et al. (Sawada et 

al., 2002), these effects are thought to be mediated via aquaporin 2, as its activity is also 

augmented. Furthermore, increased plasma levels of vasopressin and vasopressin type 2 

receptor mRNA expression, in the endolymphatic sac, have been documented (Sawada et 

al., 2002). In line with this, a vasopressin antagonist has been shown to reverse the 

hydrops caused by endolymphatic sac ablation (Takeda et al., 2003). However, further 

information seems to be indispensable before more definitive conclusions can be drawn 

(Hietikko, 2013). 

 

I.5.2. Hormonal factors 

The hypothesis of hormonal regulation of the auditory system has been addressed 

(Al-Mana et al., 2008). As described above, higher levels of vasopressin (Takeda et al., 

2010), apparently greater in the acute phase rather than during remissions, have been 

revealed (Aoki et al., 2007, Kakigi and Takeda, 2009). Additionally, higher cortisol levels 

(Aoki et al., 2011), prevalence of hypothyroidism (Brenner et al., 2004) and 

hyperprolactinemia (Horner et al., 2002) further underline the potential role of hormones 

in inner ear dysregulation. 

 

I.5.3. Oxidative stress 

The role of oxidative stress in the pathogenesis of MD has been studied, in addition, 

(Semaan et al., 2005) and an increased expression of nitric oxide (NO) synthase II, an 

enzyme that produces NO in the inner ear which is known to act as possible trigger of the 

mitochondrial pathways of apoptosis (Bras et al., 2005, Sinha et al., 2013), has been 

observed (Michel et al., 2000). Curiously, during the course of EH, a loss of the 

stereocilia of the hair cells has been observed, followed by a loss of outer and inner hair 

cells (Albers et al., 1988, Horner et al., 1988), as well as spiral ganglion cells. According 

to Momin and Nakashima (Momin et al., 2011, Nakashima et al., 2016), these alterations 

could be explained by a neurotoxicity model, in which EH-mediated stress and the 
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activation of reactive oxygen species and NO synthase may trigger apoptosis. However, 

no definite evidence still exists, and further studies are needed. 

 

I.5.4. Immunological mechanisms and allergy 

According to Bovo et al. (Bovo et al., 2006), many details support the role of 

immunological mechanisms on MD, such as the association with human leukocyte 

antigen (HLA) types, the elevated levels of certain antibodies, the increased prevalence 

of autoimmune diseases or the positive response to corticosteroids treatment. Although 

distinct HLA types have been associated (Koyama et al., 1993, Yeo et al., 2002, 

Melchiorri et al., 2002, Khorsandi et al., 2011), results are actually inconsistent and no 

HLA type associations have yet been replicated (Hietikko, 2013). Antibody production 

in the inner ear has also been demonstrated in numerous studies (Harris, 1983, Harris, 

1984), as well as the fact that the endolymphatic sac is capable of generating an immune 

response (Alleman et al., 1997, Mamikoglu et al., 2002, Fuse et al., 2003). The widely 

discussed involvement of antibodies against the heat shock protein 70 produced unclear 

results, with contradicting conclusions (Rauch et al., 1995, Atlas et al., 1998, Rauch et 

al., 2000, Garcia Berrocal et al., 2002), analogously to what has been described on the 

role of collagen type II antibodies (Herdman et al., 1993, Muino et al., 1999). In spite of 

many descriptions, no definite autoantibody was exclusively found in MD or common to 

all patients, though further studies with mass screening using candidate antigen-antibody 

reactions are needed to determine the true prevalence of autoimmune mechanisms (Kim 

et al., 2014). 

Additionally, Gazquez et al. (Gazquez et al., 2011) presented data supporting 

subjacent immunological mechanism in MD, such as an increased prevalence of systemic 

autoimmune diseases like rheumatoid arthritis, systemic lupus erythematosus and 

ankylosing spondylitis. 

Reinforcing this hypothesis is the circumstance that, over the years, several studies 

have reported the benefits of steroids in subpopulations of MD patients (Herraiz et al., 

2010, Phillips and Westerberg, 2011, Patel et al., 2016). 

The potential association of allergy and MD, was first referenced in 1923 (Duke, 

1923). Among cross-sectional surveys, the prevalence of allergy has been described as 

three times higher in those with a history of MD (Derebery, 2000) with elevated 

immunoglobulin E levels (43.3% MD vs. 19.5% controls) being frequently detected 
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(Keles et al., 2004). References to both inhalant and food allergies have also been 

depicted, with gliadin (wheat) as the most frequent (Derebery, 2000). 

The hypothesis that the endolymphatic sac could act as a target for allergic activity, 

based on the presence of histamine receptors, has also given support to the allergic theory. 

In fact, animal models developed by Dagli et al. (Dagli et al., 2008) have shown immune-

histochemical evidence of Histamine (H) 1 and H2 receptors and weak immune-reactive 

H3 receptors. Derebery and Berliner (Derebery and Berliner, 2010) have actually 

proposed three theories relating allergy to MD, focusing on inflammation within the 

endolymphatic sac: a) a fenestrated blood supply allowing antigen entry, leading to mast 

cell degranulation and inflammation; b) circulating immune complexes entering 

endolymphatic sac circulation and the stria vascularis, leading to inflammation and 

increased permeability, as well as fluid balance disruption; c) a viral antigen-allergic 

interaction. 

However, Banks et al. (Banks et al., 2012), summarizing the association of allergy 

and MD, concluded that the existing literature was based on cross-sectional or 

observational data only, without a multivariate analysis. Since then, several authors have 

come out against allergy as a likely cause of MD. In any case, an association may be 

plausible, given the scientific evidence and the reported control of symptoms of the 

disease following specific allergy treatment (Weinreich and Agrawal, 2014). 

 

I.5.5. Genetics, cellular and molecular mechanisms 

Certain epidemiologic features indicate a potential genetic component (Nakashima 

et al., 2016), such as the description of familial MD (5–15%), presenting with an 

autosomal dominant pattern with 60% penetrance (Morrison, 1995, Morrison and 

Johnson, 2002, Morrison et al., 2009). Comparative studies have also reported an earlier 

onset and longer spells of vertigo in familial cases (Hietikko et al., 2014) and homozygote 

twins have been described as having a ten-fold the risk for MD (Morrison, 1995). 

More precisely, what most studies seem to reveal is that, in a less expressive genetic 

disorder with complex polygenic changes, the alleles only contribute to a moderate risk 

for the expression of the disease but, the resulting interaction between all result into a 

relative increased risk. When different risk alleles come together, symptoms develop, and 

the full phenotype picture would be present only in individuals carrying all the risk alleles. 

Early studies, based on linkage analyses, identified putative loci (for example, 14q11–13, 

12p12.3 and 6p), although subsequent sequencing did not reveal an allelic mutation in 
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any of the proposed candidate genes (Vrabec, 2010). Several candidate genes based on 

single-nucleotide polymorphism (SNP) association studies or direct mutational analysis 

from series of patients with familial MD have also been examined (Lander et al., 2001, 

Altshuler et al., 2010). In the case of EH, genes which are potentially involved in 

maintaining the ionic composition of fluid may be of particularly interest. However, no 

causative mutations have yet been found, such as in AQP2 (encoding aquaporin 2) and 

ALDH7A1 (encoding antiquitin) (Vrabec, 2010, Hietikko et al., 2014) or in the potassium 

channel gene KCNE1, in both sporadic and familial MD (Hietikko et al., 2014). Whole-

exome sequencing has also been used to identify mutations in FAM136A and DTNA 

(Dystrobrevin Alpha) in patients with familial MD (Requena et al., 2015) as well as, more 

recently, in PRKCB , DPT and SEMA3D genes, in single families (Martin-Sierra et al., 

2016). 

Future studies on the identification of susceptibility loci and whole-exome 

sequencing, in larger sample sizes, with robust controls, will probably yield more insights 

about the genetics of MD (Nakashima et al., 2016). 

 

I.5.6. Diet 

For several years, diet has been generally noted as an element that could influence 

the course of MD. According to Miyashita et al. (Miyashita et al., 2017), a low-salt diet 

was recognized as an effective treatment, as it was expected to induce an increase in the 

plasma aldosterone concentration, which could activate ion transport and absorb 

endolymph in the endolymphatic sac. Randomized double-blind, placebo-controlled, 

crossover studies also revealed that the treatment with a reduced intake of small molecule 

carbohydrates (Mangabeira Albernaz and Fukuda, 1984) or with specially processed 

cereals (Leong et al., 2013) appeared to improve the functional level. 

A reduction of caffeine intake (Sanchez-Sellero et al., 2017), as well as alcohol 

have similarly been recommended, as these may cause large fluid shifts through 

physiologic fluid compartments (Rauch, 2010). 

However, well-defined evidence to clarify and defend these data is still lacking. 

 

I.5.7. Atmospheric mechanisms 

Recent studies by Gurkov and Schimdt (Gurkov et al., 2016b, Schmidt et al., 2017) 

suggested that changes in atmospheric pressure and humidity could be also associated 
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with symptom exacerbation, suggesting the existence of a potential triggering mechanism 

in the inner ear.  

 

I.5.8. Migraine 

The particular case of migraine should be specifically addressed, as many authors 

have noted suggestive associations between MD and migraine (Cha et al., 2007, Cha et 

al., 2008). Actually, EH has inclusively been observed in some patients with vestibular 

migraine (Nakada et al., 2014, Nakashima et al., 2016). The prevalence of migraine has 

been described by Radtke et al. (Radtke et al., 2002) as being twice as high in a group of 

patients with MD, than in an age- and sex-matched control group. 

It has been also considered likely that vestibular migraine and MD could both have 

a common mechanism, that leads to similar inner ear symptoms, and have been made 

suggestions that vasospasm or genetic channelopathy may underlie the spells. 

Migraine, however, provides no obvious mechanism for the return of symptoms 

repeatedly to a single ear, because both ears should be equally affected by cerebral blood 

flow changes or neural channelopathies (Cha et al., 2007). 

 

I.5.9. Vascular diseases 

Complementary theories on a systemic etiology for MD have been proposed as 

migraine (Cha et al., 2007), autoimmune disorders (Ryan et al., 2001), syphilis (Miller et 

al., 2010) and neuroborreliosis (Peltomaa et al., 1998) could be linked both to EH and 

MD attacks. 

However, these would, in theory, affect both ears rather than unilaterally. It is 

conceivable that, in unilateral disease, EH could provide that necessary asymmetry. 

Interestingly, all the above-mentioned conditions are also risk factors for 

cerebrovascular diseases, posing an increased risk for intracerebral ischemia (Foster and 

Breeze, 2013). Furthermore, EH has already been shown to impair autoregulation of 

blood flow to the ear (Miller et al., 1995), which would potentiate any impairment in 

perfusion resulting from cerebrovascular disease (Foster and Breeze, 2013). However, as 

previously reported by Kimura (Kimura, 1967), animal models with hydrops alone or 

with impaired perfusion due to venous obstruction alone did not develop attacks of 

nystagmus. In that line, the same author also demonstrated that a model with both EH and 

venous obstruction showed MD-like attacks (Kimura, 1999). As such, a combination of 
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vascular disease with EH would explain the focal nature of the attacks, the occurrence of 

asymptomatic hydrops in younger people who lack vascular disease, as well as the 

increasing development of MD during a patient’s lifespan, in parallel to the common 

course of vascular diseases (Foster and Breeze, 2013). 

The concept that a normal inner ear encloses a host of homeostatic systems is 

currently well accepted. These systems are involved in the production, maintenance, and 

recycling of endolymph and perilymph. The regulation occurs through afferent and 

efferent nerve signaling, afferent and efferent blood flow, intercellular signaling, ion 

cycling, mitochondrial energy metabolism, and other metabolic processes (Rauch, 2010). 

Under normal circumstances, these homeostatic systems are robust enough to maintain 

the inner ear functions of hearing and balance against adverse conditions. It is possible 

that, in a scenario of MD, these essential regulatory functions may be dysfunctional. As 

a consequence of this compromised homeostasis, hearing and balance functions may 

become an easier target for internal and external factors, such as hormonal change, 

allergies, dietary indiscretion, among others. 

In short, as proposed by Rauch (Rauch, 2010), a good definition of an MD ear could 

be that of a fragile ear, where the impairment of one or more homeostatic systems result 

in instability of hearing and balance. 

 

I.6. Animal models 

 

Past studies on the histopathology of human temporal bones have vastly improved 

our understanding of the potential mechanisms of MD (Hallpike and Cairns, 1938, 

Yamakawa, 1938, Altmann and Fowler, 1943, Schuknecht, 1963, Kimura et al., 1976, 

Paparella, 1984, Tsuji et al., 2000). But, the scarceness of samples from confirmed MD 

donors has forced the scientific community to develop animal models to study its 

pathogenesis (Nakashima et al., 2016). 

Following the pioneer work of Kimura (Kimura, 1967), the most widely studied 

EH animal model consists in the surgical ablation of the endolymphatic duct and sac in 

guinea pigs, which leads, over the course of a few weeks, to an increasingly severe 

hydrops. The model is remarkable because, similar to the pathology reported, it exhibits 

a notable EH degree without a major loss of hair cells or apparent damage to the stria 

vascularis. However, there are numerous histopathological lesions that progressively 

develop over time: in the organ of Corti, a gradual loss of outer hair cells’ stereocilia and 
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of the cells themselves, initially in the apical regions (Albers et al., 1988), followed by 

inner hair cells (Kimura, 1967, Albers et al., 1988); damage may also be visible in the 

distended Reissner’s membrane, in which mesothelial cells may be absent and enlarged 

epithelial cells on the endolymphatic surface may be seen (Shinozaki and Kimura, 1980), 

suggesting that the membrane is “stretched” rather than “grown”. Analogous changes 

have been observed in the hydropic human cochlea (Yoon et al., 1991). Finally, in later 

stages, both in animals and humans, a loss of spiral ganglion cells occurs, primarily 

affecting the apical turns (Nadol et al., 1995, Bixenstine et al., 2008). 

Obliteration of the endolymphatic duct and sac in the guinea pig is still the most 

used procedure for producing hydrops in the laboratory setting but, regrettably the model 

is not perfect, as these animals rarely show episodic vestibular symptoms (Kimura, 1982). 

From an anatomical point of view, the guinea-pig model is also particularly 

appealing for the study of the inner ear as, whenever the easily accessible tympanic bulla 

is opened, the cochlea may be clearly observed inside, with its bony cover and with a 

direct access to the round window area, enabling easy inner ear fluids manipulation 

(Albuquerque et al., 2009). 

Other guinea-pig models of EH have been reported, including systemic 

administration of vasopressin or aldosterone in conjunction with partial endolymphatic 

sac obliteration or intratympanic lipopolysaccharide application (Dunnebier et al., 1997, 

Salt and Plontke, 2010), immunization of the middle ear with haemocyanin (Gloddek et 

al., 1992), and vibration trauma and damage to the blood–labyrinth barrier (Zou et al., 

2001, Seki et al., 2001). An interesting transgenic mouse model, a hemizygous Phex 

knockdown mouse, has also been tested (Megerian et al., 2008). 

Although animal models are not a true reflection of the human pathology, they 

represent powerful tools for the investigation of the effects of various interventions aimed 

at halting and potentially reversing the ultrastructural decline that occurs in MD, just to 

name a few (Nakashima et al., 2016). Over the years, laboratory models have provided a 

basic scientific understanding of EH, including the mechanical characteristics and the 

influence of hydrops on inner ear anatomy and function, the cascade of subtle biochemical 

and morphologic alterations that accompanies EH, as well as the possible relationships 

between hormonal disturbances and endolymph volume regulation (Salt and Plontke, 

2010). 
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I.7. Clinical picture and progression 

 

The symptoms originally described by Prosper Ménière (Meniere, 1861) consisted 

in vertigo, SNHL, tinnitus, aural fullness, nausea and vomiting. 

Phenotypic heterogeneity is common, and MD begins with manifestation of the 

whole symptoms in only 27–44% of the cases (Haid et al., 1995, Belinchon et al., 2012). 

According to Pyykko et al. (Pyykko et al., 2013), the development of simultaneous 

cochlear and vestibular symptoms may take several years to occur. More often, patients 

start with vertigo (in 41.2% of patients) with or without tinnitus and aural fullness, 

whereas hearing loss, as the sole symptom, occurs much less frequently (in 15% of 

patients) (Nakashima et al., 2016). 

 

Vertigo 

Vertigo attacks result from an acute vestibular asymmetric function, either after an 

abnormal excitability or a cessation of sensory input from the affected ear (Stahle and 

Bergman, 1967, Bance et al., 1991). The rupture of Reissner’s membrane or another 

region of the membranous labyrinth, due to an excessive endolymph volume and/or 

pressure, has been originally suggested as a cause for vertigo attacks and seemed to be 

mediated by the leakage of potassium-rich endolymph into the perilymph, which could 

depolarize and activate auditory nerve fibers into a pathological firing rate (Schuknecht, 

1976, Kingma and Wit, 2010). In fact, large ruptures of the inner ear membranes 

(Schuknecht, 1990), as well as minor breaches, herniations and scarring, resulting from 

sealed prior ruptures, have been observed. Yet, more recently, MRI studies performed 

immediately after vertigo attacks did not actually reveal clear membrane collapses (Salt 

and Plontke, 2010). 

Consequently, a non-rupture theory has been presented, in which endolymph 

movements inside the endolymphatic space could explain these episodes (Gibson, 2010). 

In support of this theory is the specific explanation of Lermoyez syndrome, a variant of 

MD, in which hearing improves during or immediately after vertigo (Lermoyez, 1919). 

A movement of endolymph from the cochlea towards the semicircular canals, resulting 

in a reduction of EH in the cochlea with hearing improvement (Foster and Breeze, 2013), 

and an increase in the hydrops degree in the semicircular canals, inducing the vertigo 

attack, could support this manifestation (Manzari et al., 2012, Nakashima et al., 2016). 

Hydrophilic glycoproteins may additionally play a role, as its irregular production could 
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cause hydrops and/or sudden changes in endolymphatic flow and, in addition, stagnation 

and backflow of endolymphatic fluid (Söderman, 2002) (Gibson and Arenberg, 1991). 

Stress-induced changes in the levels of hormones have been also considered to influence 

the inner ear (Dunnebier et al., 1997, Mateijsen et al., 2001b). 

Once started, vertigo attacks persist for up to several hours (Lopez-Escamez et al., 

2015) and their frequency has been described as varying from 1–4 attacks a month to 3–

11 attacks a year (Green et al., 1991, Stahle et al., 1991, Havia and Kentala, 2004). 

Initially, vertigo episodes longer than 6 hours are less frequent (Perez-Garrigues et al., 

2008). The rate of patients without vertigo attacks progressively increases over time, even 

without any specific treatment (Green et al., 1991, Tokumasu et al., 1996, Perez-

Garrigues et al., 2008). In fact, it has been described that a recovery of dizziness can be 

expected in 70% of cases within 8 years (Silverstein et al., 1989). 

Besides vertigo, other balance problems can be also observed during the course of 

the disease and may become severe and chronic if patients progress to a unilateral or 

bilateral sustained vestibular hypofunction (Frejo et al., 2016). 

 

Cochlear symptoms 

Ménière’s disease is typically characterized by SNHL that progresses over time. 

The majority of studies suggest that most of this deterioration occurs within the first few 

years, followed by a stabilization after 5-10 years, to an average level of 50–60 dB (Sumi 

et al., 2012).  

In the early stages, fluctuation in hearing is common and the lower frequencies are 

predominantly involved, although high frequencies can similarly be affected at a later 

stage (Equilibrium, 1995). Physiologically, the basilar membrane vibrates mostly at the 

apex of the cochlea, in response to low-frequency waves. At this location, the basilar 

membrane is wider and softer (Hietikko, 2013), seemingly allowing an increased 

distension of the membranes in the presence of EH, which may explain the initial low-

frequency hearing loss (Yamashita and Schuknecht, 1982). In this line, several authors 

(Wu et al., 2016, Salt and Plontke, 2010, Nakashima et al., 2016) have associated the 

threshold of low and middle-tone hearing to an indirect reflection of the severity of EH 

in the cochlea. Nonetheless, a flat type audiogram is the most commonly observed, 

particularly in the long standing MD (Stahle et al., 1991). 

Regarding the laterality of hearing loss, the course is also quite variable. Often, in 

bilateral cases, the patient starts with signs of SNHL in one ear and only develops hearing 
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loss contralaterally after several years (metachronic SNHL) (House et al., 2006). 

However, a significant number of individuals can present with simultaneous SNHL 

(synchronic SNHL). Contralateral ear involvement has been reported to vary between 2-

73% of cases, depending on the interval of follow-up and the diagnostic criteria used 

(Frejo et al., 2016). 

Haid et al. (Haid et al., 1995) reported that 50–74% of MD patients suffered from 

aural fullness, a subjective sensation of pressure in the ear. However, this symptom is not 

exclusive for MD, as it has also been reported by patients with acute SNHL and otitis 

media and the subjacent pathophysiological mechanisms involved are still currently 

unknown (Hietikko, 2013). 

Tinnitus has also been portrayed as a common integrant of the clinical picture of 

MD and is marked as moderately severe and often identified in the low and mid 

frequencies (Romero Sanchez et al., 2010). Its severity appears to be influenced not only 

by the duration and stage of the disease (Havia et al., 2002, Romero Sanchez et al., 2010), 

but also by sleep and psychological factors, such as depression or anxiety (Stephens et 

al., 2012). 

 

Nausea and vomiting 

The presence of vestibulo-vagal symptoms is the rule rather than the exception in 

patients with acute vestibular pathology (Newman-Toker, 2012). Nausea and vomiting 

are very common in MD attacks, being mediated by the activation of the fastigial nucleus 

in the cerebellum and the nucleus of the solitary tract in the brainstem (Lackner, 2014). 

 

Drop Attacks 

Drop attacks or Tumarkin otolithic crisis (Tumarkin, 1936) consist of sudden, 

strong falling spells that may occur in patients with MD, especially in advance stages of 

the disease (Black et al., 1982). Patients experience a sudden loss of balance that typically 

occur without any premonitory warning or aura, and habitually progress without loss of 

consciousness. The patients usually report repeated sensations of feeling as if they were 

pushed to fall, in the same direction (Kentala et al., 2001).  

Pathophysiologically, these attacks have been associated to sudden changes in the 

otolith function or mechanical deformation of the utricle or saccule, due to pressure 

gradients variations within the inner ear (Baloh et al., 1990, Brandt and Dieterich, 1993).  
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Serious drop attacks occur in 6% of patients (Viana et al., 2014) and, despite their 

tendency to spontaneously resolve, they pose extra difficulties in treatment when 

compared with the more typical vertigo attacks (Baloh et al., 1990, Nakashima et al., 

2016). 

 

Staging 

The frequency of vertigo attacks gives a reasonable indication of the severity of the 

disease. The rate of definitive vertigo attacks for 6 months before treatment and for 6 

months between 18 and 24 months after treatment has been used as an indicator to 

evaluate the efficacy of treatment (Equilibrium, 1995).  

Additionally, a subjective assessment of the overall difficulties in daily life - 

functional level scale -  has been divided into six grades of severity (Equilibrium, 1995). 

(Table 2) 

 

 
Table 2 – Functional level scale 

Regarding my current state of overall function, not just during attacks (check the ONE the best 

applies) 

1. My dizziness has no effect on my activities at all. 

2. When I am dizzy I have to stop what I am doing for a while, but it soon passes, and I can 

resume activities. I continue to work, drive, and engage in any activity I choose without 

restriction. I have not changed any plans or activities to accommodate my dizziness. 

3. When I am dizzy I have to stop what I am doing for a while, but it does pass, and I can 

resume my activities. I continue to work, drive, and engage in most activities I choose, but 

I have had to change some plans and make some allowance for my dizziness. 

4. I am able to work, drive, travel, take care of a family, or engage in most essential activities, 

but I must exert a great deal of effort to do so. I must constantly make adjustments in my 

activities and budget my energies. I am barely making it. 

5. I am unable to work, drive, or take care of a family. I am unable to do most of the active 

things that I used to. Even essential activities must be limited. I am disabled. 

6. I have been disabled for 1 year or longer and/or I receive compensation (money) because of 

my dizziness or balance problem. 

Table 2. Functional level scale. American Academy of Otolaryngology-Head and Neck 

Surgery 1995 guidelines for diagnosis and therapy evaluation of MD (with permission of 

AAO-HNS) (Equilibrium, 1995). 
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Other grading systems have been in use, including the subjective assessment of the 

patient’s symptoms and the extent to which the disease interferes with the patient’s daily 

life and hearing (Nakashima et al., 2016).  

However, it is surprising that in a disease which expresses itself by intense episodes 

of vestibular dysfunction, the evaluation of vestibular function, either clinical or 

instrumental, has seldom been used (Huang and Young, 2015) and is absent in the most 

recent diagnostic guidelines. 

Hearing loss has been also employed in the staging of MD by a four level ranking 

of severity (Equilibrium, 1995). (Table 3) 

 

 
Staging of MD 

Stage Four-tone average (dB) 

1 ≤25 

2 26-40 

3 41-70 

4 > 70 
Staging is based on the four-tone average (arithmetic mean rounded to the nearest whole number) of the pure-tone thresholds 

at 0.5, 1, 2, and kHz of the worst audiogram during the interval 6 months before treatment. This is the same audiogram that is 

used as the baseline evaluation to determine hearing outcome from treatment. Staging should be applied only to cases of definite 

or certain MD. 

Table 3. Staging of definite and certain Meniere's disease. American Academy of 

Otolaryngology-Head and Neck Surgery 1995 guidelines for diagnosis and therapy 

evaluation of MD (with permission of AAO-HNS).(Equilibrium, 1995) 

 

 

Differential diagnosis 

Ménière’s disease is a condition which involves a significant degree of variability, 

presenting additional difficulties in its diagnosis. A list of disorders which may mimic 

MD is presented in Table 4 (Lopez-Escamez et al., 2015). 
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Differential diagnosis of Ménière’s disease 

Autosomal dominant sensorineural hearing loss type 9 (DFNA9) caused by COCH gene 

Autosomal dominant sensorineural hearing loss type 6/14 (DFNA6/14) caused by WSF1 gene 

Autoimmune inner ear disease 

Cerebrovascular disease (stroke/TIA in the vertebra-basilar system/bleeding) 

Cogan’s syndrome. Some cases may have recurrences. 

Endolymphatic sac tumor 

Meningiomas and other masses of the cerebellopontine angle 

Neuroborreliosis 

Otosyphilis 

Susac’s syndrome 

Third window syndromes (Perilymph fistula, canal dehiscence, enlarged vestibular aqueduct) 

Vestibular migraine 

Vestibular paroxysmia (neurovascular compression syndrome) 

Vestibular schwannoma 

Vogt-Koyanagi-Harada’s syndrome 

Table 4. Differential diagnosis in Ménière's disease. American Academy of 

Otolaryngology-Head and Neck Surgery 1995 guidelines for diagnosis and therapy 

evaluation of MD (with permission of AAO-HNS).(Equilibrium, 1995) 

 

I.8. Epidemiology 

 

The variability and degree of uncertainty given by the diagnostic criteria of MD, in 

addition to the diversity of the distinct populations analysed, have led to epidemiological 

studies in which the incidence of this disease (Nakashima et al., 2016) was as different as 

8.2 to 157 per 100.000 (Alexander and Harris, 2010). Also, the prevalence of MD has 

been described as varying widely from 34 to 270 per 100.000 (Alexander and Harris, 

2010, Tyrrell et al., 2014, Lopez-Escamez et al., 2015). 

A gender variance has often been reported, with the female/male ratio ranging from 

1.3/1 in Japan (Shojaku et al., 2005), to 4.3/1 in Finland (Havia et al., 2005), a fact that 

could conceivably be explained by a hormonal influence (Nakashima et al., 2016). 

The age of onset ranges from the third to the seventh decades of life, with peaks at 

40–50 years, with greater odds ratio (O.R.) for older subjects (adjusted O.R. per 10-year 

increase: 1.5), white ethnicity (O.R. 1.7) and severe obesity (OR 1.7) (Tyrrell et al., 2014, 

Lopez-Escamez et al., 2015). Quite infrequently, children can also be affected, from 0.4% 

to 7.0% (Choung et al., 2006), and cases as young as 4 years of age have been reported 
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(Brantberg et al., 2012, Nakashima et al., 2016). 

The overall frequency of bilateral disease is around 24%, of which 11% are present 

from the very beginning (House et al., 2006). The progression of a unilateral disease to 

bilateral occurs in up to 35% of patients, within 10 years and reaches 47%, within 20 

years (Huppert et al., 2010, Nakashima et al., 2016). Thus, it is implicit that the prevalence 

of bilateral disease increases with age and duration (Havia and Kentala, 2004). 

Greater odds of reporting at least one comorbid condition, such as allergy, immune 

or autoimmune dysfunction (Derebery and Berliner, 2000, Tyrrell et al., 2014) have been 

also presented. Furthermore, MD has been associated to irritable bowel syndrome (O.R. 

2.1), migraine (O.R. 2.0), arthritis (O.R. 1.8), psoriasis (O.R. 1.8) or gastroesophageal 

reflux disease (O.R. 1.5) (Tyrrell et al., 2014, Lopez-Escamez et al., 2015). 

All told, many aetiologic factors appear to be involved, as well as several conditions 

which affect the progress of the disease. Both these concepts suggest the possibility that, 

in fact, true clinical variants of MD may actually exist. It is thus realistic to speculate that 

these may reasonably express differently, with a distinct symptomatic evolution, as well 

as showing diverse responses to the current available treatments. 

 

I.9. Clinical evaluation 

 

Vertigo attacks may have an overwhelming impact on the health-related quality of 

life. As stated before, it is surprising that the evaluation of vestibular function is not 

referenced in the proposed routine or in the staging systems in use but, the limitations in 

the methods of assessment or the fluctuating nature of the disorder, observed in previous 

vestibular function studies, may explain it (Soto et al., 2004, Adams et al., 2010). As such, 

in order to adequately evaluate the status of the vestibular function, the identification of 

a consistent pattern of responses could be extremely helpful but, regrettably, it has been 

difficult to achieve. 

Clinical vestibular examination, such as the search for spontaneous nystagmus 

(SN), post head-shake nystagmus (HSN), head impulse test (HIT) and mastoid vibration 

induced nystagmus (VIN), is the first approach to the patient with dizziness, does not 

need special equipment and can be very helpful in the diagnosis of patients with any kind 

of vestibular disorder (Goebel, 2001). 

In the particular circumstance of MD, which clinically expresses itself with a 

substantial variability, the applicability of these different tests, grouped as a test battery, 
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could presumably offer valuable information on the status of vestibular function, if used 

systematically and at different time-points and, ultimately, reduce the irregularity of the 

responses often observed. 

An episode of acute vertigo in MD is characterized by a typical peripheral SN that 

is unidirectional, obeys Alexander’s law, and is enhanced in the dark. In contrast to other 

peripheral vestibular disorders, the nystagmus could first beat towards the affected ear 

(irritative nystagmus) and, within seconds to minutes, change, and beat towards the 

healthy ear (paretic nystagmus) and finally, change direction once more, to beat to the 

affected ear (recovery nystagmus). This sequence of direction changes, in SN, has only 

been reported in MD (Bance et al., 1991, Welgampola et al., 2015). However, a persistent 

vestibular paresis can be also observed and is frequently seen outside the vertigo episodes 

(Baloh and Kerber, 2010). In a serial vestibular testing analysis, SN was frequently found, 

even within 24 hours after an acute attack. Curiously, among patients with classic vertigo 

attacks and clearly weakened caloric responses, SN was about equally distributed 

between paretic and recovery directions. It is also to be noted that patients with atypical 

attacks of vertigo tended to have no SN after an attack, and either normal or only 

moderately depressed caloric responses (Proctor, 2000). Other authors have attempted to 

identify patterns of vestibular dysfunction of specific labyrinthine disorders, in particular 

MD, with highly variable results (Dayal et al., 1988, Funabiki et al., 1999, Kingma et al., 

2000, Dimitri et al., 2001, Mateijsen et al., 2001a, Carey et al., 2002). 

Post head-shake nystagmus is a transient nystagmus, evoked by horizontal head 

shaking, and is considered to indicate the presence and localization of a vestibular 

dysfunction. An initial slow phase of HSN towards the lesioned side is generated by an 

asymmetric peripheral vestibular input and a central-velocity storage mechanism that 

may perseverate the peripheral vestibular signals, with the subsequent reversal phase 

indicating adaptation of primary vestibular afferent activity. In patients with unilateral 

peripheral vestibular lesions, the initial slow-phase component of HSN is directed 

towards the lesioned side, followed by a prolonged reversal phase towards the opposite 

side (Hain et al., 1987). About 68% of MD patients showed pathologic HSN, compared 

to only 43% who showed pathologic canal paresis, indicating that the HSN test is 

sensitive enough to detect vestibular dysfunction (Kim et al., 2013). Post head-shake 

nystagmus also tended to beat toward the lesion side during the irritative phase (80.0%) 

and towards the healthy side during the paretic phase (82.9%) (Lee et al., 2015). 
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The HIT is an additional exam which is based on the VOR function and consists of 

an evaluation of the ocular movement in response to a rapid movement of the head. When 

unilateral vestibular weakness exists, the eyes drift in the same direction as the head, and 

then compensatory refixation saccades are used to reset the visual fixation on the target. 

The test is considered pathologic when refixation saccades are observed in, at least two 

of the three repetitions (Halmagyi and Curthoys, 1988, Perez and Rama-Lopez, 2003). Its 

major drawback is the fact that it is a subjective clinical sign of canal paresis as there is 

no objective verifiable record of how exactly the patient performed, although this 

disadvantage was recently solved with the video HIT (Halmagyi et al., 2017). But, 

according to Park et al. (Park et al., 2005), high velocity canal function is substantially 

preserved in subjects with active vertigo MD attacks and the HIT may not be as sensitive 

as the traditional caloric testing, since a 50% decreased on the VOR appears to be needed 

to get a positive result (Hamid, 2005). 

Vibratory stimuli applied either to the mastoids, forehead or even to the neck 

muscles may induce nystagmus in patients with peripheral or central vestibulopathies. 

Because of simultaneous stimulation of the vestibular receptors on both sides, the 

presence of VIN is considered to represent an asymmetrical peripheral vestibular input in 

peripheral vestibular disorders (Lee et al., 2015). The VIN was more frequently induced 

during the irritative phase (63.7%) and more likely to beat towards the healthy side 

irrespective of the phases evaluated (84.3%). Directional dissociation may occur between 

HSN and VIN, especially during the irritative phase, when HSN mainly beats to the lesion 

side, but VIN is toward the healthy side (Lee et al., 2015). 

The real purpose of this examination is to determine whether any static or dynamic 

vestibular imbalance occur. Given the distinct methods and frequencies of stimulation, 

we may often unexpectedly observe responses that may point to different conclusions, 

even in the same patient and time point, which sometimes is complicated. As such, a 

grouped assessment of these tests would be a valuable tool to have a broader picture of 

MD patients’ overall vestibular function. 

 

I.10. Instrumental evaluation 

 

MD diagnosis is performed on a clinical basis, after medical history and inner ear 

functional tests, such as audiometry (Lopez-Escamez et al., 2015). As a recognized 

vestibular disorder, it should be supplemented with an inner ear vestibular functional 
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evaluation and, bedside examination should, at least primarily, play a role, for the 

valuable information it could contribute. 

There is no specific functional test for MD and the most frequently applied ones try 

to comprehend most of the sensory structures and consist in audiometry, 

electrocochleography (ECochG), vestibular evoked myogenic potentials (VEMP) and 

caloric testing (Nakashima et al., 2016). 

 

Audiometric evaluation 

Definite MD diagnosis must include an audiometrically documented low to 

medium frequency SNHL in one ear, defining the affected ear, on at least one occasion, 

before, during or after one of the episodes of vertigo (Lopez-Escamez et al., 2015). Low-

frequency SNHL is defined as increases in pure tone thresholds for bone-conducted sound 

that are higher in the affected ear than the contralateral one by at least 30 dB HL, at each 

of two contiguous frequencies below 2000 Hz. In cases of bilateral low-frequency SNHL, 

the absolute thresholds for bone-conducted sound must be 35 dB HL or higher, at each of 

two contiguous frequencies below 2000 Hz. If more than one audiogram is available, 

demonstration of the recovery of low-frequency SNHL, at some point in time, further 

supports the diagnosis of MD. SNHL can also involve middle and high frequencies, after 

several episodes of vertigo, leading to pan-tonal hearing loss (Lopez-Escamez et al., 

2015). 

 

Electrocochleography  

Hornibrook et al. (Hornibrook, 2017) recently stated that ECochG is a method by 

which electrical activity of the cochlea and the acoustic nerve are directly recorded in 

response to an acoustic stimulation. It has been often underestimated, as it can be difficult 

to obtain sustainable responses, unless a minor invasive procedure is undertaken that 

involves a transtympanic  (TT) electrode placement in the middle ear (Gibson, 2017). 

Gibson et al. (Gibson et al., 1977) were the first to describe an abnormality of the 

EcochG in ears affected by MD and subsequent studies suggested that an increased 

summating potential/action potential amplitude ratio was diagnostic for MD (Coats, 

1981b, Coats, 1981a, Gibson et al., 1983, Camilleri and Howarth, 2001). 

Attempts have been made to use extratympanic electrodes but, with this less 

invasive technique and click stimulus, the specificity and sensitivity of the tests were 

unfortunately poor. However, Gibson (Gibson, 2017), using long tone bursts, as well as 
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combining different stimulation frequencies (500Hz, 1000 Hz, and 2000 Hz), was able to 

increase the sensitivity of the test to 80%, meaning that 8 out of 10 patients could be 

diagnosed of MD confirmed by TT ECochG. Transtympanic tone burst ECochG has been 

considered, by many, the simplest and most sensitive test to diagnose cochlear hydrops 

and to confirm a diagnosis of MD (Gibson, 2009, Claes et al., 2011, Hornibrook, 2017). 

 

Vestibular evoked myogenic potentials 

The VEMP assess the integrity of the saccule (cervical VEMP - cVEMP) and the 

utricule (ocular VEMP - oVEMP) (Welgampola and Colebatch, 2005, Rosengren et al., 

2010).  

As stated by Maheau et al. (Maheu et al., 2017), the saccule is one of most common 

inner ear structures affected by EH, consequently the cVEMP could be of use in its 

identification. The asymmetry ratio of cVEMP amplitudes appears to correlate with the 

stage of the disease (Nakashima et al., 2016), as enhanced cVEMP responses in the 

affected ear were observed in early stages and reduced as the disease progresses (Young 

et al., 2002, Maheu et al., 2017). Higher thresholds have also been considered by van 

Tilburg et al. (van Tilburg et al., 2016) as an effective outcome measure to both track 

progression and distinguish between MD and migraine. 

The time of the stimuli as well as the frequency tuning curve also appear to affect 

VEMP results. According to Maheu et al. (Maheu et al., 2017), in healthy individuals, 

responses have been shown to be more sensitive to low frequencies as, for both oVEMP 

and cVEMP, 500 Hz tone-burst evoked larger amplitudes and lower thresholds. However, 

studies that evaluated the frequency tuning of cVEMP responses, suggested that a shift 

from lower (500 Hz) to higher frequencies (750 Hz and 1000 Hz) could be useful in 

identification of the disease and agreed that the 500/1,000 Hz ratio was able to distinguish 

between MD and healthy individuals, as well as between affected and unaffected ears of 

individuals with MD. 

Ocular VEMP testing has been used to test utricular function although, in the 

specific context of MD, this evaluation is rather more limited than that of the saccule. 

Wen et al. (Wen et al., 2012) described that augmented oVEMP might result from an 

increase in the endolymph pressure. 

In spite of presented evidence and the association between VEMP and the degree 

of EH on inner ear MRI, (Katayama et al., 2010), other studies support the idea that the 
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common overlap of the results from MD patients and normal controls limits its use as a 

sole reliable diagnostic test (Johnson et al., 2016). 

 

Dehydration tests 

The key concept underlying these methods was that the inner ear could be 

influenced by the administration of diuretics, especially glycerol or furosemide, as it 

might reduce EH and/or the intralabyrinthine pressure (Klockhoff and Lindblom, 1967). 

This concept has been applied to different diagnostic techniques, such as audiometry 

(Wetmore, 2008), ECochG (Fukuoka et al., 2012) or VEMP (Oz et al., 2015, Murofushi 

et al., 2016), with generally improved accuracy. Studies have inclusively shown a 

significant improvement in cVEMP amplitude, ranging from 39 to 44%, in MD (Oz et 

al., 2015), and also suggested that this test might be useful to detect the presence of EH 

in the contralateral ear of unilateral MD patients (Seo et al., 2012). 

Interestingly, Basel and Lutkenhoner (Basel and Lutkenhoner, 2013) considered 

that these tests could not only be applied in yes/no decisions, but also serve as a 

quantitative measurement of the fluctuation of the disease. 

 

Caloric test 

The caloric test examines the SCCs function, by detecting a deficient horizontal 

VOR, in response to a very low, non-physiological stimulation frequency. Although not 

a measure for the entire vestibular system, it is a simple method for the evaluation of the 

horizontal SCCs. 

Bithermal calorics have been reportedly abnormal in 42% to 84% of patients and a 

correlation between duration of disease and caloric function, with a progression of overall 

labyrinthine dysfunction over time was noticeable (McMullen et al., 2017). McMullen 

(McMullen et al., 2017) also observed a correlation between the decline in audiometric 

results and caloric function, with time. 

However, Tsuji et al. (Tsuji et al., 2000) rationally explained that in unilateral MD,  

a reduced response could be due to a hydropic expansion of the horizontal canal 

membranous duct, rather than, as was widely assumed, to a loss of vestibular receptor 

function, an idea that was additionally supported after MRI analysis (Choi et al., 2017). 

Otherwise, hydrops does not reduce the endolymphatic flow in response to angular 

acceleration and that is why the VOR gain, during the HIT, is usually not reduced, which 

explains the common dissociation between the two tests. But, with both tests combined, 
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a broader spectrum of horizontal VOR response frequencies could be assessed, as caloric 

test covers the low-frequency range of horizontal VOR function (0.002–0.004 Hz), 

whereas HIT is related to high-frequency stimulation (5–7 Hz) (Blodow et al., 2014). 

Therefore, in accordance with these findings, the caloric test may have a limited role in 

signaling MD, as it only shows a reduced response when the duct expands and will not 

be an indicator of hydrops elsewhere in the vestibular apparatus, apart the horizontal SCC. 

It is possible to speculate that with improvement of imaging technology, enabling 

even better localized measurement of hydrops, it will soon be possible to confirm the 

veracity of this hydrostatic dissipation model (McGarvie et al., 2015a). 

 

Rotatory chair testing 

The rotatory chair test measures vestibular function in the horizontal semicircular 

canal and involves the evaluation of VOR through different stimulation protocols. It has 

been suggested that an abnormal result in phase measurement in two consecutive 

frequencies is the most frequent finding in patients with unilateral MD, independent of 

the severity of the disease (Olson and Wolfe, 1981, Palomar-Asenjo et al., 2006). 

When comparing information from caloric and rotatory chair tests, Palomar-Asenjo 

et al. (Palomar-Asenjo et al., 2006) found that in 45% it was similar, whereas in 55%, the 

information obtained was really complementary and would only expand the knowledge 

in regard to vestibular function. 

 

Video head impulse test (vHIT) 

A different and more recent method to evaluate the functioning of the SCCs is the 

vHIT (Halmagyi et al., 2017), which is an instrumental exam that allows an accurate 

assessment of the VOR (the gain and presence of refixation saccades), by the 

simultaneous evaluation of the head and eye response during random head thrusts, 

allowing a dynamic evaluation of the vestibular function, even in bed-bound patients. The 

function of each and every canal can be measured individually and there is little 

decrement of the VOR with age. Also, the variations of the gain for healthy subjects show 

that even small losses of canal function are detectable (McGarvie et al., 2015b). 

In the particular case of MD, it is interesting to note that when comparing caloric 

test and vHIT, poor agreement between both exams was also noted (McGarvie et al., 

2015a, Halmagyi et al., 2017). It is evident now that many patients, and those with MD 

in particular, may have a normal horizontal canal function in vHIT testing and 
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simultaneous reduced or absent caloric responses in the same ear, as explained above. 

Interestingly, some investigators have even suggested that this particular dissociation 

between the vHIT and caloric test results could be a typical finding in MD (McCaslin et 

al., 2014, McCaslin et al., 2015, Cerchiai et al., 2016, Halmagyi et al., 2017). 

Zulueta-Santos et al. (Zulueta-Santos et al., 2014) demonstrated that gain reduction 

was associated with the disease duration and amount of hearing loss and that the 

distribution of abnormal results was also not uniform between different canals in each 

patient, as the most frequent gain reduction is obtained for the posterior canal. 

Remarkably, if a patient has been treated conservatively, an overall analysis has 

revealed that high-frequency VOR is naturally preserved, even in late stage MD (Cerchiai 

et al., 2016). In contrast, after destructive treatments, such as intratympanic gentamicin 

(ITG), the VOR parameters, when instrumentally evaluated by magnetic scleral search 

coil systems, have been reported to be reduced (Carey et al., 2002, Lin et al., 2005). This 

is why the vHIT could accurately be used to quantify the absolute level of canal function 

after vestibule-toxic treatments, such as systemic gentamicin, as well as measure bilateral 

loss of vestibular function (Halmagyi et al., 2017).  

In this line, it is thus conceivable to speculate that, in the near future, vHIT could 

also become a valuable instrument to, in a clinically valid mode, estimate the amount of 

damage, as well as predict the optimal point of disease control in a common MD 

treatment, such as ITG. If so, this would unquestionably become an invaluable tool to 

improve the desired outcomes but also, and not of lesser importance, to avoid undesirable 

side effects. 

 

I.11. Inner ear imaging 

 

The ability to detect inner ear structural changes in vivo, such as the degree of EH, 

has been a longtime target for understanding the true relationship between EH and MD. 

During the last decade, the technology for the visualization of EH using MRI techniques 

has reached a level of accuracy to show EH in clinically defined MD, originally using 

off-label IT Gadolinium (Gd) (Nakashima et al., 2007, Ishiyama et al., 2015). 

In the following years, the development of separate visualization of the endo and 

perilymphatic compartments, with intravenous contrast with Gd, by Zou et al. (Zou et al., 

2005), Naganawa et al.(Naganawa et al., 2008) and Nakashima et al.(Nakashima et al., 

2007, Naganawa and Nakashima, 2014)), as well as specific algorithms using Fluid 
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Attenuation Inversion Recovery sequences (FLAIR), also demonstrated minute amounts 

of contrast agent in the inner ear (Naganawa et al., 2010, Gurkov et al., 2016a) allowing 

for the EH diagnosis, as such. More recently, the development of a positive endolymph 

image method, which visualizes endolymph as a bright signal and subtraction images 

(hybrid of reversed image of positive endolymph signal and native image of positive 

signal – HYDROPS - images), permitted more easily interpretable images (Naganawa et 

al., 2013). 

This objective and measurable criteria for EH using delayed intravenous Gd MRI 

showed that the degree of EH was significantly correlated with the hearing loss, as well 

as with the duration of the disease (Ishiyama et al., 2015, Wu et al., 2016). 

MRI analysis also revealed that EH was found in nearly 90% of patients with 

possible or probable MD (Pyykko et al., 2013) and that MD patients often showed 

bilateral EH, indicating that the unaffected ear, in unilateral disease, does not look healthy 

in many patients (Pyykko et al., 2013). According to Nakashima (Nakashima et al., 2016) 

and considering the frequency of EH in asymptomatic and symptomatic ears, it is actually 

believed that symptomatic MD is always preceded by asymptomatic EH. After this 

promising and revealing results, it has inclusively been suggested that imaging evaluation 

should be carried out in patients with SNHL, vertigo and tinnitus, to assess the inner ear, 

as this could improve the management and follow-up of the condition (Pyykko et al., 

2013). However, Naganawa and Nakashima (Naganawa and Nakashima, 2014) 

recommend that a more generalized use of easier, standardized and more reliable 

evaluation strategies should be previously established. 

Besides, when discussing MRI imaging, it must be taken into consideration that in 

the routine diagnostic evaluation of MD, MRI must be also included in the test battery. It 

is particular helpful for the exclusion of specific differential diagnostics, namely central 

nervous system pathology. (Table 4) Accordingly, in the most recent diagnostic 

guidelines (Lopez-Escamez et al., 2015), special attention must be given when clinical 

doubt exists, specifically for exclusion of stroke and transient ischemic attack, as the first 

episode of MD may not differ from these, as well as the fact that sudden SNHL associated 

with vertigo may also be caused by a labyrinthine infarction. 
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I.12. Treatment 

 
As the exact ethiopathogenesis remains unclear, the current therapy aims to control 

the symptoms of the condition, namely the severity and frequency of vertigo attacks. 

Overall, there are two types of interventions: 1) those that target a single symptom 

(usually vertigo) by ablating the vestibular end organ; 2) those that aim to modulate the 

disease in terms of reducing the frequency of the attacks (Nguyen et al., 2009, Pullens 

and van Benthem, 2011). 

A number of different treatment modalities, with diverse rates of efficacy have been 

used, ranging from dietary measures (e.g. a low-salt diet) and medication (e.g. betahistine, 

diuretics, corticosteroids) to extensive surgery (e.g. endolymphatic sac surgery, vestibular 

nerve neurectomy). Intriguingly, there are significant differences in the treatment 

regimens between Europe and the United States, as in the former betahistine is more often 

used and, in the latter, low-salt diet, diuretics, and IT injection of corticosteroids and 

gentamicin (ITG) are preferred (Brandt et al., 2009). 

Although a large number of studies have been conducted, an effective evidence-

based therapy has never been established (Thorp et al., 2000).  

 

I.12.1. Treatment of acute vertigo attacks 

Different drugs have been used to reduce the asymmetry in neuronal input during 

vertigo crises. However, these have not proved to be effective on the progression of the 

disease. 

Centrally acting antihistamines with anticholinergic effects have both the effect of 

suppressing the vestibular system, as well as acting as anti-emetics (Lauter et al., 1999, 

Weerts et al., 2014, Nakashima et al., 2016). Drugs like dimenhydrinate, meclizine and 

promethazine are good examples (Foster, 2015, Nakashima et al., 2016). 

Benzodiazepines - diazepam, lorazepam and clonazepam - have also been often used, for 

their γ-aminobutyric acid agonist effect, which is a central inhibitory neurotransmitter, 

and its agonists cause a decrease in neuronal firing throughout the whole brain and in the 

vestibular nuclei in particular (Soto and Vega, 2010). 
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I.12.2. Preventive measures 

 
I.12.2.1. Non-surgical treatment 

 
General measures 

Based on the sense that different factors may challenge the homeostasis of the inner 

ear, general measures should be undertaken, as patients seem to do best if they have a 

consistent daily routine, including regular meals, proper sleep periods, and physical 

exercise. According to Rauch (Rauch, 2010), patients also do better if they care for their 

general health together with their primary care physician and properly manage other 

health issues. 

Only a small group of patients, 5% to 10% of the total, who continue to have 

intractable vertigo, require more invasive therapy (Rauch, 2010) 

 

Diet with salt restrictions and diuretics 

Dietary salt restriction and diuretics have long been considered one of the primary 

treatments, based on the assumption that they interfere with the fluid balance. Both 

measures are still popular, in spite of a historic lack of enough evidence in their support 

(Thirlwall and Kundu, 2006). However, they have been described as achieving vertigo 

control in approximately two-thirds of those who fail with the diet and lifestyle treatments 

(Rauch, 2010) and, in a recent systematic review by Crowson et al. (Crowson et al., 2016) 

it was reported that oral diuretic therapy could be beneficial. 

 

Betahistine 

Betahistine is an H1 agonist and H3 antagonist. It improves the microcirculation by 

acting on the precapillary sphincters of the stria vascularis (Dziadziola et al., 1999), 

reducing the production, as well as increasing the absorption of endolymph. It has been 

in use since 1985 (Meyer, 1985), with a reinforced indication by later meta-analysis 

(Claes and Van de Heyning, 1997, James and Burton, 2001). Yet, recent preliminary 

results of a large, long-term, multicenter, double-blind, randomized, placebo-controlled 

and dose-defining trial (Adrion et al., 2016), revealed that long term prophylactic 

treatment with betahistine dihydrochloride (at daily doses 2×24 mg or 3×48 mg) did not 

change the time course of vertigo episodes related to MD, compared with placebo. 

Placebo intervention, as well as betahistine treatment, showed the same reduction of 
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attack rates over the a 9-month treatment period (Adrion et al., 2016).  Also, the standard 

dose of betahistine (48mg daily) did not have an MRI morphologically-measurable 

beneficial effect on the EH degree in MD patients (Gurkov et al., 2013). In the absence 

of conclusive results, the United States Food and Drugs Administration has not yet 

approved its use. 

 

Systemic corticosteroids 

Oral steroids have been used based on the principle that inflammation or 

immunologic factors may be causative for the disease and, also, that a direct effect on the 

vestibular nuclei may reduce the severity of spells (Rarey and Curtis, 1996, Shirwany et 

al., 1998). An 18-months steroid treatment trial with Prednisone (Morales-Luckie et al., 

2005) reported a 50% reduction in vertigo spell frequency. 

However, when used chronically they may present major undesirable effects, such 

as fluid retention, adrenalcortical and pituitary suppression, diabetes and peptic ulcer, 

cushingoid state, osteoporosis, aseptic necrosis of femoral and humeral heads and, for 

that reason, have not been widely accepted or extensively studied (Doyle et al., 2004, 

Morales-Luckie et al., 2005). 

 

Low pressure devices 

It has been suggested that pressure increase in the middle ear may cause a 

decongestion of the labyrinthine vascular bed or displace the perilymphatic fluid, 

improving the endolymphatic drainage (van Sonsbeek et al., 2015). Based on the 

suggestions that could have a positive effect on EH (Odkvist et al., 2000, Covelli et al., 

2017), a portable device, Meniett (Medtronic Xomedâ, Jacksonville), has been developed 

to administer low-pressure air pulses in the middle ear. However, recent systematic 

reviews (van Sonsbeek et al., 2015), meta-analysis (Zhang et al., 2016) and randomized, 

double-blind, placebo-controlled multicenter trials have demonstrated inconsistent results 

(Russo et al., 2017). 

 

Migraine trigger prevention 

Migraine food triggers may include monosodium glutamate, chocolate, red wine, 

fermented dairy products including yogurt, and aged or pickled foods (Sun-Edelstein and 

Mauskop, 2009). According to Bisdorff (Bisdorff, 2011), trigger elimination is advocated 

for the treatment for migraine-associated vestibular disorders, but controlled studies 
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demonstrating its efficacy in MD are lacking. There is also no expectation that these 

triggers modify hydrops but, they have been often included in dietary regimens, based on 

their empiric effectiveness and by the common association between MD and migraine. 

 

I.12.2.2. Intratympanic (IT) treatment 

 
Studies on the kinetics of IT therapy are scarce and have been restricted to non-

hydropic inner ears. However, pharmacokinetic studies have shown that substances 

applied locally to the middle ear produce significantly higher drug levels in the inner ear 

fluids when compared to systemic applications (Parnes et al., 1999). Furthermore, 

experimental studies, limited to normal animals, have demonstrated that following RW 

irrigation or a single IT injection, intracochlear drug concentrations were also highly 

variable (Hibi et al., 2001, Hoffer et al., 2001, Plontke et al., 2002, Mikulec et al., 2009, 

Salt et al., 2012, King et al., 2013, Shi et al., 2014, Salt et al., 2016, Salt and Plontke, 

2018). This high degree of variability has similarly been reported in humans, which 

makes the study of this topic extremely challenging (Bird et al., 2007, Bird et al., 2011). 

Although increasingly used in the clinical setting, several problems have been 

encountered (McCall et al., 2010). Recent studies, in both experimental animals and 

humans, have demonstrated that drugs may enter the inner ear through both the round and 

oval windows (King et al., 2011, Salt et al., 2012). On this topic, important anatomical 

considerations with the delivery of medication have to be considered, as the RW 

membrane, the primary transfer site of medication from the middle ear to the inner ear, 

has been shown to be obstructed in 29-33% of temporal bones (Silverstein et al., 1997b, 

Alzamil and Linthicum, 2000). The loss of medication via the Eustachian tube, via 

external canal or by sequestration in a portion of the middle ear can also turn middle ear 

application fairly variable (Hoffer et al., 2001, McCall et al., 2010). Additional 

physiologic and pharmacokinetic considerations are potentially problematic as well, and 

processes such as the rate of transfer, inner ear distribution and clearance of the drugs 

have also been observed to be highly variable (Mikulec et al., 2008, Salt et al., 2016). In 

sum, due to a yet incomplete understanding of the inner ear pharmacokinetics, the 

selection of concentration, dosing and calendar for middle ear application have remained 

mostly empiric (Moller et al., 1988, Pyykko et al., 1994, Rauch and Oas, 1997). 
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Furthermore, in the particular case of MD, the EH degree could potentially be an 

additional factor, either in easing or making more difficult the passage to the inner ear, 

whose influence is still undetermined. 

 

IT Corticosteroids 

The specific effect of IT corticosteroids has been addressed (Shea and Ge, 1996) 

on the basis of a likely association with immune-mediated mechanisms (Rarey and Curtis, 

1996, Shirwany et al., 1998). Intratympanic steroid injection presents many advantages 

compared with the systemic delivery (Hamid and Trune, 2008), because higher 

concentrations of the drug can be achieved in the inner ear liquids, with a minimal 

diffusion to the blood stream, making this delivery remarkable, even for patients with 

contraindications for systemic steroid treatment (Herraiz et al., 2010). 

In 2011, a Cochrane review (Phillips and Westerberg, 2011) showed only a single 

trial providing limited evidence to support it in MD. In a later review, based on six 

randomized controlled trials, Syed et al. (Syed et al., 2015) presented evidence supporting 

the effectiveness of IT steroids, in spite of still lacking a consensus on the best drugs, 

doses and treatment protocols. Very recently, Patel et al. (Patel et al., 2016), published a 

randomized, double-blind, comparative-effectiveness trial of IT methylprednisolone 

versus gentamicin in patients with unilateral MD, in which it was concluded that 

methylprednisolone injections are non-ablative and are effective for refractory disease. 

Regrettably long-term efficacy has not yet been demonstrated (Nakashima et al., 2016). 

 

IT Gentamicin 

Intratympanic administration of aminoglycosides, such as gentamicin, has been 

considered as a successful and economical approach for treatment of intractable MD, on 

the basis of a partial/total ablation of the vestibular end organ (Cohen-Kerem et al., 2004). 

Benefits of the procedure include reduction in vertigo without the substantial risks of 

inner ear surgery or its complications such as meningitis, cerebrospinal fluid leak, facial 

nerve damage and also avoidance of a general anesthesia-related procedure. But hearing 

loss is a considerable risk, varying from 0 to 80% (Nedzelski et al., 1992, Rauch and Oas, 

1997, Kaplan et al., 2000, Schoendorf et al., 2001, Pullens and van Benthem, 2011), 

although more recent on-demand protocols have tried to decrease this toxic effect (Salt et 

al., 2008, Manrique-Huarte et al., 2011). 



 46 

It was Schuknecht, in 1957 (Schuknecht, 1957), who first introduced IT 

administered ototoxic drugs. Intratympanic gentamicin, acting as a chemical 

labyrinthectomy procedure, was first tried in 1970, but only became widely used in the 

1990’s, with reported success rates from 83% to 91% (Blakley, 2000, Chia et al., 2004, 

Cohen-Kerem et al., 2004, Bodmer et al., 2007). 

Delivery methods for ITG can include direct injection through the tympanic 

membrane into the middle ear space, placement of a ventilation tube with instillation of 

gentamicin through it or, instillation through an indwelling catheter inserted into the 

middle ear space and placed in the round window niche (Chia et al., 2004). A 

recommended low-dosage gentamicin with large intervals between injections favours 

ITG injection though the tympanic membrane, as the most frequent technique applied 

(Pullens and van Benthem, 2011). However, exploratory tympanotomy with direct 

gentamicin application may be necessary for patients who fail to achieve sufficient 

decrease of vestibular function, even after multiple rounds of ITG. 

The precise mechanism underlying gentamicin control of vertigo and the optimal 

dose to treat MD still remain unclear (Zhang et al., 2013). Hong et al. (Hong et al., 2006), 

showed that gentamicin appears to up-regulate NOS (isoforms n and I) to induce 

oxidative stress in the calyceal afferents of type I hair cells, via nitric oxide 

overproduction  and, accordingly, toxically stimulate hair cell apoptosis (Fessenden and 

Schacht, 1998, Duan et al., 2000) Therefore, the aim of this therapy is to chemically 

damage the diseased labyrinth in order to stop the fluctuating malfunction of the 

vestibular organ, which causes the symptoms of MD, creating an established and enduring 

vestibular hypofunction. 

As a toxic drug, an excessive dosage or a particularly aggressive administration 

procedure can result in undesirable collateral cochleotoxic effects, as hearing loss. 

Moreover, some patients have a predisposition to gentamicin toxicity, which may be due 

to different factors, such as an increased RW permeability, diffusion along the ST or SV 

or a genetic susceptibility to aminoglycosides, causing additional difficulties. 

Despite being increasingly used as earlier publications demonstrate (Cohen-Kerem 

et al., 2004, Martin Sanz and Perez Fernandez, 2004, Nguyen et al., 2009, Pullens and 

van Benthem, 2011, Manrique-Huarte et al., 2011, Syed et al., 2015), the way gentamicin 

acts in the pathologic inner ear with EH has not yet been properly defined. Furthermore, 

a reliable method to estimate an end-treatment point, in order to achieve control of the 
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vertigo crisis with a minimum of collateral effects, either clinical or instrumentally, as 

not yet been developed. 

 

I.12.2.3. Surgical treatment 

 
Endolymphatic sac surgery 

In 1927, Georges Portmann (Portmann, 1927), was the first to propose the drainage 

of the “excess” of endolymph into the mastoid, through the approach of the 

endolymphatic sac. Since then, several modifications of this technique have been 

proposed, such as the endolymphatic sac decompression and the endolymphatic-mastoid 

shunt procedures (Welling et al., 1996, Paparella and Fina, 2002). In 1981, Thomsen et 

al., published a provocative study showing that a sham surgery consisting of a simple 

cortical mastoidectomy was as effective as an endolymphatic sac shunt in controlling 

vertigo in patients with MD, both in the short-term as well as on a long-term basis 

(Thomsen et al., 1981, Thomsen et al., 1996). However, more recently, these findings 

were questioned and re-evaluated by Welling and Nagaraja, (Welling and Nagaraja, 

2000) who reached a different conclusion: at least a short-term vertigo control with 

hearing preservation could be achieved in the endolymphatic sac surgery patients. 

Nowadays, this surgical procedure is still commonly performed in many centers, with a 

small rate of complications, although the end-results are variable, with many studies 

presenting different outcomes (Wetmore, 2008, Pullens and van Benthem, 2011, Sood et 

al., 2014). 

 

Cochleosacculotomy 

Introduced by Schucknecht in 1982 (Schuknecht, 1982), this destructive procedure, 

in which a pick is introduced through the round window, has been applied to patients who 

do not present sound conditions to undergo general anesthesia and to elderly patients who 

compensate poorly after ablative procedures (Teufert and Doherty, 2010). It often results 

in SNHL and, therefore has usually been restricted to patients with pre-existing severe-

to-profound hearing loss (Kinney et al., 1995). Long-term control of the disease has been 

reported to be poor, though (Giddings et al., 1991). 
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Tack procedure 

The tack operation (Cody and McDonald, 1983) was designed to drain endolymph 

into the perilymphatic space, by introducing a stainless-steel tack through the stapes 

footplate. A relief of vertigo from 79% to 92% has been described. (Burgert et al., 1972, 

Cody and McDonald, 1983) Unfortunately, the procedure has been associated with high 

rates of hearing loss (Cody and McDonald, 1983) and is rarely performed nowadays. 
 

Labyrinthectomy 

In the 1950’s, otologists began to carry out a surgical labyrinthectomy (Söderman, 

2002). This technique was effective in treating the vertigo and presented a low risk of 

iatrogenic facial nerve lesions or other adverse effects. The major disadvantage was the 

concurrent and unavoidable hearing loss (House et al., 1984). Nevertheless, some authors 

consider it a rapid and safe procedure for patients with non-serviceable hearing (Gacek 

and Gacek, 1996). The simultaneous performance of labyrinthectomy and cochlear 

implantation has also, recently, proved to be appropriate for the hearing loss rehabilitation 

(Perkins et al., 2018). 

 

Vestibular neurectomy 

When medical or surgical non-destructive procedures do not achieve full control of 

MD, a selective section of the vestibular nerve also suppresses vertigo attacks. Published 

results, after a two-year follow-up of vestibular nerve section are excellent, with a 

complete suppression of vertigo reaching approximately 90% (Silverstein et al., 1997a). 

Further improvements in the selectivity of the surgical technique have also allowed lesser 

risks of cochlear nerve injury and subsequent hearing loss (Kitahara, 2018). 

According to Rah, (Rah et al., 2015) labyrinthectomy or vestibular neurectomy are 

both current options for patients who fail to achieve vertigo control with less invasive 

approaches. But, as the risk for bilateral disease is significant, and since there is no 

biologic marker for bilateral involvement, it has been advocated that patients should not 

undergo an irreversible surgical procedure within the first 10 years after diagnosis 

(Espinosa-Sanchez and Lopez-Escamez, 2016).  

 

Cochlear and Vestibular implants 

Treating MD involves not only the control of vertigo, but also the process of hearing 

and balance rehabilitation. 
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In patients with severe to profound MD-related SNHL, cochlear implantation is a 

viable option for hearing restoration. Lustig and Samy (Lustig et al., 2003, Samy et al., 

2015) showed improved auditory performance following implantation, although the 

outcomes seemed to be slightly inferior to the general population, a result probably 

associated with an increased degree of neuronal injury (McRackan et al., 2014). Even in 

labyrinthectomized patients, investigators confirmed cochlear viability (Kartush et al., 

1990) and good auditory performance after cochlear implantation (Zwolan et al., 1993). 

Vestibular prosthesis implantation has also been already described, in cases of 

severe bilateral vestibulopathy, after MD (Golub et al., 2014, Phillips et al., 2015, 

Guinand et al., 2015), with preliminary results indicating that, in the future, this may 

become a realistic treatment option. 

 

1.12.2.4. Bilateral disease 

 
Conservative measures, such as strict compliance with the avoidance of caffeine 

and alcohol, a consistently low-salt diet, diuretic therapy, and vestibular suppressants for 

acute attacks, are all more important in bilateral MD, because of the limited therapeutic 

options (Nabi and Parnes, 2009). 

Most physicians agree that a destructive procedure is contraindicated in the 

management of the second ear in patients with bilateral disease. But, when conservative 

measures fail, nonablative management, such as intratympanic (Parnes et al., 1999, 

Boleas-Aguirre et al., 2008) and systemic administration (Kitahara, 1991, Hirvonen et al., 

2000) of steroids are an option, as well as endolymphatic sac surgery (Wetmore, 2008). 

Shea et al. (Shea et al., 1994) also reported complete vertigo control using low-dose 

intramuscular streptomycin, with a single patient developing oscillopsia, in spite of the 

destructive nature of the procedure. 

The common risk of profound SNHL and oscillopsia, following complete bilateral 

cochlea-vestibular ablation, renders the management of bilateral MD a challenging task 

(Graham, 1997). Although cochlear implantation may provide acceptable hearing 

rehabilitation for deafened individuals on the one hand, on the other the degree of 

disability resulting from bilateral vestibular hypofunction has a strong negative impact 

on the patient’s quality of life (Semaan and Megerian, 2011). Unfortunately, as earlier 

stated, vestibular implantation still remains an experimental procedure nowadays. 
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The option of vestibular rehabilitation was also recently evaluated in a systematic 

review (van Esch et al., 2017) but, due to inconsistent evidence and to low-quality studies, 

it was inconclusive on whether it could offer a clear positive effect on balance and 

dizziness-related quality of life. 
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As previously stated in the introduction section, the aetiology, physiopathology, 

clinical expression and treatment of MD are not yet fully understood and still remain a 

challenge in daily clinical practice as well as in research.  

In the present thesis, different approaches such as basic science studies, clinical 

research or statistical methodologies were employed in order to try to answer still-open 

questions in the vast field of MD. It was intended to try to better identify and understand 

some of the characteristics of its variable clinical expression, as well as how to clinically 

evaluate the vestibular damage caused by IT gentamicin. The particular influence of 

endolymphatic hydrops on IT treatment was also a focus of research. 

 

The main objectives were:  

 

1. To portray the distinctive phenotypes of patients with bilateral MD and try to identify 

conceivable clinical variants; (Paper I) 

 

2. To characterize and evaluate the usefulness of a broad and systematic vestibular 

bedside examination in unilateral MD and to correlate it with other measures of auditory 

and vestibular function, and the patient’s perceived disability; (Paper II) 

 

3. To try to understand if the EH degree interferes on the permeation of gentamicin into 

the inner ear, following middle ear delivery; (Paper III) 

 

4. To instrumentally assess VOR changes in unilateral MD patients treated with a single 

dose of IT gentamicin, as well as to identify the amount of change that may achieve 

vertigo control in the mid-term follow-up; (Paper IV) 

 

5. To determine how much IT gentamicin interferes with the VOR parameters in 

instrumental HIT and to try to foresee its association with the control of vertigo crisis, in 

order to reach a clear treatment endpoint. (Paper V) 
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Meniere disease (MD) is a heterogeneous clinical condition characterized by sensori-
neural hearing loss, episodic vestibular symptoms, and tinnitus associated with several 
comorbidities, such as migraine or autoimmune disorders (AD). The frequency of 
bilateral involvement may range from 5 to 50%, and it depends on the duration of the 
disease. We have performed a two-step cluster analysis in 398 patients with bilateral MD 
(BMD) to identify the best predictors to define clinical subgroups with a potential different 
etiology to improve the phenotyping of BMD and to develop new treatments. We have 
defined five clinical variants in BMD. Group 1 is the most frequently found, includes 46% 
of patients, and is defined by metachronic hearing loss without migraine and without 
AD. Group 2 is found in 17% of patients, and it is defined by synchronic hearing loss 
without migraine or AD. Group 3, with 13% of patients, is characterized by familial MD, 
while group 4, that includes 12% of patients, is associated by the presence of migraine 
in all cases. Group 5 is found in 11% of patients and is defined by AD. This approach 
can be helpful in selecting patients for genetic and clinical research. However, further 
studies will be required to improve the phenotyping in these clinical variants for a better 
understanding of the diverse etiological factors contributing to BMD.

Keywords: cluster analysis, vestibular disorders, hearing loss, tinnitus, Meniere’s disease, migraine, autoimmune 
disorders, inner ear
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TABLE 2 | Clinical phenotype in sporadic and familial Meniere disease 
with at least 5 years since the onset of the disease.

Variables FMD (n = 52) SMD (n = 258) p-value

Age, mean (SD) 55.5 (12.7) 61.5 (11.1) 0.001
Gender (% women) 34 (65.4) 147 (57.0) 0.28
Age of onset (SD) 39 (12.9) 44.8 (13.1) 0.003

Age of onset ≤40, n (%) 28 (53.8) 96 (37.2) 0.03
Time course (years), 
mean (SD)

16.3 (8.7) 16.3 (9.4) 0.96

Synchronic, n (%) 11 (21.6) 72 (27.9) 0.39
Metachronic, n (%) 40 (78.4) 186 (72.1)
Hearing loss at diagnosis, 
mean (SD)

51.9 (15.5) 56.6 (17.8) 0.092

Headache, n (%) 23 (44.2) 92 (36.1) 0.27
Migraine, n (%) 13 (25.0) 44 (17.3) 0.24
Rheumatoid history, n (%) 10 (20.4) 25 (9.8) 0.048
Hearing stage, n (%)

1 0 (0.0) 4 (1.6) 0.58
2 9 (17.6) 35 (13.6)
3 28 (54.9) 131 (51.0)
4 14 (27.5) 87 (33.9)

Cardiovascular risk
High blood pressure, n (%) 13 (26.5) 93 (39.7) 0.1
Dyslipidemia, n (%) 21 (42.0) 111 (47.6) 0.53
Type 2 diabetes, n (%) 12 (24.0) 41 (17.4) 0.32
Smoking, n (%) 15 (30) 53 (21.5) 0.2

Tumarkin crisis, n (%) 17 (35.4) 63 (25.5) 0.16
Functional Scale, n (%)

1 9 (17.6) 53 (21.3) 0.81
2 15 (29.4) 71 (28.5)
3 10 (19.6) 58 (23.3)
4 7 (13.7) 35 (14.1)
5 7 (13.7) 25 (10.0)
6 3 (5.9) 7 (2.8)

SMD, sporadic Meniere disease; FMD, familial Meniere disease.
Significant p values in bold.

TABLE 1 | List of abbreviations.

AAO-HNS American Academy Otolaryngology – Head Neck Surgery
AD Autoimmune disorders/disease
AIED Autoimmune inner ear disorder
BMD Bilateral Meniere disease
BMD type 1 Metachronic hearing loss
BMD type 2 Synchronic hearing loss
BMD type 3 Familial Meniere disease
BMD type 4 Meniere disease + migraine
BMD type 5 Meniere disease + autoimmune disease
FMD Familial Meniere disease
MD Meniere disease
MRI Magnetic resonance imaging
RCT Randomized clinical trials
SNHL Sensorineural hearing loss
SMD Sporadic Meniere disease
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INTRODUCTION

Meniere’s disease (MD) is a long-lasting disorder of the inner 
ear characterized by episodes of vertigo lasting from 20 min to 
hours, low-to-middle frequencies sensorineural hearing loss 
(SNHL, Table  1), tinnitus, and aural fullness (1). MD patients 
have phenotypic heterogeneity (2), and it is difficult to define the 
outcome of the disease in its early stages. Although the frequency 
of the spells of vertigo is typically greater during the earlier years 
(3–5), balance problems are observed during the course of the 
disease and might become severe if patients progress to a bilateral 
vestibular hypofunction (6, 7). Most of the patients start with 
SNHL in one ear, and it can appear in the other after several years 
(metachronic SNHL) (8), but a significant number of individuals 
show simultaneous SNHL (synchronic SNHL). Bilateral involve-
ment is a major concern for patients because of the loss of vestibu-
lar function, and bilateral SNHL has a significant influence in the 
health-related quality of life in MD patients (9).

Several studies have reported contralateral ear involvement 
between 2 and 73% of cases, depending on the interval of 
follow-up and the diagnostic criteria used. However, if bilateral 
MD (BMD) was defined as the combination of clinical symp-
toms and audiometric tests, the frequency would be 2–47% (7). 
Some studies describe an interval of 5 years where the incidence 
was 10–35% (8, 10–13), while in other studies, with a follow-
up of 10 years or more, the frequency of BMD ranges from 20 
(14–16) to 46% (17). However, more than 20 years of follow-up 
have also been described, and the incidence rate of bilaterality 
rises up to 47% (18–22). Although there is a great disparity in 
the percentage of individuals with bilateral involvement, most 
of the studies highlighted that the number of patients with 
contralateral ear involvement increased with the duration of 
the disease (18, 21, 22).

Several comorbidities have been associated with MD, including 
autoimmune disorders and migraine. So, MD has been previously 
associated with several autoimmune diseases, such as systemic 
lupus erythematous, psoriasis, or rheumatoid arthritis (6, 23), and 
autoimmunity has been suggested as a potential cause in MD (24) 
relying on the results of proteomic studies achieved in small series 
of patients (24–26). However, high levels of circulating immune 
complexes were not found in most of the patients with MD (27). 

Furthermore, autoimmune mechanisms seem to be associated 
with the pathogenesis of some types of SNHL (28, 29), such as 
sudden SNHL (30), promptly progressive bilateral SNHL (31), 
and MD (32–34). Additionally, several genes of the immune 
system have been studied in case–control studies (35–38), but 
they have not been replicated. Moreover, some data suggest that 
allelic variants of MICA and TLR10 genes, involved in the innate 
immune response, may influence the susceptibility and time 
course of hearing loss of MD in European population (39, 40).

Migraine has been consistently found to be more common in 
MD than in the general population in case–control studies (41), 
but it is not clear if this association has any role in the patho-
physiology of MD. Vestibular migraine (VM), the condition of 
episodic vestibular symptoms linked to migraine spectrum (42), 
may occur in some patients concomitantly with MD (43).

Genetic factors are probably relevant in a subset of patients 
with MD. So, familial MD was first described in 1949 by Brown 
(44), and many studies have described familial cases of MD (45). 
The genetic contribution to MD has been recently reviewed 
(46, 47), and there are several evidences to support a genetic 
origin in MD. These evidences include (a) the prevalence is 
higher in European descent population than in Asian (48) or 
African populations (49) and (b) familiar aggregation has been 
observed in 6% in South Korea and 8–9% in Spain (2), being 
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TABLE 3 | Autoimmune diseases and other rheumatoid conditions 
observed in patients with bilateral Meniere disease.

Autoimmune diseases N

Rheumatoid arthritis 10
Fibromyalgia 6
Arthrosis 5
Ankylosing spondylitis 5
Psoriasis 4
Hypothyroidism 3
Sjogren syndrome 3
Type 1 diabetes 2
Rosacea 2
Graves–Basedow disease 2
Systemic lupus erythematous 2
Psoriatic arthritis 1
Autoimmune inner ear disease 1
Polymyalgia rheumatica 1
Inflammatory bowel disease 1
Cogan syndrome 1
Hip synovitis 1
Carpal tunnel syndrome 1
Undetermined 10

FIGURE 1 | Age of onset in bilateral Meniere disease. Distribution of frequencies in familial and sporadic cases shows an earlier onset in FMD.
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DTNA and FAM136A genes involved in autosomal dominant 
familial MD (50).

The aim of this study is to describe the phenotype of patients 
with BMD, including comorbidities such as autoimmune diseases 
or familial aggregation, and to perform a cluster analysis to iden-
tify clinical variants in BMD.

MATERIALS AND METHODS

Subjects
A multicenter, cross-sectional retrospective study was designed, 
including patients with BMD diagnosed and tracked by the 
Meniere’s Disease Consortium. For this, the clinical records of a 
total of 405 patients diagnosed with definite BMD from 16 clini-
cal centers in Spain and Portugal were reviewed in March 2016. 
MD diagnosis was established according to the diagnostic scale 
of the American Academy of Otolaryngology Head and Neck 
Surgery (AAO-HNS) (51). Familial MD (FMD) was defined if 
at least another relative (first or second degree) fulfilled all the 
criteria of definite or probable MD, according to the criteria 
established by the Barany Society International Classification for 
Vestibular Disorders (1). Patients with unilateral MD or bilateral 
BMD with less than 5  years of evolution were excluded of the 
study. Seven patients were excluded because of inconsistent data. 
This study was approved by the Institutional Review Board for 
Clinical Research (PI-13-1242).

Every patient underwent a complete neuro-otological evalua-
tion, including a pure-tone audiometry, an otoscopy, nystagmus 
examination, and a caloric testing. A brain MRI was performed 
to exclude any other possible cause of neurological symptoms. 
Patients with simultaneous SNHL in both ears were considered 
to have synchronic SNHL, while metachronic SNHL was consid-
ered if an interval longer than 1 month between the first and the 
second ear was observed.
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TABLE 4 | Clinical features of sporadic and familial bilateral Meniere disease stratified by the presence of autoimmune disease (AD).

Variables Sporadic MD Familial MD

AD+ (n = 25) AD− (n = 230) p-value AD+ (n = 10) AD− (n = 39) p-value

Age, mean (SD) 61.7 (9.1) 61.6 (11.2) 0.94 56.5 (13.8) 55 (12.4) 0.74
Gender (% women) 18 (72.0) 128 (55.7) 0.14 6 (60.0) 26 (66.7) 0.72
Age of onset (SD) 43.4 (11.0) 45.2 (13.2) 0.5 35.9 (12.3) 40.5 (13.0) 0.31

Age of onset ≤40, n (%) 11 (44.0) 82 (35.7) 0.51 6 (60.0) 19 (48.7) 0.73
Time course (years), mean (SD) 17.4 (8.7) 16.1 (9.6) 0.52 20.7 (8.9) 14 (7.0) 0.01
Hearing loss at diagnosis, mean (SD) 57.5 (18.3) 56.7 (17.8) 0.83 52.3 (15.2) 52 (15.9) 0.96
Headache, n (%) 15 (62.5) 77 (33.5) 0.007 8 (80.0) 14 (35.9) 0.03
Migraine, n (%) 8 (33.3) 36 (15.7) 0.044 5 (50.0) 7 (17.9) 0.05
Hearing stage, n (%)

1 0 (0.0) 4 (1.7) 0.37 0 (0.0) 0 (0.0) 0.32
2 5 (20.0) 30 (13.1) 1 (11.1) 8 (20.5)
3 9 (36.0) 119 (52.0) 4 (44.4) 23 (59.0)
4 11 (44.0) 76 (33.2) 4 (44.4) 8 (20.5)

Cardiovascular risk factors
High blood pressure, n (%) 13 (59.1) 80 (37.7) 0.07 2 (20.0) 10 (27.0) 1
Dyslipidemia, n (%) 12 (50.0) 97 (46.9) 0.83 4 (40.0) 16 (42.1) 1
Type 2 diabetes, n (%) 8 (33.3) 33 (15.8) 0.046 5 (50.0) 7 (18.4) 0.09
Smoking, n (%) 6 (28.6) 47 (21.0) 0.41 3 (30.0) 12 (30.8) 1

Tumarkin crisis, n (%) 6 (27.3) 57 (25.3) 0.8 5 (50.0) 12 (32.4) 0.46
Functional Scale, n (%)

1 4 (17.4) 48 (21.3) 0.94 2 (20.0) 7 (17.9) 0.007
2 7 (30.4) 64 (28.4) 4 (40.0) 11 (28.2)
3 6 (26.1) 52 (23.1) 1 (10.0) 8 (20.5)
4 2 (8.7) 33 (14.7) 0 (0.0) 6 (15.4)
5 3 (13.0) 22 (9.8) 0 (0.0) 7 (17.9)
6 1 (4.3) 6 (2.7) 3 (30.0) 0 (0.0)

Significant p values in bold.
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Clinical variables studied were as follows: gender, duration 
of disease, age of onset, family history of MD, hearing loss at 
diagnosis, hearing stage defined as four-tone average of 0.5, 
1, 2, and 3 kHz according to the AAO-HNS criteria (stage 1, 
≤25  dB; stage 2, 26–40  dB; stage 3, 41–70  dB, and stage 4, 
>70 dB), type of headache (migraine, tension-type headache), 
history of autoimmune disease (AD), cardiovascular risk fac-
tors (high blood pressure, type 2 diabetes, dyslipidemia, and 
smoking), Tumarkin crisis, and the Functional Scale of the 
AAO-HNS.

Statistical Analysis
A descriptive statistical analysis was carried out using SPSS soft-
ware v.22 (SPSS Inc., Chicago, IL, USA). Data are shown as means 
with their SDs. Quantitative variables were compared using 
Student’s unpaired T-test. Qualitative variables were compared 
using crosstabs and Fisher’s exact test. Nominal p-values <0.05 
were considered statistically significant.

We carried out a two-step cluster analysis using log-likelihood 
distance measures, which can detect relationships within a 
complex dataset between patients with multiple distinct charac-
teristics. It tries to identify homogenous groups of cases based on 
the distribution of some variables (input variables). The method 
identifies the groups by running pre-clustering first and then by 
using hierarchical methods to classify and to find the optimal 
number of clusters.

Initially, we selected variables showing differences between the 
clinical groups during the descriptive analysis to test its relevance 
as predictors of clusters. The procedure was iterated several times 

until we found the minimum number of homogenous clusters. 
The final cluster analysis was applied using the four following 
categorical variables: history of autoimmune disease, onset of 
hearing loss (synchronic/metachronic), FMD or sporadic cases, 
and migraine. The four variables included produced a silhouette 
of cohesion and division of 0.8, indicative of good data partition-
ing. Two additional variables were added to the model: age of 
onset <40 years old and gender, although their contribution to 
refine the clustering was limited.

RESULTS

Three hundred ninety-eight patients with BMD were included in 
the study. There were 258 sporadic cases and 52 individuals with 
FMD (20%). Although apparently there were no clinical differ-
ences in the phenotype between sporadic and familial cases, FMD 
had an earlier age of onset (p = 0.003) and a higher prevalence 
of autoimmune comorbidities (Table  2). So, the distribution 
of frequencies for the age of onset showed that the number of 
patients starting before 40 years old was significantly higher in 
the FMD (Figure  1). Table  3 lists the autoimmune comorbid 
conditions found, being rheumatoid arthritis the most common 
in our cohort.

The clinical features in patients with sporadic and FMD were 
stratified according to the presence or absence of autoimmune 
comorbidities. In the sporadic cases, headache and migraine 
were most commonly observed in patients with autoimmune 
background (62.5 and 33%, respectively) compared with patients 
without autoimmune comorbidities (33 and 16%), suggesting 
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TABLE 5 | Clinical features in bilateral Meniere disease according to the 
onset of hearing loss.

Variables Synchronic  
(n = 103)

Metachronic 
(n = 291)

p-value

Age, mean (SD) 61 (11.0) 60.1 (11.9) 0.49
Gender (% women) 63 (61.2) 161 (55.3) 0.36
Age of onset (SD) 46.1 (12.8) 43.5 (13.2) 0.07

Age of onset ≤40, n (%) 39 (37.9) 118 (40.5) 0.73
Time course (years), mean (SD) 14.4 (8.9) 16.2 (8.9) 0.08
Family history, n (%) 39 (39.8) 119 (43.0) 0.64

FMD, n (%) 11 (13.3) 40 (17.7) 0.39
Hearing loss at diagnosis,  
mean (SD)

55.1 (17.0) 55.9 (17.0) 0.71

Headache, n (%) 55 (53.4) 96 (33.3) 0.0004
Migraine, n (%) 25 (24.3) 49 (17.0) 0.11
Rheumatoid history, n (%) 15 (15.0) 35 (12.2) 0.49
Hearing stage, n (%)

1 1 (1.0) 6 (2.1) 0.004
2 27 (26.5) 34 (11.7)
3 42 (41.2) 152 (52.4)
4 32 (31.4) 98 (33.8)

Cardiovascular risk
High blood pressure, n (%) 47 (51.1) 109 (39.9) 0.068
Dyslipidemia, n (%) 53 (55.2) 121 (45.1) 0.097
Type 2 diabetes, n (%) 13 (13.5) 50 (18.5) 0.35
Smoking, n (%) 22 (21.8) 68 (24.5) 0.68

Tumarkin crisis, n (%) 24 (25.8) 69 (24.9) 0.89
Functional Scale, n (%)

1 14 (14.0) 73 (26.0) 0.11
2 29 (29.0) 77 (27.4)
3 26 (26.0) 55 (19.6)
4 12 (12.0) 40 (14.2)
5 16 (16.0) 27 (9.6)
6 3 (3.0) 9 (3.2)

Significant p values in bold.

FIGURE 2 | Age of onset in bilateral Meniere disease according to the type of hearing loss observed.
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a potential association between migraine and autoimmunity in 
patients with sporadic BMD (Table 4).

We also compared patients according to the onset of 
hearing loss (Table  5). One hundred three (26%) individuals 
developed simultaneous hearing loss in both ears (synchronic 
hearing loss, either symmetric or asymmetric), while 291 (73%) 
patients started with hearing loss in one ear and developed 

the hearing loss in the contralateral ear (metachronic hearing 
loss). Figure  2 compares the distribution of frequencies for 
the age of onset in patients with synchronic or metachronic 
hearing loss. There were no clinical differences between them, 
but the occurrence of headache was most commonly observed 
in synchronic hearing loss (p = 0.0004), and the worst hearing 
stage was observed in patients with metachronic hearing loss 
(p  =  0.004).

We performed cluster analysis to identify groups of patients 
with common clinical features in BMD. Figure 3 shows the size 
of the clusters, the relevance of predictors, and the contribution of 
each predictor to define the cluster. The best predictors for clus-
tering were autoimmune history, FMD, migraine, and the onset 
of hearing loss (synchronic/metachronic). Ninety-five patients 
remained unclassified because of incomplete clinical data.

We have defined five clusters for BMD and ranked them 
according to its relative frequency (Figure  4). Cluster 1 is the 
most common, including 46.5% of patients, and it is defined 
by metachronic hearing loss without migraine, sporadic BMD, 
and no autoimmune history. Cluster 2 (17.5%) includes patients 
with synchronic hearing loss, sporadic BMD, no migraine, and 
no autoimmune history. Cluster 3 (12.9%) includes patients with 
FMD without migraine in 82% of patients. Cluster 4 (11.9%) 
consists of patients with migraine and sporadic BMD. Cluster 
5 (11.2%) groups all patients with autoimmune comorbidities, 
being 71% sporadic and 29% FMD.

Table  6 shows the five groups found and the major clinical 
differences among the groups. Comparing the age of onset by 
groups, we observe that groups 3–5 have earlier onsets than 
groups 1 and 2 (p  =  0.0003). The type of hearing loss, FMD, 
migraine, and autoimmune comorbidities strongly differ among 
groups, and these variables are the basis to assign a given patient 
to each cluster.

DISCUSSION

The diagnostic criteria for MD formulated by the Classification 
Committee of the Bárány Society state that bilateral involve-
ment is determined by hearing loss defined in the audiogram 
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FIGURE 3 | Summary of cluster analysis in bilateral Meniere disease (BMD). (A) Pie chart showing five groups or clinical variants in BMD. (B) Bar chart ranking 
the importance of predictors to define the groups. (C) Classification of BMD in five clinical variants according to its observed frequency and lead predictor: type 1, 
metachronic sensorineural hearing loss (SNHL); type 2, synchronic SNHL; type 3, familial Meniere disease (FMD); type 4, migraine; type 5, autoimmune disease.
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(1). So, if the absolute thresholds for bone-conducted sound are 
≥35 dB HL at each of two contiguous frequencies below 2000 Hz 
in both ears, and the patient has experienced ≥2 episodes of 
spontaneous vertigo each lasting 20 min to 12 h associated with 
fluctuating aural symptoms, the diagnosis of definite BMD is 
established. The notes added to the definition also describe a 

second clinical variant when the patient develops simultane-
ous bilateral SNHL (symmetric or asymmetric) (1, 52), but no 
further clinical information was included in the definition.

Our study demonstrates that BMD is a heterogeneous disorder, 
and two-step cluster analysis is a very useful tool to define groups 
of patients with BMD according to four clinical predictors: FMD, 
autoimmune history, migraine, and the type of onset for hear-
ing loss. We selected this method since it allows the inclusion of 
quantitative and categorical variables to define clusters (53).

We present a new classification for BMD in five groups of 
patients with potential etiological implications, which probably 
will improve the diagnostic workflow and the management of 
patients with BMD. Previous studies in patients with BMD were 
focused in the diagnosis by electrocochleography or MRI (54–56), 
but they did not consider the comorbidities commonly observed, 
such as migraine or AD in some cases. The phenotype of a patient 
with an episodic vestibular syndrome should not be limited to the 
description of the inner ear symptoms, skipping crucial informa-
tion such as the familiar history of MD or migraine. Furthermore, 
the comorbidities of migraine or AD may explain the perception 
of MD as a continuum, which overlaps with migraine (57) or 
autoimmune inner ear disease (1, 58, 59).

The most remarkable finding in our study is that the five 
groups of patients identified do not overlap themselves, and each 
of them has a set of features able to define the group.

Bilateral MD type 1 is the most common clinical variant, and 
it includes patients with MD in one ear (unilateral MD), and 

FIGURE 4 | Schematic diagram of the five subgroups in BMD. Circle 
areas are proportional to the frequency observed in each group.
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they develop the hearing loss in the contralateral ear (conversion 
from unilateral to BMD). The mean age of onset was 46  years 
old, comparable to BMD type 2, but it is significantly higher than 
it was observed in the rest of the groups (types 3, 4, or 5). BMD 
type 1 has no familial or autoimmune history, and patients do not 
have migraine, so further studies are required to investigate other 
concurrent comorbidities to determine contributing factors.

Bilateral MD type 2 is the second most frequently observed 
clinical variant, and fluctuating bilateral SNHL loss may resemble 
AIED, since simultaneous SNHL with vestibular symptoms can 
occur in 50% patients with AIED (58). However, these patients 
do not have any autoimmune comorbid conditions, migraine, or 
familial history of MD. Interestingly, BMD type 2 patients show a 
vascular risk profile, since 50% of them show high blood pressure, 
and 53% have dyslipidemia. When we compared these frequen-
cies with BMD type 1, which do not differ in age or sex profile to 
BMD type 2, they were not significantly different (p = 0.078), but 
further studies should assess the role of vascular risk factors in 
labyrinthine microcirculation in MD.

Comparing the hearing stage for the worst ear, it seems to 
be worse in BMD type 1 (metachronic SNHL) than in type 2 
(synchronic SNLH). Since both groups do not differ for the age 
of onset, duration of disease, or gender distribution, we cannot 
determine the reason for the severe SNHL in the first ear in BMD 
type 1.

Bilateral MD type 3 includes all patients with familiar his-
tory of MD, and we could subtype them in two subgroups (3a 
with migraine, 82%, and 3b BMD without migraine 18%). 
These findings confirm the early description of families with 
MD co-segregating migraine and MD (60) and the more recent 
description of FMD without migraine (2, 61, 62). According to 
this subtyping for FMD, there will be two types of families with 
MD, with and without migraine, and they reflect the genetic 
heterogeneity in FMD. The families include patients with uni 
and BMD, so epigenetic factors may influence uni or bilateral 

involvement. Most of the described families have an autosomal 
dominant pattern of inheritance, and the participation of several 
genes indicate a genetic heterogeneity in FMD (2, 50). Although 
variable expressivity and incomplete penetrance was observed, 
we did not find cases with episodic ataxia in the families.

Bilateral MD type 4 is associated with migraine in all cases, but 
they do not have familial history of MD. This group may overlap 
with VM, and it may share common pathophysiological mecha-
nisms (63). Patients with MD may show migraine symptoms 
even during the attacks of vertigo (57), and this finding could 
make difficult the differential diagnosis of VM and MD. Magnetic 
resonance imaging may be useful in the diagnostic evaluation of 
patients with the spectrum of VM/MD (MD with concurrent 
migraine or in cases VM and auditory symptoms) (64).

Bilateral MD type 5 could be considered as autoimmune 
MD, since all patients have another concurrent AD. However, 
this group is heterogeneous and includes patients with sporadic 
(71%), FMD (29%), migraine (38%), and both synchronic (38%) 
and metachronic SNHL (62%). Patients with BMD type 5 and 
migraine may have either synchronic or metachronic SNHL.

Our study has several limitations. Despite our efforts to 
improve phenotyping in patients with BMD, we could not 
classify 95 patients with BMD in any cluster, and they were 
excluded of the model. In fact, the largest group (BMD type 1) 
remains poorly characterized, since it is not associated with any 
particular clinical feature or etiological factor. The role of allergy 
in MD deserves more research efforts, since a high prevalence 
of sensitization to inhalant or food allergies have been reported 
in MD (65–67).

However, the recognizing of different subgroups of patients 
and the definition of clinical variants in BMD is not only the first 
step to improve the selection of patients for genetic and immu-
nological studies but also for randomized clinical trials (RCT). 
Most of the RCT performed in MD, were not able to demonstrate 
any effects of diuretics (68) or betahistine (69) and had limited 

TABLE 6 | Clinical variants in bilateral Meniere disease (BMD) defined by two-step cluster analysis.

Variables BMD type 1 
(n = 141)

BMD type 2  
(n = 53)

BMD type 3 | 
(n = 39)

BMD type 4  
(n = 36)

BMD type 5  
(n = 34)

p-value

Group predictor Metachronic 
SNHL

Synchronic  
SNHL

FMD Migraine AD

Age, mean (SD) 63.3 (11.0) 62.4 (9.5) 54.7 (13.2) 54.1 (11.5) 59.7 (11.1) 0.00001
Gender (% women) 73 (51.8) 30 (56.6) 26 (66.7) 25 (69.4) 24 (70.6) 0.11
Age of onset (SD) 46.4 (13.1) 47.9 (12.0) 40 (14.5) 37 (12.5) 39.8 (11.3) 0.0003

Age of onset ≤40, n (%) 46 (32.6) 15 (28.3) 19 (48.7) 21 (58.3) 16 (47.1) 0.011
Synchronic, n (%) 0 (0.0) 53 (100.0) 7 (17.9) 8 (22.2) 13 (38.2) 3.39 × 10−42

Metachronic, n (%) 141 (100.0) 0 (0.0) 32 (82.1) 28 (77.8) 21 (61.8)
Family history, n (%) 18 (12.8) 7 (13.2) 39 (100.0) 7 (19.4) 19 (55.9) 1.81 × 10−27

FMD, n (%) 0 (0.0) 0 (0.0) 39 (100.0) 0 (0.0) 10 (29.4) 4.10 × 10−53

Headache, n (%) 22 (15.6) 20 (37.7) 14 (35.9) 36 (100.0) 23 (67.6) 4.88 × 10−20

Migraine, n (%) 0 (0.0) 0 (0.0) 7 (17.9) 36 (100.0) 13 (38.2) 1.21 × 10−44

Rheumatoid history, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 34 (100.0) 2.44 × 10−64

Cardiovascular risk factors
High blood pressure, n (%) 46 (34.3) 23 (50.0) 10 (27.0) 11 (34.4) 15 (46.9) 0.15
Dyslipidemia, n (%) 58 (45.3) 26 (53.1) 16 (42.1) 13 (43.3) 15 (45.5) 0.86
Type 2 diabetes, n (%) 23 (17.8) 9 (18.4) 7 (18.4) 1 (3.2) 12 (36.4) 0.019
Smoking, n (%) 31 (22.6) 10 (18.9) 12 (30.8) 6 (17.1) 9 (29.0) 0.53

Significant p values in bold.
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effectiveness for intratympanic gentamicin (70) or steroids (71), 
and these results could be explained by a biased selection of 
patients with different etiologies. Further phenotyping of these 
clinical variants are needed for a better understanding of the 
clinical heterogeneity observed in BMD.
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ABSTRACT 

	

Purpose 

Middle ear application of gentamicin is a common medical treatment for uncontrolled 

Ménière’s disease. The study’s goal of which was to evaluate the impact of 

endolymphatic hydrops (EH) on inner ear delivery.		

Methods	

We assessed perilymph gentamicin concentrations and correlation with EH in an animal 

model. A group of 24 guinea pigs was submitted to surgical obstruction of the 

endolymphatic sac and duct of the right ear. Gentamicin was applied either to the right 

ear’s round window niche or through a transtympanic injection. Perilymph specimens 

were collected at different times. Histologic morphometry was used to evaluate both 

turn-specific and overall hydrops degree.  

Results 

In animals with EH we could observe lower concentrations of gentamicin after 20 or 

120 minutes of exposure and in both types of administration, when compared to 

controls. This difference reached statistical significance in the round window niche 

application group (Mann-Whitney, p=0,007). A negative correlation between 

perilymphatic gentamicin concentration and hydrops degree could be observed in both 

groups, after 120 minutes of exposure (Spearman correlation, round window niche 

p<0,001; TT p=0,005).  

Conclusions 

The study indicates that the EH degree has a negative interference on the delivery of 

gentamicin into the inner ear following middle ear application. 

	
 

KEYWORDS 

Menière’s disease, endolymphatic hydrops, intratympanic, gentamicin. 
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1. INTRODUCTION 

 Ménière’s disease (MD) is characterized by episodic vertigo associated with 

low/medium-frequency sensorioneural hearing loss and fluctuating symptoms (hearing, 

tinnitus and full and/or fullness) in the affected ear [1]. This disorder has been 

associated with an increased volume of endolymph in the membranous labyrinth – 

endolymphatic hydrops (EH). Post-mortem light microscopy assessment of the inner 

ear in patients with MD has shown that EH is the most frequent histopathologic finding: 

in all cases in the cochlea, 50%-60% in the vestibule but rarely in the canals [2]. As a 

consequence, EH has been considered for many years as its cause, despite not 

completely explaining every clinical feature of the disease [3]. More recent research 

has shown that EH is not mandatory, although found in every case of MD, when the 

1995 guidelines are carefully applied, and sometimes also present in asymptomatic 

patients. EH must be necessary but not sufficient to cause MD, a point currently under 

debate [4]. 

 As the precise ethiopathogenesis of MD remains unclear an effective evidence-

based therapy has not been established, except for the control of symptoms via severity 

and frequency of the vertigo attacks. Variability through its course, from its basic 

pathophysiology to the clinic and treatment, indicates the natural course of the disease 

[5,6] and a multiplicity of conservative approaches have been the mainstay of initial 

therapy [7].  Despite the large number of studies published on the topic an effective 

evidence-based therapy has not been established.  

 Transtympanic (TT) administration of aminoglycosides and corticosteroids has 

proved to be an effective and economical approach for treatment of intractable MD 

aiming to control vertigo attacks on the basis of a partial/total ablation of the vestibular 

end organ, as with gentamicin [8-11]. A well-defined and consensual treatment 

regimen, as well as the method of administration, have not yet been designed. Distinct 

protocols have been tried in an effort to achieve the best control of vertigo against the 

least damage to the hearing, but there is currently no widely accepted standardized 

procedure. The variability in individual responses may result from different factors, 

such as the susceptibility of the inner ear to drugs, the length of time in which a drug is 

in contact with the round/oval windows and the anatomic conditions involved. [12].  

 In a healthy inner ear the pharmacokinetics of different agents applied in the 

middle and inner ear have been intensively studied [12-19]. However, in inner ears with 

confirmed histopathological EH, the number of published studies is limited and, to our 
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knowledge, the degree of EH on impacting the pharmacokinetics of drugs has not been 

studied [20,21]. Thus, the aim of the research on which this paper is based was to 

understand how the EH degree influences the course of drugs, such as gentamicin, to 

the inner ear, after middle ear delivery. 

 

2.	MATERIAL	AND	METHODS	

 

2. 1. Animals 

 A total of 44 Duncan-Hartley strain guinea pigs (Charles River Laboratories, 

France) with a positive Preyer’s reflex and weighing approximately 300g were used in 

this experiment. The Ethical Committee of the University of Porto Medical School 

approved the use and care of animals in accordance with the European Union directive 

2010/63/EU for animal experiments. 24 guinea pigs underwent surgical obliteration of 

the endolymphatic duct of the right ear, as described below. After surgery, the animals 

were kept in the animal house for six weeks, allowing EH to develop. The remaining 

20 were used as controls. 

 

2. 2. Surgical procedure for obliteration of the endolymphatic duct 

 For the induction of EH, surgical obliteration of the endolymphatic sac and duct 

of the right ear was performed via an extradural posterior fossa approach, as described 

by Kimura and Andrews [22,23]. The left ear remained intact to be used as an internal 

control. 

 All animals were anesthetized by an intramuscular injection of ketamine (40 

mg/kg) and peritoneal injection of xylazine (5mg/kg). Anesthesia was maintained with 

inhaled isoflurane 2,5%. Placed in a prone position with the neck slightly flexed, 

through a dorsal midline scalp incision, the guinea pig’s occiput was exposed. The right 

endolymphatic sac and duct were exposed and obliterated with bone wax, through a 

posterior cranial fossa approach, using a small surgical drill (0,5mm) according to a 

technique described elsewhere [24]. Postoperative analgesia with tramadol (5-10mg/kg 

2id) was administered in the first 24 hours. The surgical procedures were performed 

under sterile conditions and microscopic magnification using a Carl Zeiss Opmi Pico 

surgical microscope (Carl Zeiss, Oberkochen, Germany) 
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2.3.	Experimental	groups	

To simulate the standard clinical procedure, gentamicin was transtympanically 

injected. For a more selective method, gentamicin was applied only to the RW niche. 

 

2.3.1. Group 1 – Round window niche gentamicin placement 

 In a left decubitus position, after a retroauricular approach, the tympanic bulla 

was exposed and opened. With an insulin syringe, a 25G lumbar puncture needle (BD 

Spinal Needle, Spain), 1 drop (around 60μl = 2,4mg) [25] of a solution of gentamicin 

sulphate (40 mg/ml; Gentamicina MG Labesfal, Labesfal Farma, Portugal) was placed 

in the right RW niche. The needle was angled 45º before administration and the syringe 

was systematically kept horizontally, which gave the final angulation of 45º. This 

angulation was considered anatomically appropriate to approach the round window 

niche. Caution was taken to avoid fluid leaking from the RW. 

 The animals were separated into two experimental groups (six in each) 

according to time to perilymph collection: 1A 20 minutes delay and 1B 120 minutes 

delay. During this period, the anesthetized animals were maintained in left decubitus 

position. 

 At the scheduled time, a single 2μl perilymph sample was collected from the 

RW through a 26G microlancet tip (BD Microlance, Spain) adapted to a P10 

micropipette (VWR International, USA). The bulla was rinsed with saline solution and 

carefully dried before the sample was taken. Immediately after, the same procedure was 

performed in the left ear. The samples were stored at -80ºC, in a cryotube containing 

250μl of artificial perilymph solution. 

 Two non-operated control groups of three animals each were submitted to 

precisely the same procedures (groups 1ACTRL - 20 minutes and 1B CTRL – 120 

minutes) 

 In a distinct group of eight animals, where no EH was induced, perilymph was 

collected through a cochleostomy after 20 minutes (group 1C CTRL) or 120 minutes 

(group 1D CTRL) to assess possible contamination inaccuracies during the 

perilymphatic fluid sampling and to attest the quality of the technique employed. A 

superficial cochleostomy was performed at the basal turn of the cochlea, 2-3mm from 

the RW, with a 1mm diamond burr, and completed with a 26G microlancet tip (BD 

Microlance, Spain) adapted to a P10 micropipette (VWR International, USA), for a 
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single 2µl perilymph sample collection 

 

2.3.2. Group 2 – Transtympanic gentamicin injection 

 In a left decubitus position, with an ear speculum and an insulin syringe with a 

25G (BD Spinal Needle, Spain) lumbar puncture needle, 0,12ml (4,8mg) of a solution 

of gentamicin sulphate (40 mg/ml Gentamicina MG Labesfal, Labesfal Farma, 

Portugal) was injected in the right middle ear. 

 Twelve animals were separated into two experimental groups according to time 

of perilymph collection – 2A (n=6) (20 minutes) and 2B (n=6) (120 minutes).  The left 

ear was used as an internal control. In the respective schedule the tympanic bulla was 

opened through a retroauricular approach. Subsequently a 2μl perilymph sample was 

collected from the round window using the same technique as in group 1. 

 Two non-operated control groups of three animals each were submitted to the 

same procedures (groups 2A CTRL - 20 minutes and 2B CTRL – 120 minutes). 

 

2.4. Histological processing  

After the experimental procedures, the animals were terminally anesthetized 

with sodium pentobarbital (Eutasol, Esteve Farma, Spain) intraperitoneally (33mg/kg). 

Under deep anaesthesia, animals were transcardially perfused with normal saline 

supplemented with heparin (10 units/L), followed by 1,000 millilitres of 4% 

paraformaldehyde in 0.1M phosphate buffer. The fixed animals were decapitated and 

both temporal bones dissected and post fixed in the same fixative for 48 

hours. Following decalcification with Immunocal for 48 hours (Fisher Scientific, 

Portugal), the temporal bones were embedded in soft Epon (Agar 100 resin kit, 

AgarScientific, UK). Ten micrometre thick sections were cut with a tungsten carbide 

knife (C profile) along the midmodiolar plane. Every slide, in which all turns along the 

midmodiolar plane were observed, was mounted in glass slides and stained with 1% 

toluidine blue for light microscopy histologic and morphometric analysis. 

	
2.5.	Hydrops	quantification	

 Sections were photographed with a Leica EC3 Camera (Leica microsystems, 

Switzerland) connected to a Zeiss Axioscope 40 microscope (Carl Zeiss, Germany) 

with the Leica Application suite Version 4.6.0 (Leica microsystems, Switzerland). All 
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image analysis was prepared with Image 1.50i software (National Institutes of Health, 

USA).  

 

	 2.5.1.	Hydropic	ratio	

 Hydrops was determined by a previously tested method. Every slide in which it 

was possible to measure the area of both the scala media (SM) and the scala vestibuli 

(SV) on both sides of the modiolus was analysed. To determine a relative measure of 

the degree of hydrops in the operated versus the control ear a value named as 

“proportion scala media” (PSM) was calculated as: PSM = SM area/ (SM area + SV 

area) [26,27]. This proportional measurement compensates minor deviations in the 

plane of section between different ears [26]. The measurements from each turn taken 

from all slides were summed up to give a measure of the average PSM for each cochlear 

turn. A relative measure of hydrops was calculated between the right (operated) and the 

left ear (control), which was denominated - hydropic ratio (HR). An HR equal to 1 

indicated that no hydrops had developed and an HR greater than 1 would indicate an 

increase in volume in the SM in the operated ear compared to the control ear. As these 

ratios were calculated both in specific turns and overall, this technique allowed both a 

turn-specific and an overall HR.  

	
2.6.	Gentamicin	dosage	

 An Architect iGentamicin assay® (Abbott Laboratories), which is an in vitro 

chemiluminescent micro-particle immunoassay for the quantitative determination of 

gentamicin in human serum or plasma, was used. The measuring range of the 

iGentamicin assay was 0.3–10 μg/ml. The samples were adequately diluted with 

artificial perilymph to keep this range, as appropriate. The final perilymphatic 

concentration was calculated taking into consideration these dilution rates. 
 

2.7. Statistical analysis 

Categorical variables were described in absolute (N) and relative frequencies 

(%), whereas continuous variables were described in average plus standard deviation 

(SD) or median and percentile. Continuous variables without a normal distribution were 

analysed with non-parametric tests of Mann-Whitney. To evaluate the strength of an 

association between two continuous variables a correlation of Spearman was applied to 

compensate for the biased nature of the variables involved. In every test, it was 
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considered a confidence level of 95% (significance p<0,05). The analysis was 

performed with SPSS® v.24.0 (Statistical Package for the Social Sciences, Chicago, 

IL, USA).  

 

3. RESULTS	

3.1. Evaluation of induced endolymphatic hydrops 

 A successful surgical obstruction of the right endolymphatic sac and duct, 

histopathologically expressed by EH on light microscopy, was confirmed in all 

experimental animals (Figure 1B). A slight to severe hydrops occurred in all dissected 

ears, with a HR average of 1,39, from a minimum of 1,11 to a maximum of 2,13 

(Wilcoxon test, p<0,001). No EH was observed in any of the control cochleae. One 

cochlea (animal #17) was not appropriate for histologic analysis due to inadequate 

fixation. 

 

3.2. Perilymphatic gentamicin concentration by method and time period of 

administration 

  Overall, following the delivery of gentamicin to the inner ear, lower levels of 

the drug were found in ears with histologically confirmed EH in comparison to the 

controls, which did not undergo endolymphatic sac and duct surgery. This difference 

was statistically significant when gentamicin was specifically delivered to the RW 

niche, in both time periods of 20 and 120 minutes (Mann-Whitney, p=0,007), whereas 

a trend was observed in the TT injection groups. (Figures 2A and B). 

 None of the left ear perilymph samples elicited measurable levels of gentamicin. 

 

3.3. Correlation between hydropic ratio and perilymphatic levels of gentamicin 

 When the gentamicin concentrations in perilymph were matched with the HR a 

negative correlation was observed in both groups in which perilymph samples were 

collected after 120 minutes of gentamicin exposure (RW niche: p<0,001; TT: p=0,005) 

(Figure 3). 

 

4. DISCUSSION 

This work showed that EH has a negative impact on the gentamicin delivery to the 

inner ear when compared with control animals. This assumption was stronger when the 
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administration was limited to the round window niche but also perceptible after TT 

injection. The observed negative correlation values when perilymph collections were 

performed after 120 minutes of exposure (RW niche p<0,001, TT p=0.005) appear to 

support this statement.	 

In the animal model of EH, the perilymphatic concentration of drugs 

administered to the middle ear depends on factors such as the time course in the middle 

ear, entry through the RW and oval window membranes, dilution effects of 

cerebrospinal fluid (CFS) and elimination to blood or tissues [17,19] Factors such as 

size and thickness of the membrane, electrical charge and substance solubility are 

assumed to also affect permeability [28-30].  

It has been previously recognized that intratympanically administered drugs 

reach the inner ear compartment mainly through two passageways: the round window 

(57%) and the oval window ligament (35%) [17]. Intrinsic properties of the RW 

membrane, namely an increase in its thickness by a hyperplastic middle fibrous layer, 

as seen in EH [31], and other inflammatory conditions of the middle ear [32-34] may 

influence this permeability.	Also, the properties of the outer epithelium of the RW 

membrane allow a dynamic passage of substances, rather than just a simple connective 

tissue boundary, and have been considered markedly significant and sensible to 

manipulations [19]. A still open question is if these permeability mechanisms occur in 

a similar degree in the structures of the oval window region and which role they 

represent in intratympanic drug delivery into the inner ear. 

The longitudinal distribution along the cochlea, as well as a communication 

between cochlear scalae, could also have an important impact on the pharmacokinetics 

of drugs. Evidence on local interscala communications has been provided  [35], as well 

as conceivable connections between the perilymphatic and endolymphatic spaces, at 

least after systemically administered drugs [36,17,37], though the epithelial cells lining 

the endolymph compartment have been described to fairly limit solute movements [19]. 

As such, drug levels on the perilymph may depend not only on how fast it passes 

from the middle to the inner ear but also on how quickly it communicates with these 

different spaces or is cleared. Significantly, substances entering the cochlea from the 

middle ear appear to be mostly confined to the basal turn, rather than reaching the upper 

turns of the cochlea [38]. Therefore, the existence of this basal-apical gradient along 

the cochlea appears to be critical in explaining how vestibular function can be ablated 
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in humans while preserving the function of speech frequency regions of the cochlea 

[39,40,17]. However, this particular detail has not yet been addressed in EH. 

An increased area of a hydropic membranous labyrinth may potentially increase 

the gentamicin way to the endolymph, reducing its perilymphatic concentration. In the 

cochlea, Reissner’s membrane is a dynamic structure involved in ion-fluid 

transportation [41] and changes in cellular morphology in the hydropic ear have been 

described. Absence of mesothelial cells and enlarged epithelial cells of the 

endolymphatic surface [42], suggesting a “stretched” rather than “grown” membrane 

[43], as well as intercellular gaps have additionally been described [42]. However, no 

significant differences between the tight junctions of epithelial cells were found [44]. 

Despite the ongoing controversy, it is conceivable that a reduced passage of gentamicin 

to the perilymph in a hydropic ear, based on pressure issues, could also play a role, at 

least when Reissner’s membrane loses its high compliance. This might occur following 

long-standing distension and volume increase, leading to important endolymphatic 

pressure gradients (Bohmer, 1993).  

Conceivably, all or at least some of these modifications in Reissner’s membrane 

may influence fluid changes between perilymphatic and endolymphatic spaces [45] and 

have not yet been accounted for the impact on drugs’ distribution in the inner ear. 

Electrophysiological changes may also play a role in the pathophysiology of 

EH, namely the endolymphatic potential decrement [46]. This would support the theory 

that, in EH, an increased flow of drugs from the SV to the endolymph, against a reduced 

endocochlear potential could occur, adding to a further reduction of the concentrations 

of drugs available in the SV and, due to the multiple communicating spaces, in the 

whole perilymphatic space [17]. 

Still, the understanding of pharmacokinetics of drugs in the inner ear is probably 

not restricted to open fluid spaces of endolymph and perilymph. The soft tissues of the 

membranous labyrinth to which drugs can distribute, should also play a role, with 

interference in perilymphatic concentrations. In this line, a recent guinea pig study, 

estimated that this could represent up to 24% of the total inner ear volume [19]. 

Anyhow, in the specific model of EH, this role has not been studied, yet. 

Previous research in human series have likewise addressed drug delivery to the 

inner ear. In this context, studies of magnetic resonance imaging (MRI) with 

gadolinium (Gd) have revealed differences in the entrance of Gd to the inner ear that 

correlated with the severity of EH, though most were associated with the vestibule 
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region. Shi and colleagues observed a compromised distribution of Gd across the oval 

window, which also correlated with the severity of EH [20]. Further MRI studies, either 

in animals or humans, showed that Gd signal was higher in the vestibule than in ST of 

the cochlea [20,47,48].  To better understand this finding, it has been suggested that the 

perilymphatic space in the vestibule of patients with severe EH could be exceptionally 

compressed and could therefore explain the compromised route for Gd diffusion [20]. 

However, this reduced passage to the inner ear appears not to be limited to the oval 

window region, with Yoshioka et al. having reported that the RW’s permeability and 

the passage to the ST after TT injection of Gd was also compromised in patients with 

MD [49].  

When we discuss a hydropic membranous labyrinth, as in MD, anatomic 

distortions are implicit, and appear to occur in a predictable manner, with a pattern 

suggesting a progression from the cochlea and saccule [2]. A greater hydrops degree 

may position membranes closer to the round and oval window regions. The question 

arises as to whether this anatomical feature could facilitate the absorption of drugs to 

the endolymph. If in closer contact with both window membranes, there could occur an 

almost directly passage from the middle ear to the endolymph. These changes would 

help explaining the reduced concentration of gentamicin observed in the perilymphatic 

space and its increase in the endolymph.  

According to recent evidence, a blood-labyrinth barrier dysfunction, in the 

microvasculature of vestibular end organs, has also to be accounted for.  As such, MRI 

studies in MD patients revealed a blood labyrinth breakdown with an associated 

increase in contrast permeability. This was observed not only in the symptomatic but 

also in the asymptomatic ear, suggesting a systemic abnormality which could 

potentially be considered, in the future, a biomarker of the disease [50]. This 

observation likely contributes to edematous changes in the underlying stroma, 

vacuolization and an increase in vesicles, with transcytosis of macromolecules [51]. 

Thus, this increased permeability could play a significant part in the drug loss from the 

labyrinth spaces. 

Altogether, our results and previous observations, both in animals and in 

humans, complementarily demonstrate that a reduction of the flow from the middle to 

the inner ear could exist and correlates with the EH state. 
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In spite of an apparently reduced absorption in EH, as supported by our study, 

Kimura et al., after lateral canal application of gentamicin, have observed higher 

sensitivity in hydropic ears. He observed an increase of lesions in all sensory epithelia 

and in particular in the organ of Corti, noting the apparent hypersensitivity of the 

hydropic inner ear to external aggressions, including sound exposure, aminoglycosides, 

certain diuretics and hypoxia [21]. Although the precise mechanism of increased 

ototoxicity on the hydropic ears is not clear, Kimura argued that ototoxic drugs could 

enter more readily into the endolymphatic space and remain longer in the 

endolymphatic compartments due to a possible decrease in absorption of endolymph in 

the hydropic condition [21].  

As noted above, there are still many unanswered questions on this topic. This 

concept of communication between inner ear spaces and the possible impact of EH has 

the potential to be one of the research questions in the near future and should be 

explored. To our knowledge, this is the first published report on gentamicin delivery to 

the inner ear in an EH guinea pig model.  

 Possible limitations of the current study may include the research model used, 

with the inherent difficulties of the surgical procedure and the long period of follow-

up, in which variable degrees of hydrops were observed in different animals. If a greater 

series of animals had been used the power of the study might have been higher, but this 

possibility was excluded for ethical and economic reasons.  

An additional concern was the quantification of the dose of gentamicin 

administered. Based on the study of Tripp et al. [25] we assumed that a volume of 1 

drop was approximately 60µl, corresponding to 2400µg of Gentamicin. The needle 

orientation, at the time of drop release, was considered to be an important factor in 

determining the drop volume. For that purpose, we carefully kept it a standardized 45º 

in every experiment but, by the results achieved, we should consider that the volume 

provided could be, in fact, slightly higher than that presented by Tripp et al. [25]. Still, 

as every experiment was performed equally, we do not consider it had an impact on the 

conclusions we could retrieve. 

Finally, perilymph collection and analysis are delicate procedures, demanding 

a high degree of precision. Possibly, the use of the microdialysis technique could have 

contributed to an increased accuracy of the collection [52], however, under the current 

study paradigm, we were interested in concentrations following perilymph harvest at a 
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single time. The procedure and local of collection might have involved a minor risk of 

contamination of cerebral-spinal fluid as, after a 2µL collection near the round window, 

we could estimate that only 60% would correspond to perilymph  [53]. The results 

showed gentamicin concentrations slightly above what would be expected, though 

similar results were presented by Hibi et al. [12]. Experimentally, we observed minor 

perilymph leaking only after removing the microlancet tip from the RW membrane and 

not before it, Though, we can reasonably assume that, with the technique applied, the 

CSF wash could have been reasonably reduced, and the purity of the sample could 

actually be significantly superior to 60%. Moreover, if we have to account for its actual 

absolute impact, it would certainly lead to a decreased concentration of gentamicin, 

proportional to the volume collected [53] but, affecting in a similar way, both cases and 

controls. As this study was essentially focused to the relative values between EH and 

controls we believe this did not prejudice the goal of the current research.	  

 

5. CONCLUSIONS	

Middle ear application of gentamicin is a common medical treatment in 

uncontrolled MD. Current protocols are not consensual and have been developed on 

the basis of studies that did not take into account the EH degree. This study 

demonstrates that EH degree has a clear negative correlation with the delivery of 

gentamicin to the perilymph, when compared to a normal ear. 
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FIGURES AND LEGENDS 

 

 
Figure 1. Midmodiolar sections under light microscopy and toluidine blue stain, shown 

at the second turn of the left (A) and right (B) cochlea section from animal #13, 
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respectively. Arrowheads point the dilation of the Reissner’s membrane in the right 

cochlea (B) indicating endolymphatic hydrops subsequent to endolymphatic duct and 

sac obliteration. (SM: scala media, SV: scala vestibuli, ST: scala tympani) 

 

 

 
Figure 2 - Perilymphatic gentamicin concentration after: RW niche application (A); 

Transtympanic application (B), presented as average ± 2 standard deviation.  

* Mann-Whitney test comparisons between collection through the RW and 

cochleostomy after RW niche gentamicin placement (p>0,05). 

 (RE – right ear; CTRL – control; EH – endolymphatic hydrops; min- minutes; N – 

number of animals; 20 min – time period of administration of 20 minutes; 120 min – 

time period of administration of 120 minutes) 
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Single Intratympanic Gentamicin Injection in M!enière’s Disease:

VOR Change and Prognostic Usefulness

Pedro Marques, MD; Raquel Manrique-Huarte, MD, PhD; Nicolas Perez-Fernandez, MD, PhD

Objective: Assess angular vestibular-ocular reflex (VOR) changes after treatment with intratympanic gentamicin (ITG)
for M!enière’s disease (MD) and impact on short-term follow-up.

Design: Prospective study.
Methods: Patients submitted to ITG for unilateral MD. The gain VOR and the presence of compensatory saccades elicited

by rapid head impulses were measured using the video head impulse test (vHIT).
Results: The study included 31 subjects (mean age: 59 years). Functional Level Scale (FLS) distributions were 35,5%

(FLS3); 32,2% (FLS4); and 32,2% (FLS5). Mean follow-up was 216 7 months. Multiple injections were needed in nine
patients.
VOR gain in the treated ear was significantly reduced in all subjects and for all the semicircular canals (paired samples t test;
P< 0,05). Gain averages after treatment were 0,61 (superior); 0,69 (horizontal); and 0,47 (posterior). A horizontal canal VOR
gain superior to 0,80 after treatment was associated with the need for a second gentamicin injection (Chi-square; P50,003).
Gain asymmetry between the symptomatic and asymptomatic ear (GASM) was increased after treatment. The rate of vestibu-
lar function reduction was 47,9%; 26,0%; and 35,8% for the superior, horizontal, and posterior canals, respectively. According
to the receiving operator characteristic curve, the amount of change in GASM must be greater than 7 in order to predict the
avoidance of a second procedure (area under the curve [AUC] horizontal canal5 0,861) and the amount of vestibular function
reduction in the pathologic ear in patients with a controlled disease must be greater than 17,8% (AUC horizontal
canal5 0,843).

Conclusions: When evaluated with the vHIT, intratympanic gentamicin changes in VOR seem to foresee short-term con-
trol of vertigo attacks.

Key Words: Dizziness, inner ear, M!enière’s, video head-impulse.
Level of Evidence: 4.

Laryngoscope, 125:1915–1920, 2015

INTRODUCTION
M!enière’s disease (MD) is an idiopathic inner-ear

disorder characterized by episodic vertigo, aural fullness,
tinnitus, and fluctuating hearing loss.1 Vertigo crises are
frequently disabling, and first-line treatments include
dietary salt restriction and oral medication, although
these do not present complete resolution rates.

Intratympanic gentamicin (ITG) administration is a
well-accepted means to treat intractable MD because of
feasibility and long-term results.2–7 Over the years,
there has been a trend toward the use of smaller doses
of gentamicin and/or longer intervals between injections.
As a consequence, there has been a reduction of side
effects such as hearing loss and posttreatment disabil-

ity.6,8 In a 2-year follow-up study, we have already
shown that there is a 50% chance of complete resolution
of vertigo spells after one instillation of gentamicin,6

which is in accordance with other researchers.9–11

The treatment appears to act mainly by cell damage
in the peripheral vestibular receptor.12,13 By using head
impulses in the plane of a semicircular canal (SCC) and
analyzing the immediate eye response (< 100 ms) with
the use of video-based systems (video head-impulse test
[vHIT]), a precise and detailed evaluation of vestibular
function can be performed. The vestibular-ocular reflex
(VOR) assessed in this way and characterized by its gain
has shown a good correlation with the scleral search coil
systems.14

In this work, we were interested in the assessment
of VOR changes after stimulation of the six semicircular
canals in patients treated with a single dose of ITG, as
well as identification of the amount of change that may
accomplish vertigo control in the midterm follow-up.

MATERIALS AND METHODS

Patients
Patients with a clinical diagnosis of unilateral “definite

MD” following the current criteria were included.1 All patients

underwent a complete neurotologic examination and were
treated with ITG because medical treatment was ineffective in

From the Department of Otorhinolarygology–Centro Hospitalar
S~ao Jo~ao EPE (P.M.); the Department of Otorhinolaryngology–University
of Oporto Medical School (P.M.), Porto, Portugal; and the Department of
Otorhinolaryngology–Cl!ınica Universidad de Navarra, University of
Navarra (R.M–H., N.P–F.), Pamplona, Spain

Editor’s Note: This Manuscript was accepted for publication
December 22, 2014.

The authors have no funding, financial relationships, or conflicts
of interest to disclose.

Send correspondence to Dr. Nicolas Perez-Fernandez, Dpto de
ORL-Cl!ınica Universitaria, Pio XII 36, 31008 Pamplona, Navarra, Spain.
E-mail: nperezfer@unav.es

DOI: 10.1002/lary.25156

Laryngoscope 125: August 2015 Marques et al.: VOR After Intratympanic Gentamicin for MD

1915



 106 

 
 

 

the control of vertigo. Every patient was seen and reevaluated 1

month after treatment and subsequently at different periods of
time.

Methods
Clinical Evaluation and Bedside Testing. Although

patients underwent a complete clinical assessment and bedside
testing, for this study we focused on the following variables: 1)

time duration of the disease (years), 2) time passed from the
last dizzy spell (days), and 3) number of vertigo crises in the 6

months previous to treatment.
Auditory and Vestibular Evaluation. Audiometric find-

ings were reported in terms of the mean pure-tone average

(PTA), calculated by taking the average of the readings at four
frequencies (0.5, 1, 2, and 3 kHz) of the symptomatic ear (s) and

asymptomatic ear (as).

Vestibular testing was performed with the vHIT (GN Otomet-

rics, Taastrup, Denmark). For this test, the patient wears a pair of
goggles on which is mounted a small video camera and a half-
silvered mirror that reflects the image of the patient’s right eye

into the camera. The eye is illuminated by a low-level infrared
light-emitting diode. A small sensor on the goggles measures the

head movement. The whole goggle system weighs about 60 g and is
secured tightly to the head to minimize slippage. Calibration is per-
formed previous to the examination. Horizontal canals (right and

left) are first tested: The clinician asks the patient to keep staring
at an earth-fixed target 1 m in front and gives the patient brief,
abrupt, head rotations through a small angle (about 10–20

degrees), unpredictably turning to the left or right on each trial. At
the end of each head turn, the head velocity stimulus and eye veloc-

ity response are displayed simultaneously on the screen. In a full
test, 20 impulses are delivered randomly in each direction. Vertical
canals are evaluated in an analogous way, either in a 30-degree left

head rotation for the right anterior canal and left posterior canal,
or a 30-degree right head rotation for the left anterior canal and

right posterior canal. At the end of each full test, all the head veloc-
ity stimuli and eye velocity responses are displayed on the com-
puter screen, together with a graph of the calculated VOR gain

(ratio of eye velocity to head velocity) for every head rotation. The
parameter evaluated was the VOR mean gain and the presence of

refixation saccades, namely overt and covert saccades. Gain is
obtained from the gain value after each of the impulses performed
and is automatically provided for all paired semicircular canals

assessed. Data will be evaluated from the symptomatic (Gs) and
asymptomatic (Gas) ears. Due to modifications in the hardware,
horizontal canals were examined in 31 patients, and evaluation of

the vertical canals was performed in only 19.
Treatment6. The medication used was gentamicin sulfate

(40 mg/ml) buffered with sodium bicarbonate to pH 6.4 and a
final concentration of 26.7 mg/ml, which was intratympanically
injected. The methods have been previously detailed elsewhere.6

The study was performed according to the following protocol, as
previously approved by the ethics and medical deontology com-

mission at our hospital.
Disability Measures. The disability measures were per-

formed with the Dizziness Handicap Inventory test15 using the

total score. Patients were also categorized by the Functional
Level Scale, a 6-level scale that displays the impact this disease

has on daily activities, ranging from no effect on activities (level
1) to complete disability for 1 or more year (level 6).1

Statistical Analysis
All analyses were performed using the SPSS 20.0 statisti-

cal software for iOS (SPSS Inc.; Chicago, IL). A P value below

0.05 was considered to be statistically significant.

In the data analysis for each SCC, we defined gain asym-
metry using the following formula: GASM (gain asymmetry

between the symptomatic [s] and asymptomatic [as] ear) as
(Gas2Gs)/(Gas1Gs)*100, analogous to Jonkees’ formula for

caloric asymmetry.16,17 We also looked for possible relations
between vHIT parameters and disease duration, time elapsed
since last vertigo attack, and PTA. Using audiometric data,

patients were classified into four groups1 (group 1: PTA<26 dB
HL; group 2: PTA 26–40 dB HL; group 3: PTA 41–70 dB HL;

group 4: PTA >70 dB HL).

Receiver operating characteristic (ROC) curve analysis

was performed in an effort to calibrate vHIT results, namely
GASM and vestibular function (VOR gain) reduction, in relation
to the treatment outcome.

RESULTS

Patients
The study subjects included 31 patients (16 females

and 15 males; mean age 59 years, range 37–80 years)
with unilateral definite MD at the time of diagnosis and
treatment. The affected ear was the right ear in 18
(58%) patients and the left ear in 13 (42%). The mean
disease duration was 564.5 years (minimum: 1; maxi-
mum: 25), and the mean time since the last vertigo spell
was 86 5 days. Tumarkin’s crisis was experienced by 11
patients (35%). The number of vertigo spells during the
6 months before treatment was 86 5. On bedside vestib-
ular examination, spontaneous nystagmus was regis-
tered in 14 (45.1%) patients and head-shake nystagmus
in 18 (58%). Audiometric assessment revealed a mean
pretreatment PTA of 626 12 dB: one (3.2%) patient in
group 2; 23 (74.2%) patients in group 3; and seven
(22.6%) patients in group 4. The FLS results were dis-
tributed as follows: 11 (35.5%) patients in FLS3; 10
(32.2%) patients in FLS4; and 10 (32.2%) patients in
FLS5. The mean Dizziness Handicap Inventory total
score was 35619.

Follow-Up
Mean follow-up was 216 7 months, and during this

period nine (29%) patients received at least a second
injection and four patients developed MD in the contra-
lateral ear. Of these, three were in the reinjection group.
In Figure 1, we present the survival curve for the
patients in this study.

Analysis of the vHIT
In the first follow-up visit, after one injection 1

month after treatment, the tympanic membrane healed
satisfactorily in every patient.

Mean PTAs did not change. At that follow-up evalu-
ation, the effect of one single dose of gentamicin on ves-
tibular function (according to the gain of the VOR) is
shown in Table I and Figure 2. The amount of reduction
of the VOR gain in the treated ear was 47.9%, 26%, and
35.8% for the superior, horizontal, and posterior SCC,
respectively. The gain at the first follow-up was signifi-
cantly lower than the gain before treatment: Wilcoxon Z,
P5 0.005, P5 0.019, and P5 0.000 for the superior,
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horizontal, and posterior canals, respectively. In the
asymptomatic ear, mean PTA did not change, but there
was a small reduction of the gain for the superior canal
(Wilcoxon Z, P5 0.012). Relative value or gain asymmetry
between the symptomatic and asymptomatic ear, before
and after treatment, is presented in Table II.

Horizontal SCC percentage of gain reduction in the
symptomatic ear after treatment and its relation with
clinical result (i.e., uncontrolled vs. controlled disease) is
presented in Figure 3.

When we take a closer look at the presence of cor-
rective covert or overt saccades, we note that they were
predominately observed in the symptomatic ear and
more often after stimulation of the horizontal canal.
After treatment, there is a significant increase in their
appearance, as shown in Table I.

No statistical differences in the VOR change were
observed when considering the following variables: age,
functional level, Dizziness Handicap Inventory Test total
score, duration of the disease, time since the last dizzy
spell, and number of crises in the 6 previous months.

Prospective Assessment
According to ROC curves, in order to predict that a

second procedure would not be needed, the following
data were obtained at the first-follow-up visit: 1) the
amount of change in GASM must be greater than 7%
(AUC horizontal canal5 0,861) (Fig. 4); and 2) the
amount of vestibular function reduction in the sympto-
matic ear, evaluated with the VOR gain, must be of at
least 17.8% (AUC horizontal canal5 0,843) (Fig. 5).

DISCUSSION
The transtympanic administration of aminoglyco-

sides has been considered an effective and economical
approach for the treatment of patients with intractable
MD.18,19 The goal of this therapy is to stop the fluctuat-
ing malfunction of the vestibular organ, creating a long-
lasting vestibular hypofunction to which the brain can
later compensate.

Although the transtympanic application of drugs for
inner ear absorption is increasingly used in the clinical
setting,2–7 several difficulties have occurred,20 and how
gentamicin or other substances specifically act in the
pathologic hydropic inner ear has not yet been properly
defined. As an inner ear toxic drug, an excessive dose or
a particularly aggressive administration protocol can
result in originate collateral cochleotoxic effects with
resultant hearing loss. Furthermore, some patients are
predisposed to gentamicin toxicity, which may be the
consequence of increased round-window permeability, an
increased diffusion along the scala tympani, or a genetic
susceptibility to aminoglycosides. Anatomical considera-
tions related to the delivery can make this method quite
variable, such as those related to the round window
membrane,21,22 loss of medication via the Eustachian
tube or external canal, or sequestration in the middle
ear.20,23 Physiologic and pharmacokinetic considerations
also have been observed to be fairly variable.24,25

As a result, and due to an important lack of under-
standing of inner ear pharmacokinetics, the choice of
concentration, dosing, and calendar for middle ear appli-
cation of medications has largely been empiric.26–29

Beyond this, we must also note that we are con-
fronting a disease with a high level of untrustworthiness
in terms of it activity status. This is evident through

Fig. 1. Survival curve according to the necessity for second intratym-
panic gentamicin injection (follow-up in months). [Color figure can be
viewed in the online issue, which is available at www.laryngoscope.
com.]

TABLE I.
Gain and Standard Deviation of the VOR According to the Ear and Canal Plane of Stimulation.

Asymptomatic Ear Symptomatic Ear

Superior Horizontal Posterior Superior Horizontal Posterior

Pre-IT injection 0.960.14 1,006 0.15 0.796 0.13 0.846 0.13 0.966 0.22 0.7660.12

Post-IT injection 0.8260.12
P5 0,012

0.956 0.11
P>0,05

0.746 0.15
P >0,05

0.616 0.24
P50,005

0.696 0.25
P50,019

0.4760.18
P5 0,000

C O C O C O C O C O C O

Pre-IT injection 0 0 1 5 1 1 0 0 2 9 0 5

Post-IT injection 0 0 0 7 1 1 1 5 16 20 5 14

Mean data before and 1 month after intratympanic gentamicin injection is presented.
P< 0,05 considered significant in the Wilcoxon Z test. For the vertical canals, the number of patients is 19, and for the horizontal canals it is 31.
C= covert saccades; O5overt saccades; VOR5 vestibular-ocular reflex.
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clinical bedside evaluation: spontaneous nystagmus,
head shake nystagmus, head impulse test (HIT), or
vibration-induced nystagmus can fluctuate inconsis-
tently within and between patients. This obviously
makes it difficult to precisely characterize the vestibular
function status.30

With the previously presented facts in mind, our
main purpose was to evaluate whether the degree of
VOR change after a single dose of ITG, evaluated by an
easy and quick procedure such as the vHIT, could be
considered a prognostic element to foresee the successful
control of MD in the mid-term follow-up. A 24-month
period of time has been recommended by the American
Academy of Otolaryngology Head-and-Neck Surgery
guidelines for reporting results in MD. No recurrences
were previously seen in the one that we are reporting.6

The HIT is known as a useful bedside test to iden-
tify peripheral vestibular deficits such as those in
patients with vestibular neuritis.31,32 The vHIT is an
instrument that allows for an accurate assessment of
the VOR (the gain and presence of refixation saccades)
through simultaneous evaluation of the head and eye
response during random head thrusts in a very similar
way to the scleral search coil technique.14 This evalua-
tion, performed in a follow-up setting, provides the
opportunity to monitor ITG-induced changes of vestibu-
lar function, giving the clinician a dynamic insight of
the receptor function. The advantages, compared to the
use of a conventional rotatory chair test, are various and

their discussion is beyond the scope of this paper; in par-
ticular, the sinusoidal harmonic acceleration test is not
sensitive enough to document the effects of a single
dose.33

The results presented show a clear change in the
VOR parameters, such as gain and the presence of cor-
rective saccades, in which the three semicircular canals
were affected after a single administration of gentami-
cin. A well-defined increased gain asymmetry was also
observed. This has already been noted by other groups
such as Carey et al.,34 who described higher VOR gain
reductions and asymmetries; however, this was in
patients with a higher number of gentamicin injections.

With these results, we may assume that vHIT can
indeed evaluate and quantify the impact of gentamicin
in the inner ear, as also observed with the scleral search
coil technique. With this last technique, Carey et al. con-
cluded that ITG, even as little as a single dose, mark-
edly reduced the VOR gains on the treated side.34

Additionally, in accordance with Minor et al., our
results suggest that a significant degree of function is
preserved in spite of the presumed effects on inner ear
structures.35 When we take a closer look at treatment
outcome, as currently is generally accepted, it appears
that a satisfactory vertigo control in the period of time

TABLE II.
GASM: Gain Asymmetry Between the Symptomatic and

Asymptomatic Ear as (Gas2Gs)/(Gas1Gs)*100 Before and After
Treatment.

GASM Superior Horizontal Posterior

Before treatment 3,336 12,7 3,466 13,3 2,056 8,6

After treatment 18,166 20,1 18,55618,8 23,906 19,0

Paired samples
t test (P value)

P50,011 P5 0,000 P50,001

Gas5 asymptomatic; GASM5gain asymmetry between sympto-
matic and asymptomatic ear; Gs5 symptomatic.

Fig. 3. Horizontal semicircular canal gain reduction in symptomatic
ear after treatment and its relationship to clinical result.
ITG5 intratympanic gentamicin.

Fig. 2. VOR gain pre- and posttreatment.
as5 asymptomatic ear; HSC5horizontal semicircular canal; PSC5posterior semicircular canal; s5 symptomatic ear; SSC5 superior semi-
circular canal.
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evaluated can be achieved without complete ablation of
the vestibular function.35

Within a similar setting, Lin et al. observed that
subjects who had control of their vertigo after a single
intratympanic injection of gentamicin experienced a
greater degree of vestibular hypofunction, as measured
by the quantitative HIT; and they also had a signifi-
cantly greater change in mean pre- to posttreatment
horizontal canal gain and gain asymmetry than did sub-
jects who needed multiple injections.36 After one injec-
tion of gentamicin, the group treated with only one
injection had a significantly greater pretreatment/post-
treatment change in horizontal canal gain, but not in
anterior or posterior, as compared with a multiple injec-
tion group. The authors suggest the increased difficulty
in obtaining more accurate data in the vertical canals.36

We agree with this view; however, our data show signifi-
cant reductions in all three semicircular canals.

As discussed, the ideal endpoint of gentamicin
treatment is difficult to establish. Some physicians dis-
continue the treatment if spontaneous nystagmus,
unsteadiness, or worsening of hearing arises. Treatment

frequently has been considered complete if any of the
bedside vestibular signs results were positive or if there
was a considerable worsening in the caloric response;
but as previously mentioned, clinical signs are quite
variable in MD.18,30 Others continue the treatment until
persistent dizziness or disequilibrium develops.37

Due to the impossibility of estimating the amount
of drug reaching the inner ear,22 a physiologic endpoint
treatment marker is needed with the capability of clini-
cally avoiding all enormous variation items, allowing for
a treatment with the best possible results and the fewest
side effects.

Additionally, ROC curve analysis allow us to con-
clude that a GASM variation greater than 7%, as well as
a vestibular function reduction in the pathologic ear
greater than 17.8%, can indicate a control of MD: the
first measure takes into account any variation in vestib-
ular function in both ears and the second measure in
the treated ears only. This method of evaluation provides
a more in-depth follow-up than previously available with
the caloric test.

In the future, the observed changes in the horizon-
tal canal, such as increased gain asymmetry (GASM)
and higher vestibular function reduction, may be taken

Fig. 4. GASM of vestibular ocular reflex gain of horizontal superior
semicircular canal for avoidance of second procedure: ROC
curve.
GASM5gain asymmetry between the symptomatic (s) and asymp-
tomatic (as) ear, (Gas2Gs)/(Gas1Gs)*100; ROC5 receiver operat-
ing characteristic; Std5 standard. [Color figure can be viewed in
the online issue, which is available at www.laryngoscope.com.]

Fig. 5. Amount of vestibular function reduction (vestibular-ocular
reflex gain) in pathologic ear. Horizontal superior semicircular
canal needed to control the disease: ROC curve.
ROC5 receiving operator characteristic; Std5 standard. [Color
figure can be viewed in the online issue, which is available at
www.laryngoscope.com.]
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into consideration to help establish a treatment endpoint
when approaching MD patients submitted to ITG. Until
now, titration protocols were based on producing a ves-
tibular damage evaluated with clinical tests35; using a
video-based system increases the low sensitivity of the
clinical head-impulse test and the accuracy of the evalu-
ation.14 However, it was not the purpose of our study to
evaluate its efficiency. More patients and longer follow-
up are needed, as well as a more detailed protocol than
just on-demand follow-up 1 month after ITG injection.

As such, these results show encouraging conclu-
sions on this matter, although more studies with larger
samples and an extended follow-up period are desirable
to reach stronger conclusions.

CONCLUSION
Intratympanic gentamicin in MD produces signifi-

cant variations in VOR results, namely when gains are
considered, and this can be truthfully evaluated with
the vHIT. Observed changes in the horizontal semicircu-
lar canal 1 month after treatment seem to successfully
foresee the short-term control of vertigo attacks. In the
future, parameters such as change in gain asymmetry
and the amount of vestibular gain reduction may be
taken into consideration when this treatment is imple-
mented in close combination with the patients’ clinical
evolution.
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A B S T R A C T

Objective: To estimate how much could intratympanic gentamicin (ITG) interfere with the
vestibular-ocular reflex (VOR) parameters on instrumental head impulse test (HIT), either with
scleral search coil or video head impulse test and, eventually, foresee the control of vertigo crisis in
unilateral intractable Ménière’s disease (MD).
Methods: A literature search was conducted in PubMed, Scopus, Web of Science and Cochrane
search engines. The search terms used were “vestibular ocular reflex”, “head impulse test”,
“gentamicin,” and “Meniere’s disease”. Limitations included text availability to be full text, species
to be humans and language to be English. All study types were included. 89 articles were screened
identifying four eligible studies were identified. Studies were included after consensus of the
authors. Meta-analysis was conducted using the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines. Data was analysed using Review Manager software.
Results: Instrumental HIT, after ITG for MD, demonstrated, in the treated ear, a decreased gain in the
horizontal, posterior and superior semicircular canals (SCC), of 0.36 (0.26; 0.47; 95% CI), 0.35 (0.22;
0.48; 95% CI) and 0.28 (0.21; 0.35; 95% CI), respectively. Gain asymmetry increases between the treated
and non-treated ear of 23.78 (7.22; 40.35; 95% CI), 32.01 (12.27; 51.76; 95% CI) and 17.49 (9.99; 24.99;
95% CI), were similarly detected in the horizontal, posterior and superior SCC, respectively. Significantly
smaller gain values after the first treatment were observed for a single injection group versus multiple
injection group in the horizontal (p  = 0.002) and superior SCCs (p  = 0.016).
Conclusions: Instrumental HIT is effective in evaluating the SCC function after ITG for intractable
unilateral MD. VOR gain changes in the direction of the treated ear in the three SCC have been
clearly registered. An increased reduction of the VOR gain in the horizontal and anterior SCC also
seemed to foresee the control of vertigo crisis. Still, after meta-analysis, the small number of
patients’ data available did not allow to define a treatment end-point value. This review also
indicated that further and better-designed studies are warranted.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Ménière’s disease (MD) is characterized by episodic vertigo
associated with low/medium-frequency sensorioneural hearing
loss and fluctuating symptoms – hearing loss, tinnitus, pressure
and/or fullness – in the afflicted ear [1]. So far, the precise
ethiopathogenesis remains unclear and the current therapy aims
to control the symptoms of the condition, namely the severity
and frequency of the vertigo attacks. Despite the large number
of studies available, an effective evidence-based medical
therapy has yet to be established [2–4].

Intratympanic administration of aminoglycosides, such a
gentamicin, has been considered an effective and economical
approach for the treatment of medically intractable MD, aiming
to control vertigo attacks on the basis of a partial/total ablation
of the vestibular end-organ [5,6]. However, the precise
mechanism underlying aminoglycosides in the control of
vertigo and the optimal dose remain unclear [7]. As with any
other ototoxic drug, an excessive dose or a particularly
aggressive administration protocol will induce potentially
harmful and not totally predictable cochleotoxic and vestibu-
lotoxic side effects [8]. Distinct protocols have been tried in an
effort to achieve the best control of vertigo against the least
damage to the hearing, but there is currently no widely accepted
standardized procedure.

The vestibular response change after treatment has been used
in some protocols to try to identify the end-of-treatment point,
as well as the probability in obtaining a complete control of the
vertigo. For those purposes different methods have been tried:
bedside vestibular signs [9], caloric tests [10], vestibular evoked
myogenic potentials [11,12] and video head impulse test (vHIT)
[13].

The evaluation of semicircular canal (SCC) function has
been traditionally performed by caloric tests since Robert
Barany seminal studies, in 1914. More recently, the head
impulse test (HIT), introduced in 1988 by Curthoys and
Halmagyi, has also consistently proved to be an effective tool in
this domain [14]. The ocular response to a sudden and abrupt
head impulse, with an high acceleration, in particular when the
very initial response (<100 ms) is analyzed, is an expression of
the correct function of the vestibular receptors in the ampulla of
the specific SCC, in the plane of the stimulus [15]. In that
circumstance the saccadic system and the smooth-pursuit are
not fully available to compensate for the retinal position error
[16]. This makes HIT a pure test of the angular vestibular ocular
reflex (VOR). When analyzing this response with either video-
based (vHIT) or scleral search coils (SSC) systems, a precise
and detailed measurement of the vestibular function can thus be
undertaken and registered [15]. In recent times vHIT has been
taking over the caloric test as the first test for patients with
suspected vestibular disorders [17,18]. It is fast, innocuous,
repeatable and provides objective quantitative data about each
of the SCC [16].

Considering that intratympanic gentamicin (ITG) adminis-
tration acts mainly by cell damage in the peripheral vestibular
receptor [19,20], it is thus predictable to produce changes in
VOR. This appears to be consistently evaluated by vHIT, in

which changes in the function of the horizontal SCC canal and
its inherent relation to the control of vertigo crises have been
reported, namely when VOR gains are considered [13].

Against this background, it seemed desirable to evaluate the
current status of medical literature in regard to a diagnostic tool,
which may define objectively, the end-point dose for this
vestibulotoxic treatment and therefore reduce the risk of
overtreatment with undesirable cochleotoxic consequences.

The aim was to determine how much could ITG interfere
with the VOR parameters on instrumental HIT, either with SSC
or vHIT and, eventually, foresee the control of vertigo crisis.
Taking into consideration the limited number of studies on the
analysis of the parameters of instrumental HIT, the technique of
meta-analysis was employed to try to better assimilate the
results from the selected studies.

2. Material and methods

A literature search using the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
[21] was performed independently by two authors (PM and JS)
to identify all studies that evaluated, in an instrumental fashion,
the head impulse test (SSC and vHIT) after intratympanic
gentamicin for uncontrolled unilateral definite MD.

The subject headings, “vestibular ocular reflex”, “head
impulse test”, “gentamicin,” and “Meniere’s disease” were
entered into PubMed, Scopus, Web of Science and Cochrane
search engines in different combinations. Search was limited to
English language studies. Inclusion criteria included all types of
studies. Further inclusion criteria included: patients with
definitive diagnosis of MD using, when possible, the
1995 American Academy of Otolaryngology-Head and Neck
Surgery (AAO-HNS) criteria [22]; patients who failed
conventional therapy (dietary modification, diuretics and
beta-histine) and patients who had not received other surgical
intervention or invasive procedures besides ITG were included.

The publications’ abstracts were reviewed, and those
fulfilling the criteria were obtained and its references further
reviewed to identify other relevant articles. The outcome
measures examined included: vestibular ocular reflex gains
(defined as the ratio of eye velocity to head impulse velocity
[14]), gain asymmetry, control of vertigo crisis. The mean,
standard deviation, and range were recorded for each parameter.
Each selected article was assigned a level of evidence by two of
the authors (PM, JS) using guidelines published by the Oxford
University Centre for Evidence-Based Medicine (CEBM)
(http://www.cebm.net). Any dispute in the assignment of the
levels was resolved after discussion and mutual agreement.

2.1. Statistical analysis

Statistical evidence of effects is presented as described in the
original studies. We compared the groups using random effects
meta-analysis weighted by the mean difference of individual
studies to estimate the global mean difference and 95%
confidence intervals (95% CI). When testing a hypothesis about
continuous variables, nonparametric tests were used as
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appropriate, taking into account normality assumptions and the
number of groups compared. When testing a hypothesis about
categorical variables a chi-square test and Fisher’s exact test
were used, as appropriate. All reported p-values are 2-sided
with a significance level of 5%. Statistical heterogeneity was
assessed with the I2 statistic; values higher than 50% indicate a
substantial level of heterogeneity. Review manager v5.3 was
used to calculate OR and 95% confidence intervals. Sensitivity
analysis, to evaluate the weight of each study in the
heterogeneity, was performed to assess robustness of findings.

3. Results

The searches yielded a total of 89 screened articles. After
exclusion of duplicates among databases, articles in a non-
English language and animal studies, 46 of them were
considered potentially relevant and the abstracts were evaluat-
ed. Due to the absence within the abstracts of references to ITG
in MD and to instrumental HIT data, 35 articles were
additionally excluded. Full-text versions of 11 articles were
evaluated (Fig. 1). After this evaluation, three articles did not
present outcome values before treatment [15,23,24], one
presented incomplete pre and post treatment data [25], one
was limited to the clinical HIT [11], one mentioned to a single
case report [26] and in one the full text specified not an ITG in
MD, but a systemic administration of gentamicin instead [27].

As such, after detailed review, the authors agreed on four
original studies for meta-analysis [28–31], totalling 98 patients.
Three prospective studies and a retrospective study were
included. Overall level of evidence is grade C due to a majority
of level 4 studies.

The earliest published study was by Carey et al. in 2002 [28]
and Buki and Junger [31] published the most recent in
2017. The two first studies were performed with the SCC

technique [28,29] and the 2 most recent ones with the vHIT
[30,31].

The outcomes analyzed by these studies included VOR gains
of the horizontal, posterior and superior SCCs, before and after
treatment, gain asymmetry variation, caloric tests and control of
the disease.

3.1. General characteristics of the studies enrolled on the
systematic review and meta-analysis

The general characteristics of the studies included in the
review are presented in Table 1.

Patients’ characteristics were quite similar with a mean age
above 50 years old.

Also, when the treatment protocols applied were taken into
consideration these studies were very much homogeneous,
except the study by Buki and Junger [31], in which a higher
dose (40 mg/ml) and a longer time of exposure (1 h) were used.

The time of VOR analysis after treatment varied from a
minimum of 12 days to a maximum of 94 days [28].

3.2. Treatment effect

3.2.1. Gain variations
Overall, the four studies identified statistical significant

differences in VOR gain values between time points, before and
after treatment, showing that there is a measurable impact of
ITG on the vestibular end organ function which can be
evaluated instrumentally both by the SSC or vHIT. These
findings were noticeable in a similar degree in the three SCCs
(Fig. 2).

Instrumental HIT outcomes, after ITG for MD, in 98 patients
demonstrated, in the treated ear, a decreased gain in the
horizontal, posterior and superior SCC, of 0.36 (0.26; 0.47; 95%

Fig. 1. Study selection flow chart for review and meta-analysis.
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CI), 0.35 (0.22; 0.48; 95% CI) and 0.28 (0.21; 0.35; 95% CI),
respectively. (Fig. 2) A high level of heterogeneity among
studies was observed for the horizontal (69%) and posterior
(87%) SCCs.

In the three more recent studies [29–31], the VOR analysis
after treatment was performed after the first intratympanic
injection, whereas Carey et al.[28] included patients with both a
single and more than one injection.

Considering the contralateral ear, Buki and Junger found
after the injection, that the VOR gain values decreased in the
horizontal and posterior canals [31]. Whereas Marques et al.
only found a small reduction of the gain in the contralateral
superior canal (pre-treatment: 0.90 ! 0.14, after-treatment:
0.82 ! 0.12, p = 0.01) [30].

Interestingly, after comparing the gains after a single
injection against those in patients who needed two or more
treatments, Lin et al. noticed that the mean change in the
ipsilateral horizontal canal gain for the single-treatment group
was significantly greater than that in the multiple-treatment
group (single-treatment, "0.47 ! 0.25, versus multiple-treat-
ment. "0.11 ! 0.37 (p = 0.030)). However, in the remaining
SCCs this effect was not statistically significant [29]. On their
side, Marques et al. [30], according to receiver operating
characteristic (ROC) curve analysis and aiming to predict the
need for a second procedure, observed that the amount of
vestibular function reduction in the symptomatic ear should be
of, at least 17.8% (AUC horizontal canal = 0,843). Buki and
Junger [31] and Carey et al. [28] did not find significant

differences between the two groups in respect to the gain
decrease after the first injection, although in the last mentioned
study, VOR evaluations were only performed after the final
treatment, and not after a single injection (Table 2).

When the data reported by Lin et al. [29] and Marques et al.
[30] were analysed in a collected manner (Table 3), we could
observe clear differences on gain values after the first injection
in the horizontal and superior SCC, with significantly smaller
values for the single injection group versus the multiple
injection group (horizontal SCC: single injection group median:
0.51; multiple injection group: 0.83, p = 0.002; superior SCC:
single injection group median: 0.47; multiple injection group:
0.64, p = 0.016).

Unfortunately, due to incomplete discrimination in the
articles about single versus multiple injections on VOR gain
results and their impact on the treatment outcomes, a more
extensive study and inclusion in the meta-analysis could not be
accomplished.

It is curious that Buki and Junger reported cases in which the
patients became free of attacks, despite their gain values having
remained normal [31]. Remarkably, this study’s protocol
included a higher dosage and a longer length of time exposure to
gentamicin but even though a larger change of the VOR was not
registered.

Interestingly, Lin et al. [29] reported one case in whom the
gain values for the horizontal and the posterior SCCs were
actually higher after the single injection of gentamicin than
before (p < 0.001). This patient received two additional

Fig. 2. VOR gain values variation, in the three semicircular canals, before and after treatment with intratympanic gentamicin in unilateral definite MD (Mean:
standardized mean difference; SD: standard deviation; CI: confidence interval).
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treatments until her vertigo was controlled and her VOR gains
for the canals on the treated side, 94 days after the final
injection, were as follows: horizontal SCC = 0.46 ! 0.03,
superior SCC = 0.68 ! 0.05, posterior SCC = 0.44 ! 0.005
(p < 0.001 with respect to the values after the first injection
of gentamicin).

3.2.2. Gain asymmetry
Gain asymmetry (GA) between canals allows a comparison

of the asymmetry in the angular VOR between the two sides,
independently of absolute gain values in each individual, in a
fashion analogous to the Jongkees formula for calculating
caloric asymmetry [33].

In this review, gain asymmetry evaluation, was limited to the
studies of Carey et al. [28] and Marques et al. [30], as the
remaining publications did not present sufficient data for
inclusion.

Marques et al., according to ROC curve analysis, in order to
foresee that a second procedure would not be needed considered
that the amount of change in GA should be greater than 7%
(AUC horizontal canal = 0.861) [30]. Carey et al. also described
an increase GA in the three SCCs: 34% (horizontal), 34%
(superior) and 42% (posterior) [28].

Summed in both studies, a gain asymmetry increase between
the treated and non-treated ear of 23.78 (7.22; 40.35; 95% CI),
32.01 (12.27; 51.76; 95% CI) and 17.49 (9.99; 24.99; 95% CI),
were observed in the horizontal, posterior and superior SCCs
respectively (Fig. 3). A high level of heterogeneity among
studies was observed for horizontal (91%) and posterior SCC
(94%).

Lin et al., comparing GA in the single versus the group that
needed multiple injections, found a significantly greater change
in GA in the single than in the multiple-treatment group in
horizontal canal, but not in the superior and posterior canals
[29]. The numeric and statistical data for this assumption was
not presented.

3.2.3. Caloric tests
The studies of Carey et al., Lin et al. and Marques et al. (data

obtained from the authors) displayed a significant increased
caloric asymmetry after ITG (Fig. 4), although this could not be
correlated, as a whole, with the instrumental head impulse test.

According to Carey et al. [28], the HIT for the horizontal
canal was less likely to produce and abnormal asymmetry in
subjects with intractable vertigo due to MD than was caloric test
(p < 0,0001). When calculated for the group of 17 subjects
before treatment, the asymmetry for the caloric test was 40% !
32%, but the GA of the horizontal canal was only 2% ! 3%.
Post-gentamicin testing, for 10 subjects who lost ipsilateral
caloric response, showed that VOR average gain for excitation
of the treated horizontal canal was 0,40 ! 0,11. For the five
subjects who still had ipsilateral caloric response after
gentamicin, VOR average gain for excitation of the treated
horizontal canal measured 0,41 ! 0,17 (p = 0.8) [28].

Lin et al. [29], in the same set of patients in which significant
changes in the instrumental HIT were observed and, especially
differences between the single versus multiple treatment groups
were perceived, caloric results were also described. Neither the
mean pre-treatment caloric asymmetry was significantly
different between the two groups (single-treatment.

Table 3
Gains in the three semicircular canals after the first injection, for patients submitted to single and multiple treatments for control of MD. Data retrieved from Lin et al.
and Marques et al. Complete data from the study of Marques et al. was collected from the first author (SCC: semicircular canal; P25: percentile 25, P75: percentile 75;
n: number of patients examined).

SCC Single injection Multiple injections

P25 Median P75 n P25 Median P75 n p-valuea

Horizontal 0.34 0.51 0.80 33 0.70 0.83 0.94 16 0.002
Superior 0.31 0.47 0.56 25 0.54 0.64 0.81 12 0.016
Posterior 0.29 0.40 0.52 25 0.36 0.48 0.79 12 0.200

Bold values refer to the statistical significant p values.
a Mann–Whitney test.

Table 2
Gain reduction and post-treatment horizontal SCC gain after a single gentamicin injection in patients with disease controlled after one treatment versus patients
needing multiple injections. Complete data from the study of Marques et al. was collected from the first author (n – number of patients; SD – standard deviation; SCC
– semicircular canal; S – single; M – multiple).

Studies Number of
injection

n Average gain reduction
Horizontal SCC of the
affected ear (mean ! SD)

Average gain after treatment
Horizontal SCC of the affected
ear (mean ! SD)

p-valuea

Lin et al. (2005) S 11 0.47 ! 0.25 0.41 ! 0.16 0.030
M 7 0.11 ! 0.37 0.72 ! 0.31

Marques et al. (2015) S 22 0.36 ! 0.29 0.61 ! 0.25 0.003
M 9 0.04 ! 0.06 0.82 ! 0.14

Buki et al. (2017) S 13 0.66 ! 0.26 – 0.900
M 19 0.67 ! 0.24 –

Bold values refer to the statistical significant p values.
a Mann–Whitney test.
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28.9 ! 27.3, versus multiple-treatment, 15.0 ! 12.7; p = 0.22)
nor the mean change in caloric asymmetry from pre-treatment
to post-treatment was significantly different between the
subjects in the two groups (single- treatment.
25.3 ! 30.0. versus multiple-treatment, 23.8 ! 31.3; p = 0.80).

3.2.4. Other clinical variables
A single study, Marques et al. [30], makes a particular

reference to the presence of corrective covert or overt saccades,
which were mainly observed after treatment, following the
stimulation of the horizontal SCC, in the treated ear.

Also according this author [30], no significant differences in
the VOR were perceived after ITG when variables such as age,
functional level, Dizziness Handicap Inventory Test total score
[34], duration of the disease, time since the last dizzy spell or
number of crises in the six previous months were considered.

4. Discussion

This study investigated the current status regarding the
effectiveness of the instrumental HIT in evaluating the SCCs
function after ITG for the treatment of intractable unilateral
MD. The development of the vHIT, an easy and precise method
of VOR evaluation [16], has allowed a more regular evaluation

of the HIT which, in the near future will expand to offer further
evidence, in distinct vestibular system pathologies. According-
ly, this is a developing and promising field in neuro-otological
investigation, although more consistent data is warranted.

According to the systematic review and meta-analysis
performed four striking findings could be extracted.

First and overall, VOR gain changes for head impulses in the
direction of the treated ear have been clearly observed in the
three SCCs, with significant reductions in all canals. The effect
on the contralateral ear has been rarely addressed in literature
and most times it affected, although not uniformly in the three
canals. The explanation of the former is clearly due to the toxic
effect of the drug, however, that of the later has no explanation
other than a probable very short-term vestibular fluctuation.
This topic has never been addressed in patients with MD though
in normal subjects is very small [35]. One of our challenges was
to try to ascertain parameters of the VOR on instrumental head
impulse test could act as a marker to foresee the control of
vertigo crisis after ITG. Unfortunately, the data published until
now does not clarify this question, reporting disparate
conclusions. However, the global analysis of the raw data
available, namely from the studies of Lin et al. [29] and
Marques et al.[30], allow us to speculate that an increased
reduction of the VOR gain in the horizontal and superior SCC

Fig. 4. Caloric asymmetry, before and after treatment with intratympanic gentamicin in unilateral definite MD (Mean: standardized mean difference; SD: standard
deviation; CI: confidence interval).

Fig. 3. Gain asymmetry in the three semicircular canals, before and after treatment with intratympanic gentamicin in unilateral definite MD (Mean: standardized mean
difference; SD: standard deviation; CI: confidence interval).
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could be used as predictors of a status of controlled disease. The
small number of patients in which the vertical canals were
examined may explain the absence of a similar assumption for
the posterior SCC, as a trend between single and multiple
injection groups can be perceived and the three SCC have been
described as being equally affected by ITG [36,37]. Still, the
few studies and patient data available make it impossible, at the
moment, to reach a clear cut off value for this purpose. Though,
after the meta-analysis performed, allowing the evaluation of an
amplified sample, we have an improve and clear notion of the
impact and possible prognosis usefulness of the instrumental
HIT, fact which had never been revealed, yet.

Second, and consequent to a significant gain reduction, a GA
increase in the three SCCs was consistently perceived, when
this variable was present in the studies considered. This
parameter, which incorporates data from both ears, if registered
and presented methodically, could also provide valuable
information, applicable in patients’ follow-up.

Third, the caloric test asymmetry after ITG was consistently
increased in all studies, although not always completely
correlated with the instrumental HIT parameters. Quite
surprisingly when single application versus multiple injections
was considered, the caloric tests results were not significantly
different. It is interesting to note that the comparison between
caloric tests and vHIT as well as their intrinsic diagnostic
accuracy, in MD patients, has been performed earlier and the
agreement between both tests has been reportedly poor
[38]. This discrepancy could be linked to differences in the
stimuli itself, summed to the factor that an asymmetry of at least
40% is needed to induce an abnormal gain in the vHIT
[14]. Anyhow, studies must be considered complementary and,
in conjunction, may offer a more thorough and physiologic
evaluation of the vestibular system function. This also applies to
vestibular evoked myogenic potentials testing. It is also quite
evident now that many patients, and those with MD in
particular, may have a normal horizontal canal function in vHIT
testing and simultaneous reduced or absent caloric responses in
the same ear [16,39]. It has been hypothesized this could be due
to the hydropic distention occurring in in the horizontal
semicircular canal [39]. Some investigators have even
suggested that this dissociation between vHIT and caloric
results could be a typical finding of MD [16,40,41].

Fourth and not the least, additional research is needed.
Despite a significant decrease on the VOR gain in the treated
ear could be registered, it remains unclear if a particular
absolute gain or a specific value of the VOR gain reduction
could work as a predictor in the assessment of the disease
control.

An implementation of protocols including vHIT for the
routine evaluation of the VOR before and after ITG are
desirable and will hopefully allow future improvement on both
quality and quantity of data lending to more powerful
conclusions, essential to increase the statistical strength of
these assumptions. Another topic that might deserve additional
research pertains to the analysis of corrective saccades, an
interesting specific parameter of the instrumental HIT, whose
distinctive characteristics have been described in various
conditions, such as chronic unilateral vestibular loss, central

nervous system lesions or even vestibular compensation
[16,42–44].

5. Limitations

This systematic review tried to identify all published
literature related to the instrumental HIT evaluation after
ITG use for the treatment of unilateral definite MD; however it
is possible that we might have failed to identify all relevant
studies. In spite of the extensive search, at the end only four
studies fulfilled the specific criteria for inclusion in the meta-
analysis. This may be explained by the circumstance that
initially, instrumental HIT was limited the evaluation with the
SSC, a test which is not clinically applicable in a routine
manner.

The low level of evidence of the studies, ranked as level 4, as
well as their heterogeneity are other relevant limitations of this
review,

Unfortunately, very few studies had the same variables
reported in a standardized fashion or had their raw data
disclosed, limiting data collection for a bigger series eligible for
meta-analysis.

6. Conclusions

Instrumental head impulse test, either with SSC or vHIT, is
effective in evaluating the SCC function after ITG for
intractable unilateral MD. VOR gain changes in the direction
of the treated ear in the three SCC have been clearly observed,
with significant reductions. An increased reduction of the VOR
gain in the horizontal and superior SCC also appears to foresee
the control of vertigo crisis. Still, after meta-analysis, the
reduced number of patients’ data available did not allow to
define a treatment end-point value.

This review also indicated that there were a limited number
of studies on the analysis of the parameters of instrumental head
impulse test. As such, further and better-designed studies are
needed.
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In spite of its first being described a long time ago, in 1861, Ménière’s disease is 

still one of the most enigmatic disorders an otolaryngologist has to deal with. After 

thousands of published papers, the aetiology, pathophysiology, clinical picture and 

evolution, best treatment and prognosis are not yet clear in many aspects. 

Against this background, this thesis was designed to explore, from different 

perspectives, specific diagnostic and treatment concepts in EH/MD, which are still under 

debate. 

 

IV.1. Clinical variability of the disease  

 
Ménière’s disease can undeniably express itself in distinct forms such as the 

presence of a uni- or bilateral disease or the presentation of different patterns of hearing 

loss evolution. Additionally, there is the possibility of the contribution of different 

aetiologic factors, as well as the fact that different conditions may affect it, e.g. gender, 

age, ethnicity, familial aggregation, autoimmune diseases or migraine. Considering this, 

one can rationally speculate on the possibility of the existence of more than one distinct 

group of patients. 

This clinical heterogeneity makes these potential different groups, within the 

disease, problematic to study and identify. As such, a different approach, either in the 

diagnostic workup or in the treatment could be on the patient’s best interest. 

Large multicentric studies have the advantage of enrolling large numbers of 

patients, permitting the analysis of specific traits, as in cases of autoimmune or familial 

MD. In this context, the study presented in Paper I demonstrated that bilateral MD is a 

heterogeneous disorder and the statistical analysis performed revealed as a useful 

instrument to define groups of patients according to distinct predictors such as familial 

MD, autoimmune history, migraine and the type of onset for hearing loss. Based on this 

analysis, five groups of patients were identified, with distinct features: Type 1, the most 

common, associated to patients who progress from unilateral to bilateral disease; Type 2, 

bilateral simultaneous disease, without autoimmune comorbid conditions, migraine or 

familial history of MD; Type 3, patients with a family history of MD; Type 4, associated 

with migraine in all cases, but without a family history of MD; Type 5, patients that could 

be considered as having autoimmune MD, as every patient had another simultaneous 

autoimmune disorder. 
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Interestingly, a large group of 95/398 patients did not fit in any cluster and, 

therefore, was excluded from the model. However, this leaves still open questions on how 

they should be classified or grouped. 

Also, groups 3, 4 and 5, corresponding to family history, migraine and 

autoimmune disorders respectively, presented a younger age of appearance. Could this 

detail potentially unveil a systemic and/or genetic background? Yet, these three groups 

also showed a certain degree of inherent variability, as the case of type 3 MD, in which 

two types of families, either with or without migraine, were identified, possibly carrying 

an autosomal dominant pattern of inheritance with the participation of several genes. As 

recently stated by Espinosa-Sanchez and Lopez-Escamez (Espinosa-Sanchez and Lopez-

Escamez, 2015), the type 4 group may also overlap with vestibular migraine and, 

accordingly, could involve a common pathophysiology. In this latter particular issue, 

MRI may, in the near future, become a particularly helpful tool for differential diagnostic 

evaluation, through the morphologic confirmation of EH (Gurkov et al., 2014, Gurkov, 

2017). 

As every patient has concurrent autoimmune diseases, type 5 group also presents 

some inequality as it includes patients with sporadic (71%), familial MD (29%), migraine 

(38%) and both synchronic (38%) and metachronic SNHL (62%). 

Intriguingly, bilateral MD type 2 patients show a high vascular risk profile, which 

might be related to a more advanced age, although this could not be perceived in type 1 

group. Yet, this last group, type 1, the largest of the series, actually remains inadequately 

characterized, as it is not associated with any specific clinical characteristic or aetiological 

feature. 

More recently, and remarkably, a similar study conducted by the same multicentre 

Ménière’s disease Consortium (Frejo et al., 2017a), designed for unilateral MD, presented 

comparable outcomes (Navarro, 2017). 

These results display a possible association between an aetiologic factor and a 

clinical expression, supporting the preliminary established concept that EH is a necessary, 

but not sufficient condition for MD to develop, as various and distinct cofactors 

apparently must concur to the true clinical expression of the disease. 

In line with this analysis, it has been suggested a new categorization for bilateral 

MD, comprising five groups of patients with potential aetiological implications, which 

will probably improve the diagnostic workflow and the future management. Illustrating 

this thought is the need for further investigation on other concurrent comorbidities to 
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determine contributing factors in the larger type 1 group or to assess the role of vascular 

risk factors in the type 2 group (Frejo et al., 2016). 

It has become well-defined that the phenotyping of a patient with an episodic 

vestibular syndrome should not be restricted to a symptomatic description (Navarro, 

2017). The recognition of diverse subclasses of patients (Paper I) is one of the steps 

needed, not only to improve the selection of patients for specific analysis, such as genetic 

and/or immunological studies, but also for the design of randomized clinical trials, as the 

existing ones did not demonstrate, for example, convincing outcomes of specific 

treatments, such as diuretics (Crowson et al., 2016), betahistine (Adrion et al., 2016) or 

steroids (Phillips and Westerberg, 2011, Syed et al., 2015). These latest results could be 

rationally justified by a hypothetical biased selection of patients, with diverse aetiologies 

and clinical expressions, an assumption that is supported by paper I. 

Accordingly, a broad approach should be implemented in MD, based on an 

accurate medical history, but additionally complemented with inner ear tests (Grill et al., 

2014, Lopez-Escamez et al., 2015). 

Hearing loss has actually been extensively studied (Palaskas et al., 1988, 

Takahashi et al., 2005, Belinchon et al., 2011) and is inclusively included in the 

international diagnostic guidelines (Lopez-Escamez et al., 2015). In contrast, there is a 

relatively lack of data on the vestibular function status. Montes-Jovellar (Montes-Jovellar 

et al., 2011), through a cluster analysis, including distinct features such as basic 

audiometric, vestibular and posturographic variables together with disability, actually 

tried to identify findings associated to different staging groups. However, in this study 

the bedside vestibular examination results were not explicitly addressed. 

It certainly seems unexpected that no information on this topic appears in the 

recommended staging systems. As stressed by Adams et al. (Adams et al., 2010), 

limitations in the methods of assessment, the inconsistency associated to the fluctuating 

nature of the disorder and the high dependency of results on the time since the last vertigo 

attack may essentially explain this circumstance. 

Published studies on the bedside vestibular functional evaluation have often been 

limited to a description of isolated episodes during acute vertigo. In these reports, it has 

been classically described an initial irritative peripheral spontaneous nystagmus towards 

the affected ear which, within seconds to minutes, changes direction to beat towards the 

unaffected ear (paretic nystagmus) and, finally, change direction once more (recovery 

nystagmus) to beat to the affected ear (Bance et al., 1991, Welgampola et al., 2015). 
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However, this assessment should not be restricted to the vertigo episodes and the clinical 

bedside vestibular examination, such as the search for SN, HSN and VIN, in a grouped 

approach, and, if systematically and sequentially used, could be extremely helpful. 

According to Goebel (Goebel, 2001), this should be applied in the diagnosis of 

MD, as well as in the diagnosis of any sort of vestibular disorder, as supported by paper 

II. 

However, as has been described in the aetiology and evolution of unilateral and 

bilateral MD, the clinical heterogeneity of this disease is also noticeable on its clinical 

exploration. 

Proctor (Proctor, 2000) emphasized that the variation and diversity of auditory 

and vestibular test scores in MD may be important for the clinical diagnosis, assessment 

of treatment results and for understanding the pathophysiology. These peculiarities of 

vestibular function in MD should be highlighted and, according to this author, we should 

take into account the fact that, in unilateral cases, the VOR may be either normal on both 

sides, reduced on the involved side, reduced on the opposite side or reduced on both sides. 

In addition, there may or may not be significant changes in the VOR over time. The wide 

variety of test results in MD additionally suggest that, in all probability, more than one 

pathophysiologic mechanism may be operating in this disorder, a concept which is also 

in line with Navarro’s clinical heterogeneity results (Navarro, 2017). 

In Paper II, it was shown that the bedside vestibular examination provides 

important signs of dynamic vestibular imbalance in patients with unilateral definite MD, 

although very heterogeneously. Comparable outcomes were previously observed when 

every test was individually evaluated, as was the case of  SN (Proctor, 2000), HSN (Horii 

et al., 2006) or VIN (Park et al., 2008). 

The findings of Paper II encourage using the exam grouping system, both for the 

initial assessment and for follow-up. This combination of tests, primarily based on the 

presence, or absence, of spontaneous nystagmus and its beating direction with relation to 

the side of the disease, bring a certain degree of order in the findings. 

If a more thorough look is taken at each test individually, the absence of 

nystagmus was more frequently seen in the SN assessment, than in HSN and VIN. In this 

line, Paper II points to the need for incorporating these additional VOR examinations in 

the regular bedside diagnostic work-up, because they increase the information of the 

pathological process. 
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Absence of vestibular imbalance signs in all the tests were observed in 13.4% 

(13/97) of the patients and a similar nystagmus was seen in 23 patients, probably 

reflecting the weight of the SN.  

Surprisingly, the different pattern of responses was not associated with any 

particular clinical characteristic or finding in the caloric test. However, there was a 

tendency towards recent attacks and irritative responses, as well as towards higher 

vestibular deficiency and paretic responses, as could be expected.  

Also intriguing was the finding that, in the group which did not show coherent 

results, most of the patients, despite the length of time from the preceding crisis and in 

the different exams, revealed predominately irritative reactions, a fact which could 

eventually reflect an unstable vestibular function status. 

Head shaking nystagmus has been attributed to asymmetrical peripheral vestibular 

inputs amplified by the velocity storage mechanism (Leigh and Zee, 2006), as well being 

considered to represent the remnant vestibular reservoir in the affected ear during the 

follow-up of unilateral MD (Lee et al., 2015). According to this study, it usually beats in 

the same direction of SN, but whenever it was beating to the opposite direction, later it 

showed a direction reversal over time in most patients with unilateral MD, indicating that 

the static vestibular imbalance is not always in accordance with the dynamic one during 

the acute phases of MD (Lee et al., 2015), an assumption that merits further study in the 

future. 

Interestingly, VIN, which is known to induce nystagmus by stimulating both 

vestibular organs directly (Dumas et al., 2011), appeared to give the impression of an 

enhanced characterization of the patients’ status, as an irritative response was associated 

with a recent attack, and also with a higher level of disability as measured with the 

functional level scale.  

In patients with MD, the recovery of a provisionally paralyzed vestibular function 

could be indicated by an irritative VIN (Hong et al., 2007), which has already been shown 

to be useful in the differential diagnosis of a first attack of vertigo in MD against a 

suspected vestibular neuritis (Fushiki et al., 2010), in which a paretic nystagmus is 

typically seen (Mandala et al., 2008). The circumstance that the former type of nystagmus 

generally occurs in patients with a minor canal paresis (Hong et al., 2007) may also justify 

the relation between an irritative VIN and functional recovery after an attack of vertigo. 

Still, we were not able to answer the question if this finding has a similar significance as 

the irritative HSN (Kamei and Iizuka, 1999). 
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In Paper II, in agreement with Hong et al. and Lee et al. (Hong et al., 2007, Lee 

et al., 2015), a paretic VIN was more frequently observed in patients with a greater 

amount of canal paresis and, more frequently, in the non-homogeneous group. The detail 

that, in this non-homogeneous group, the process of vestibular compensation could be 

mainly based on a short-term habituation, rather than on restoration of peripheral 

vestibular function, could explain it. 

Actually, the perceived discordance between VIN and other exams, such as the 

HSN, has been previously found (Dumas et al., 2011). Different ideas which attempt to 

explain it can be considered: the differences in stimulation, namely the push-and-pull 

effect in HSN versus a simultaneous stimulation of both labyrinths by vibration (Dumas 

et al., 2011); the distinct contributions of the central velocity storage system, if any, in 

the case of VIN (Lee et al., 2015); the different frequency of stimuli during HSN and 

VIN, as it has been recognized that MD patients show a selective loss of Type II hair cells 

in the vestibular end organs (Merchant, 1999); the different vestibular compensation 

according to stimulation frequency (Lasker et al., 2000); or the disparity of the stimulation 

frequency to which the inner ear might be physiologically able to respond at certain 

periods of the disease with relation to different degrees of hydrops. 

These are promising results, which may be of importance in the diagnosis and 

follow-up of MD, and other vestibular disorders also. Altogether, with this approach, a 

broader clinical picture of the vestibular function status was disclosed, expanding our 

capacity of analysis. Despite this, it must be stressed that no definite or clear associations 

could be observed, and further work is undoubtedly required.  

How could we improve the collection of information at the bedside? Should we 

also perform a systematic and not only qualitative, but also quantitative evaluation? 

Would this be feasible? It was shown that the VOR function can be easily assessed in 

different complementary ways, such as by carefully observing the eye movements in 

response to vibration stimuli and low and high frequency head rotations, as with the 

bedside clinical HIT; however, this would be more specific and reliable with the vHIT. It 

is also possible to determine the effect of head rotation on visual acuity or, all the more 

so, by performing bedside caloric testing. These evaluations should give us not only 

reasonably, solid data but, more decisively, give an information that could be more 

objectively registered, graded and compared, for a better follow-up and evaluation of 

treatment outcomes, with the paramount goal of attempting to reduce the clinical 

variability of this disease. 
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IV.2. Influence of EH on IT treatment  

 
Intratympanic treatments have been increasingly applied since local inner ear 

therapy was first used for the treatment of MD, more than half a century ago (Schuknecht, 

1957). A variety of drugs has been administered, among of which aminoglycosides and 

corticosteroids have been the most commonly used in the treatment of different inner ear 

pathologies such as MD (Barrs, 2004), sudden deafness (Rauch, 2004, Plontke et al., 

2009) autoimmune inner ear disease (Light and Silverstein, 2004) or tinnitus (Sakata et 

al., 1997). 

The IT method truly presents several advantages over a systemic route, as the 

latter has the risk of some troubling drawbacks, including a variable penetration into the 

inner ear due to the presence of a blood-cochlea barrier and the potential for undesirable 

systemic side effects (McCall et al., 2010). Through easy access with a reduced surgical 

risk, the IT route permits substantially superior concentrations of drugs in the inner ear to 

be achieved. However, for the same reason, this high dose delivery could also increase 

the risk of local toxic effects, such as simultaneous cochlear damage and hearing loss 

after gentamicin administration. 

Again, as earlier stressed, experimental studies have demonstrated that with the 

IT technique, intracochlear drug concentrations were found to be higher but also 

extremely variable (Hibi et al., 2001, Hoffer et al., 2001, Plontke et al., 2002, Mikulec et 

al., 2009, Salt et al., 2012, King et al., 2013, Shi et al., 2014, Salt et al., 2016). The 

concentration and pharmacokinetic characteristics of the drugs, as well as several other 

additional factors could influence the concentration that reaches the perilymph. In spite 

of being increasingly used in clinical setting, as many published studies demonstrate 

(Cohen-Kerem et al., 2004, Martin Sanz and Perez Fernandez, 2004, Nguyen et al., 2009, 

Pullens and van Benthem, 2011, Manrique-Huarte et al., 2011, Syed et al., 2015), the 

choice of concentration, dosing and calendar for middle ear application of medications 

has remained variable, according to the different centres (Moller et al., 1988, Pyykko et 

al., 1994, Rauch and Oas, 1997)  

In the particular case of the management of refractory MD, the influence of degree 

of EH could potentially be an additional and critical factor to affect the entrance of drugs 

in the inner ear. Interestingly, previous studies with MRI during the last decade have 

shown differences in the entrance of Gd in the inner ear which were correlatable to the 

severity of EH, both in the oval (Shi et al., 2014) and RW regions (Yoshioka et al., 2009). 
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With Paper III, the guinea-pig surgically-induced EH model was used in an 

attempt to further understand if EH could indeed influence the delivery of gentamicin 

after IT administration. The data collected indicated that EH interferes on the delivery of 

gentamicin to the inner ear, with a negative impact when compared to control animals. 

These findings were significant either after a selective RW niche placement of gentamicin 

or when the middle ear was filled with the drug, simulating a clinical IT application. 

Moreover, a negative correlation between the concentration of gentamicin in the 

perilymph, in samples collected after 120 minutes of exposure versus the EH degree (RW 

niche p<0,001, TT p=0.005), was convincing. These observations in accordance with 

those from previous MRI studies (Yoshioka et al., 2009, Shi et al., 2014), 

complementarily demonstrate that a reduction of the flow from the middle to the inner 

ear exists and is possibly correlatable with an EH state.  

Numerous issues have been consistently linked to the permeability of drugs from 

the middle to the inner ear. Published studies have pointed out aspects such as thickness, 

permeability and size of the membranes, inflammatory conditions, time course in the 

middle ear, local pH and temperature, substance solubility and electrical charge, dilution 

effects of cerebrospinal fluid and elimination to blood (Schachern et al., 1987a, 

Goycoolea et al., 1988, Johansson et al., 1993, Goycoolea and Lundman, 1997, Spratley 

et al., 2000, Rivera et al., 2012, Cureoglu et al., 2005, Salt et al., 2016, Salt and Plontke, 

2018). The equation seems so complex and so many elements appear to be involved that 

mathematical computer models have even been specifically developed 

(http:/otocore.wustl.edu/saltlab/) to simulate physical processes, driving solute 

movements in the fluid and tissue spaces of the guinea pig inner ear, allowing diverse 

aspects of the experiments to be incorporated and manipulated (Salt et al., 2016). 

In the particular case of MD, an additional factor – EH - must now be accounted 

for, a factor which has been described as almost constantly present. 

But why and in what way could EH influence the delivery of gentamicin to the 

inner ear?  

It has been previously recognized that when drugs are applied into the middle ear, 

they reach the normal inner ear compartment through three routes: the round window 

(57%), the oval window ligament (35%) and vascular channels or microfissures in the 

otic capsule (Salt et al., 2016). In the case of EH, an increased thickness of the RW 

membrane, due to hyperplasia of the middle fibrous layer, has been described, 

conceivably caused by changes in perilymphatic pressure (Yoda et al., 2011) and we 
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could realistically speculate that the same could occur in the oval window region with a 

consequent reduced entry of gentamicin into the inner ear. In the hydropic ear, higher 

values of gentamicin were observed in the IT group, corresponding to the route through 

the round window, region of stapes and, probably, as in guinea pigs has been described, 

also through the otic capsule (Mikulec et al., 2009). However, we could not detect, in this 

particular project, if EH could modify the relative distribution between these three routes 

in the middle ear inner wall.  

Intriguingly, earlier works by Salt et al. (Salt et al., 2012, Salt et al., 2016) have 

unexpectedly revealed that when gentamicin was applied only to the RW niche, higher 

concentrations were actually measured in perilymph from the SV than in samples 

originating from ST. Further MRI studies, either in animals or humans, also showed that 

IT-administered Gd signal was usually higher in the vestibule than in ST of the cochlea, 

also (Zou et al., 2003, Zou et al., 2012, Shi et al., 2014). These outcomes can only be 

explained by interscala communications, which have been demonstrated by Salt and 

Plonkte (Salt et al., 1991, Plontke et al., 2002), but not yet described or characterized in 

EH models, leaving this concept to be explored in the future. Indeed, perilymphatic 

concentrations of drugs may change with the rate of the passage from the middle to the 

inner ear, but also with the speed with which it communicates with the different cochlear 

compartments. According to King et al. (King et al., 2013), this distribution of gentamicin 

might contribute to explain how vestibular function can be suppressed while preserving 

cochlear hair cells. 

Not negligible, at least in the guinea-pig model, are the tissue spaces which have 

been estimated to represent up to 24% of the total inner ear volume (Salt and Hirose, 

2018), a meaningful part of the inner ear, in which drugs can spread, lowering 

perilymphatic concentrations. Still, in the specific case of EH, this issue has also not been 

addressed as yet. 

Also of interest is the fact that, when entering from the middle ear, substances 

concentrate predominantly at the basal turn, rather than reaching the upper turns of the 

cochlea (Saijo and Kimura, 1984). This gradient along the cochlea helps to justify how 

vestibular function can be reduced while simultaneously maintaining the function of 

hearing (Imamura and Adams, 2003, Wagner et al., 2005, Salt et al., 2016). It is actually 

not known if EH could influence this gradient; this is an interesting research question to 

be also potentially approached. 
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Pressure issues could also be considered. Yet, according to Warmerdam et al. 

(Warmerdam et al., 2001) electrophysiologic changes, more than endolymphatic 

hypertension, may play a role in the pathophysiology of EH, namely the endolymphatic 

potential decrement, as the hypothesis of an increased endolymphatic pressure has been 

discouraged. This concept would support the theory of an increased flow of drugs, mainly 

cationic, such as gentamicin, from the SV to the endolymph, against a reduced 

endocochlear potential, adding to a further reduction of the concentrations of drugs 

available in the SV and, due to the multiple communicating spaces, in the whole 

perilymphatic space (Salt et al., 2016), which is in agreement with paper III results. 

Anatomic distortions are also inherent in EH and apparently follow a predictable 

progression pattern, from the cochlea and saccule (Pender, 2014). Does an increased 

degree of hydrops could position the membranes closer to the round and oval window 

regions? Could this feature ease the absorption of drugs to the endolymph? Could it be 

possible that the passage of drugs, from the middle ear to the endolymph, might occur in 

an almost direct way, if the inner membranes are in contact with both windows? These 

changes could additionally help explaining why small concentrations of gentamicin were 

observed in the perilymph. Kimura (Kimura et al., 1991) actually discussed the idea that 

due to pathological distended membranes and to the endocochlear potential decrease, 

drugs could really enter faster into the endolymphatic space; however, a conceivable 

decrease in absorption of endolymph in EH would explain why ototoxic drugs might 

remain longer in the endolymphatic compartments. 

As stated, there are numerous unanswered questions on this topic. Still, this is only 

one of the features involved in IT administration of drugs and improved knowledge of 

the pharmacokinetics of the inner ear with EH is needed.  

The conclusions of Paper III, as well as the recent advances in MRI imaging, 

hopefully point to results which will have a future translational impact on the adjustment 

of clinical protocols.  

 

IV.3. Reducing the unpredictability of vestibular damage after ITG  

 
In the course of this thesis the inherent variability of MD has been emphasized, 

from distinct approaches. This variability encompasses the pathophysiologic features and 

clinical expression of the disease (Paper I), as well as the functional vestibular evaluation 
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(Paper II). Moreover, this irregular pattern has also been observed in a treatment 

perspective, as shown in Paper III. 

All this variability added to the continuing lack of consensus about ITG protocols, 

demands research to identify this still ongoing unpredictability. 

Not only the dosages and timing of therapy, but also the endpoints selected to stop 

therapy differ greatly among published reports (Youssef and Poe 1998, Minor 1999, 

Harner et al. 2001, Abou-Halawa and Poe 2002, Chia et al. 2004). As there is not, 

currently, the possibility of estimating the exact amount of drug reaching the inner ear 

(Silverstein et al., 1997b), a physiologic endpoint treatment marker is needed, in order to 

achieve the best possible results with the fewer side effects. An ideal end point of 

gentamicin treatment has been proved difficult to establish.  

Some groups recommend treatment discontinuation when any of the bedside 

vestibular signs are positive (Morel et al., 2008), a considerable worsening in the caloric 

response occurs (Casani et al., 2005) or until persistent dizziness or disequilibrium 

develops (Rauch and Oas, 1997). However, currently, a partial, rather than a total ablation 

of the vestibular end organ, appears to be enough to control the disease (Cohen-Kerem et 

al., 2004), although the degree of injury to achieve this result has not been fully 

established.  

After several years in use, there is a broad consensus that ITG acts mainly by cell 

damage in the peripheral vestibular receptor (Lyford-Pike et al., 2007, Buki et al., 2011), 

namely on type I hair cells, being thus likely to cause changes in VOR (Halmagyi et al., 

2017). To assess the efficacy of ITG, different methods have been applied to date: bedside 

vestibular signs (Junet et al., 2016), caloric tests (Seemungal and Bronstein, 2008) and 

vestibular evoked myogenic potentials (Picciotti et al., 2005, Liu et al., 2017), The ocular 

response to a quick head impulse, with a high acceleration is a manifestation of the correct 

function of the vestibular receptors in the SCCs (MacDougall et al., 2009) and the HIT 

has already proved to be an effective tool for this purpose (Alhabib and Saliba, 2017). If 

this particular sign is analyzed instrumentally, with either video-based (vHIT) or scleral 

search coils (SSC) systems, an accurate measurement of the vestibular function can be 

taken, registered and compared in serial examinations. (MacDougall et al., 2009) 

Currently, for this reason, the vHIT is being considered the first test for patients with 

suspected vestibular disorders (Rambold, 2015, van Esch et al., 2016) as it is fast, safe, 

repeatable and offers objective quantitative data in a cost-effective manner (Rambold, 

2015, Halmagyi et al., 2017). Both the fact that VOR function is finely analysed by the 
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vHIT and that gentamicin target are type I receptor cells, would make this exam an 

excelent candidate to offer an easy, affordable and predictable evaluation of the damage 

produced. 

The results presented in paper IV indicate a well-defined variation in parameters, 

such as gain, gain asymmetry and the presence of corrective saccades, in the three SCCs, 

after a single administration of gentamicin. After this study it was conceivable to assume 

that the vHIT can accurately evaluate and quantify the impact of gentamicin in the inner 

ear, as previously observed with the SSC, considered the gold standard technique, against 

which vHIT has been validated  (MacDougall et al., 2009, Carey et al., 2002). With the 

SSC technique, which is a vestibular laboratory method and, thus, not clinically 

applicable, Carey and colleagues (Carey et al., 2002) also concluded that ITG markedly 

reduced the VOR gains on the treated side.  

Furthermore, this study (Paper IV) showed, specifically in the horizontal SCC, at 

one month after treatment, that changes on the vHIT could predict the short-term control 

of vertigo attacks. 

In addition, quite interestingly, the results in paper IV also suggested that, in spite 

of the effect on inner ear structures, a substantial degree of function is still preserved. 

Consequently, these findings furthermore support the concept that an adequate vertigo 

control, in the period of time evaluated, can be accomplished without a complete ablation 

of the vestibular function (Minor, 1999, Cohen-Kerem et al., 2004). Actually, ITG 

treatment has been recognized to reduce the histologic density of type I hair cells by 99%, 

but not type II hair cell density, suggesting that a conservative treatment may cause a 

partial injury and loss of vestibular hair cells, but does not damage the afferent spike 

initiation zones and spares enough hair cell synaptic activity to drive the spontaneous 

activity of vestibular afferents (Hirvonen et al., 2005, Lin et al., 2005). 

However, vertigo recurrence in patients earlier treated with ITG has been reported 

as highly variable, occurring in 0–71% according to different protocols (Cohen-Kerem et 

al., 2004). What seems to be clear now, and also in line with papers IV e V results, is that 

a better control of vertigo is apparently proportional to the degree of damage caused to 

the inner ear (Lin et al., 2005, Nguyen et al., 2009), as has been previously found with 

the caloric test  (Hone et al., 2000) or VEMP (De Waele et al., 2002).  

In Paper IV, the statistical analysis of the data, after receiver operating 

characteristic curve analysis allowed to further conclude that a gain asymmetry variation 

higher than 7%, as well as a vestibular gain reduction in the pathologic ear higher than 
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17.8% could bring about controlled MD. These results lead to encouraging conclusions 

on this matter, but no definite value of the gain needed to achieve the status of a controlled 

disease was definitely perceived yet. 

In order to attempt to evaluate on a larger scale how much could ITG interfere 

with the VOR parameters on instrumental HIT (SSC and vHIT) and, possibly, anticipate 

the control of vertigo crisis, a systematic review was implemented. Taking into 

consideration the scarce number of studies published until now in this area, the technique 

of meta-analysis was applied (Paper V). 

Overall, this statistical study of the published research (Paper V) evidenced, in a 

consistent fashion, that VOR gain reduction for head impulses in the direction of the 

treated ear, as well as gain asymmetry increase are clearly observable in the three SCCs. 

Another challenge of this study was to try to establish parameters of the VOR on 

instrumental head impulse test that could turn markers to predict the control of vertigo 

crisis after ITG. Against the expectations, the data published did not offer a robust answer 

to this question.  

Still, the analysis of the raw data available, limited to two studies, namely from 

Lin et al. (Lin et al., 2005) and from Paper IV, allowed us to shed some light on the fact 

that an increased reduction of the VOR gain in the horizontal and anterior SCC could 

possibly be used to foresee the control of the disease. Still, an open question persists about 

a definite clear cut-off value for this purpose.  

After meta-analysis, an improved notion of the impact and potential prognostic 

usefulness of the instrumental HIT, namely the vHIT, was achieved. Nevertheless, 

additional research is needed.  

The systematic review and meta-analysis published as Paper V, found an extra 

limitation that resided in the small amount of publications in this field of instrumental 

HIT evaluation in unilateral definite MD, as only four studies fulfilled the specific criteria 

for inclusion. Moreover, the low level of evidence of the studies (Group OLoEW. The 

Oxford 2011 Levels of Evidence. Oxford Centre for Evidence-Based Medicine 

http://wwwcebmnet/indexaspx?o=5653. 2011) and a generally high heterogeneity were 

observed. In fact, this is a field that has been recently opened to research and more 

extensive series and future investigations are certainly warranted. 

Overall, despite a significant decrease on the VOR gain in the treated ear possibly 

being registered, it remains unclear if a particular absolute gain or a specific value of the 

VOR gain reduction could work as a predictor in the assessment of the control of the 
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disease. An implementation of protocols, including vHIT, for the routine evaluation of 

the VOR before and after ITG are desirable and will, hopefully, permit future 

improvement in both quality and quantity of data, leading to more powerful conclusions. 

  

IV.4. Future perspectives 

 
The knowledge regarding EH and MD has progressed at a steady pace until today 

but, after thousands of papers published on the subject, many questions are still under 

discussion, from pathophysiology to treatment. 

It seems necessary, but not sufficient, to permanently improve our knowledge on 

the patients’ clinical history, as well as those of their families. Genetic studies have 

recently revealed interesting results (Requena et al., 2015, Martin-Sierra et al., 2016, 

Frejo et al., 2017b), providing important data to identify groups sharing common 

characteristics, such as clinical evolution or response to distinct treatments. For that 

purpose, the development of networks capable of conducting multicentric studies is 

strongly advisable in order to increase the pool of patients under investigation and, 

consequently, increase their statistical strength.  

A better understanding of the patient’s history should be constantly complemented 

by a progressively more objective evaluation of the auditory and vestibular functions. As 

shown in paper II, the systematic use of easy-to-perform vestibular bedside tests, in a 

sequential fashion, to evaluate minor fluctuations of the VOR, can become crucial to 

determine the overall functional status of the patient, which is implicitly correlated to 

his/her quality of life. 

Recently, the close relationship between specific symptoms of MD and the degree 

of EH was demonstrated, which may be of value in predicting the severity of EH in 

specific locations of the inner ear. Therefore, a dynamic correlation between vestibular 

function, the degree of EH, and the time course of the disease can be studied by combining 

advanced MRI imaging and vestibular function evaluation, as with the VEMPs 

(Katayama et al., 2010, Wu et al., 2016) or EcochG, which have also been considered 

sensitive tests to diagnose EH (Gibson, 2009, Claes et al., 2011, Hornibrook, 2017). The 

use of MRI in combination with these exams, carried out at similar time points, may help 

to understand, in the living human, how and how much EH indeed fluctuates and the 

impact it has on functional tests. If used in a systematic way, it is expected to have a major 
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impact in forthcoming international diagnostic and treatment guidelines on how we 

approach this disease. 

A similar belief could be applied to the expected advances on IT treatment 

protocols. With the clear notion that the EH may have its impact on the entrance of drugs, 

such as gentamicin, in the inner ear, the information that inner ear MRI with Gd provides 

may be valuable to adjust the protocols to the measured hydrops degree. IT treatments 

may also change, with the possibility of the development of new materials, such as 

nanoparticles, which can carry various drugs, protein and nucleic acids, with different 

migration pathways into the inner ear being used and with the optimum design, according 

to the intended target and cargo (Pyykko et al., 2011, Nakashima et al., 2016). Also, as 

investigators have begun to elucidate on the mechanisms and pharmacokinetics of 

application of drugs directed for the inner ear and the many problems inherent, newer 

strategies of delivering medications directly to the inner ear may emerge, bypassing the 

middle ear (McCall et al., 2010). New molecules, with increased accuracy for inner ear 

targets, with minimum side effects, will also, hopefully, be developed for the best 

modulation and control of the disease. 

In the future, we will also start hearing about new treatments. If groups with an 

increased risk of developing the disease are identified, an early start of an effective 

treatment, even at an asymptomatic stage, is expected to prevent the development of fully 

expressed MD (Nakashima et al., 2016). Gene therapy, in spite of being a potential target, 

will still not be very applicable in the near future, due to the lack of consistent genetic 

results so far. 

Implantable devices, either cochear or vestibular implants, will also see their use 

increased, offering patients the best possible functional rehabilitation, when applicable. 

To evaluate treatment results, we will appreciate the increased use of simple and 

easy exams, such as the ECochG, VEMP or the vHIT, which have already proved to be 

valuable instruments in objectively measuring cochlear and vestibular functions. 

However, when we evaluate the results of any treatment in MD, we must not 

ignore a fact that inevitably may induce a certain degree of bias in every analysis: the 

natural history of the disease tends toward a recovery of dizziness in 70 % of cases within 

8 years (Silverstein et al., 1989), a circumstance which may mask correlations between 

functional results and vertigo control (Nguyen et al., 2009). 

Many decades have passed, and many experts have dedicated themselves to MD. 

The means by which we can understand, characterize and approach the disease have not 
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yet been clearly defined. However, the research evidence, as well as the recently 

developed technology, allow us not only to increase our knowledge, but also change the 

way we look at it. A promising future lies ahead in this domain.  
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The results reported in the five papers included in the present thesis allowed to: 

 

1. describe that the phenotyping of a patient with an episodic vestibular syndrome should 

not be narrowed to the description of the inner ear symptoms, skipping crucial 

information such as family history of MD, migraine or autoimmune disorders; 

 

2. display a possible association between an aetiological factor and a clinical expression, 

supporting the preliminary idea that EH is a necessary condition but, various different 

cofactors may be indispensable to the full expression of the disease; 

 

3. define distinctive clinical subgroups with potential different aetiologies in bilateral MD: 

Group 1, the most frequently found, characterized by metachronic hearing loss without 

migraine and without autoimmune disease; Group 2, found in 17% and defined by 

synchronic hearing loss without migraine or autoimmune disease; Group 3, in 13% of 

patients, characterized by familial MD; Group 4, in which 12% of patients were included, 

associated with the presence of migraine; Group 5, found in 11% and defined by 

autoimmune disease; 

 

4. show that the bedside vestibular examination, such as the search for SN, HSN and VIN, 

in a collective manner, and as the first approach to any patient with MD, can be extremely 

helpful; 

 

5. reveal that the bedside vestibular examination results are quite variable in MD and no 

straight or clear relationship with the duration of the disease, functional level, vertigo 

index or time since last attack could be observed; 

 

6. highlight that a thorough description of the examinations involved, namely SN, HSN and 

VIN, offers a broader clinical portrait of the vestibular function status; 

 

7. demonstrate that the degree of EH has a negative correlation with the delivery of 

gentamicin to the perilymph when the administration is limited to the RW niche or after 

TT injection, when compared to a normal ear;  
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8. recognize that the EH degree, in the future, could be considered, namely after MRI inner 

ear evaluation, for the adjustment of IT treatment protocols; 
 

9. demonstrate that the instrumental head impulse test, either with SSC or vHIT, is effective 

in evaluating the SCC function after ITG for intractable unilateral MD, as VOR gain 

changes in the direction of the treated ear in the three SCC were observed, with significant 

reductions;  

 

10. corroborate that a partial, rather than a total ablation of the vestibular end organ, appears 

to be enough to control the disease, as a significant degree of function is still preserved 

after treatment;  

 

11. support the hypothesis that a better control of vertigo in MD is apparently proportional to 

the degree of damage caused to the inner ear, when evaluated with the instrumental HIT; 
 

12. argue that an increased reduction of the VOR gain in the horizontal and anterior SCC 

appears to predict the control of vertigo crisis;  
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