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Preface

Balance disorders significantly affect the quality of life. Due to the complexity of 
 balance physiology, the diagnosis and treatment of balance disorders require meticu-
lous research. Even today, the functioning of the peripheral and central organs that 
make up the balance system is not clearly known.

With the development of technology, a new set of electrophysiological tests have 
been developed and found to help with balance disorders. In addition, these tests have 
illuminated many aspects of the balance system that were previously hidden in the 
dark. However, this information is still not sufficient and new scientific research is 
required.

Since the balance system is not dependent on a single organ, it requires multidisci-
plinary research. First, it is essential to know how to approach a patient who presents 
with a complaint of balance disorder and vertigo. For this, it is necessary to know the 
anatomy and physiology of the balance organs. In addition, it is necessary to know 
the laboratory tools that may be necessary for diagnosis.

This book summarizes how we should approach patients with balance disorder and 
presents valuable studies in the field. It is a useful resource for healthcare professionals 
as well as training practitioners working in polyclinics and emergency departments.

Esor Balkan
Private ENT and VERTIGO Clinic Antalya,

Antalya, Turkey
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Chapter 1

Introductory Chapter: Balance 
Disorders
Esor Balkan

1. Introduction

We owe our balance to our vestibular system to work correctly and in harmony 
with other systems in our body. Although the balance system is complex, we can 
maintain our balance due to the smooth and harmonious operation of the factors that 
build up this system. Knowing the anatomical and physiological factors that make up 
these systems is essential for the treatment of balance system disorders. Researches 
are still needed for the subject of balance disorders.

These systems are the following:

1. Vestibular systems

a. Peripheral vestibular system

b. Central vestibular system

2. Proprioceptive system

3. Visual system.

a. The peripheral system anatomically starts from the cupulas of horizontal, 
superior, and posterior semicircular canals and from the utriculus and the 
sacculus in the vestibule.

The system continues with the vestibular nerve and ends at the four vestibular 
nuclei in the brainstem.

b. The central vestibular system consists of the connections of these four nuclei  
with the cerebellum, spinal cord, extraocular eye muscles, and the vestibular 
cortex in the brain.

When the information about the body’s position coming from the peripheral 
vestibular system, proprioceptive system, and the eyes reaches the central vestibular 
system, as inputs in the central system, these sensory stimuli are processed. The 
central vestibular system then creates the motor impulses to the muscles necessary to 
keep the body in balance (Figure 1) [1].
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Any pathology of both peripheral and central vestibular systems may cause dete-
rioration of our balance. This disorder is described by patients as vertigo, dizziness, 
disequilibrium, unsteadiness, and lightheadedness [2].

Other than peripheral and central vestibular systems, the cardiovascular sys-
tem, endocrine system, eye, psychic stability, and even some orthopedic disorders 
can cause balance disorders. For these reasons, it is necessary to think of a broad-
spectrum in patients presenting with the complaints of balance disorders as described 
above and to approach these patients in a multidisciplinary manner. During a mul-
tidisciplinary approach, while the group of common diseases comes to mind first, it 
should be kept in mind that there may be more than one factor that may disturb the 
balance in a patient [3]. Asking the patient the style of the balance disorder, whether 
there are any accompanying complaints such as headaches, hearing loss, tinnitus, 
darkening, that is, a detailed story of the patient, will provide almost half of our 
diagnosis [4]. After that, we can make a definitive diagnosis by evaluating the labora-
tory tests together with the physical examinations that we make. To diagnose balance 
disorders, we have to perform a series of examinations and tests, such as neurological 
examinations, balance tests (VNG, Caloric tests, Posturographic tests, etc.), and 
imaging studies such as MRI, CT scan [5].

In this book, we wanted to gather all these thoughts together, search for more new 
research, and show how to approach a patient with a balance disorder.

We hope to help our physicians who are dealing with balance disorders.

Figure 1. 
Balance system.
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Chapter 2

Initial Approach to Patients with 
Balance Disorders
Esor Balkan

Abstract

Balance disorders can be due to many different reasons. Some possible causes 
are: Inner ear problems: Located in the inner ear, the vestibular system controls the 
balance of the body. Factors such as infections, traumas or aging in the inner ear can 
affect the vestibular system and cause imbalances. Brain damage: Damage to the 
brain, especially damage to areas responsible for balance control, such as the brain 
stem, cerebral cortex, and cerebellum, can cause imbalances. Nervous system prob-
lems: Nervous system problems can cause imbalances by causing problems in commu-
nicating with your body’s sensory information and motor functions. Medication side 
effects: Some medications can cause symptoms such as dizziness or unsteadiness as a 
side effect. Eye disorders: Visual disturbances, especially problems with coordination 
between the eyes or damage to the retina, can cause imbalances. Low blood pressure: 
Low blood pressure can also cause imbalance, especially when you get up suddenly or 
go to high altitudes. Stress and anxiety: Stress and anxiety can cause symptoms such 
as dizziness and unsteadiness in some people.

 Keywords: balance, vertigo, dizziness, initial approach, treatment

1. Introduction

Achieving balance depends on the harmonious functioning of the vestibular 
system, proprioceptive system, and visual systems. Disorders of the balance system 
can cause a wide range of symptoms, defined as vertigo, dizziness, and sudden falls of 
the patients.

Vertigo is not a disease name, it is a hallucination of the spinning of the patient 
himself or his surroundings, caused by an unusual stimulation of the vestibular 
system. These stimuli are either physiological or pathological. There are three systems 
that keep our balance [1].

2. Vestibular system

The vestibular system is the most important part of the human balance system.  
It consists of two parts:
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a. Peripheral Vestibular System: Systems starting from the vestibular apparatus 
(semicircular canals, utriculus, and sacculus) till to the vestibular nuclei in the 
brain stem.

b. Central Vestibular System: It consists of parts starting from the brain stem to the 
cerebellum, formatio reticularis, thalamus, and vestibular cortex (Figure 1).

When there is a problem in one of these systems, the cortex perceives this disorder 
as a movement and rotation of the body. Vertigo is the result of this misperception.

3. Proprioceptive system

They are the pathways that transmit position and movement signals from the 
joints and muscles to the brain.

4. Visual system

It is an important part of the balance system that informs the position of our head 
to the central vestibular system.

In addition, the cardiovascular and hematological systems are necessary for the 
correct functioning of the whole vestibular system.

Vertigo is the movement hallucination that develops with the unusual stimula-
tion of these systems, either without a disease (physiological) or due to a disease 
(pathological).

A person becomes dizzy when he suddenly stops after turning around quickly sev-
eral times. The event here is the unusual stimulation of the semicircular canals in the 
inner ear. Dizziness occurs in people who are not accustomed to looking down from 
extreme heights. These are examples of physiological vertigo. Pathological vertigos, 
on the other hand, are vertigos due to diseases that affect the systems that maintain 
our balance. Therefore, pathological vertigo requires a multidisciplinary approach [2].

Figure 1. 
Vestibular system.
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When the patient comes to the doctor, he says “I feel dizzy” or “I have vertigo”. In 
such a case, our approach to the patient should be with an algorithm (Figure 2).

The first step of the algorithm should be the inquiry, that is, ANAMNESIS.
Vertigo-causing diseases are usually either specific or have common character-

istics with other diseases. For this reason, inquiries should not be made randomly, 
but with questions that will include the characters of those diseases. The most 
important way to affect the treatment of a patient with vertigo is correct anamne-
sis. When choosing these questions, it is necessary to know the diseases that cause 
vertigo.

These questions will make it easier to reach the diagnosis

a. Asking about the form and duration of complaints. It is a great guide in the dif-
ferentiation of peripheral, central, cardiovascular, and psychic causes.

b. Factors triggering complaints. They are guiding questions in the differentiation 
of common causes of vertigo, especially vestibular migraines, BPPV.

c. Additional events accompanying the complaints. These are important questions, 
especially for the definition of Meniere’s disease, migraine, and some other 
central or psychic vertigos

Figure 2. 
Algorithm of evaluation of patients with vertigo.
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d. Duration and continuity of the complaints. Asking whether the vertigo is in the 
form of attacks, whether it is continuous and if it is in attacks, the duration of the 
vertigo are questions that make it easier to distinguish peripheral diseases from 
central pathologies.

e. Self and family history. Asking whether the patient has other systemic diseases 
and family history may also help in the diagnosis.

5. Anamnesis questions

5.1 Forms of complaints

□ Turning sensation of one’s self or around – perıpheric or central pathology?
□ Feeling of fainting – usually neuro cardiogenic, orthostatic pathology?
□ Imbalance – usually central, proprioceptive or bilateral peripheral pathologies?
□ Sway – possible central pathology?
□ Tendency to fall to one side – possible unilateral peripheral pathologies?
□ Floating sensation – possible central, visual, psycho-somatic pathologies?
□ Feeling like walking in space – medications, possible metabolic disorders?
□  Vision darkening – possible vasovagal attacks, cardiogenic, orthostatic 

dysregulations?
□ Loss of consiousness – possible epilepsy.
□ or Other…………

5.2 Complaint initiating stimuli

□ Rapid head movement – peripheral pathology?
□ Head and body position changes – BPPV?
□ Walking in a dark room – proprioceptive, central pathologies?
□  Loud noises – migraine, superior SSC dehiscence pathologies? Meniere’s 

disease (Tullio phenomenon)
□ Blowing nose – labyrinthine fistula, SSSC dehiscence?
□ Some foods – migraine?
□ Stress – migraine, psychosomatic?
□ Standing up swiftly – orthostatic dysregulation?
□ Airplane or car ride – migraine, motion sickness?
□  In malls or supermarkets – migraine?, PPPD (persistent postural perceptual 

dizziness)?.
□ Menstrueal periods – migraine?
□ Exercise – migraine or cardiac diseases?
□ Head trauma – migraine or central pathologies?
□ or Other…………
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5.3 Accompanying complaints

5.4 Duration of complaints

Familial or past illnesses: …………?
To rank these diseases according to their incidence rates [3]:

1. The most common peripheral vestibular system diseases: benign paroxysmal 
positional vertigo (BPPV), vestibular neuronitis, Meniere, labyrinthitis.

2. The most common central vestibular system diseases: vestibular migraine, cere-
brovascular diseases.

3. The most common deep sensory system diseases: spinal dorsal root diseases such 
as Tabes dorsalis, disk pathologies.

4. Eye diseases, Sudden visual disturbances.

□  Hearing loss – unilateral Meniere, Labyrinthitis, 
tumor?

- Bilateral ototoxic medicaments, central?
□ Tinnitus – Meniere, Tumor?
□ Fullness in the ear – Meniere?
□ Fear, depression, crying, panic etc. –
psychiatric, somatoform?
□ Double or blurred vision – vertebrobasillar 
disease, migraine, visual?
□ Photophobia – migraine?
□ Feeling of emptiness in the head presyncope 
– vasovagal?
□ Headache – migraine, hypertension?
□ Disorders in any organ (sight, smell, taste etc..) 
– epilepsy, migraine?
□ or Other…………

□ Hearing in echoes – acoustic neuroma, Meniere?
□ Impairement in walking – central or 
Proprioceptive pathology?
□ Nausea-vomiting – peripheral or central 
pathology?

□ Continuous
V. Neuritis, Migraine?
□ by İctal periods
Epilepsy?
□ 2–3 sec. Orthostatic,?
Psychogenic?
□ Minutes
Migraine, Meniere’s Disease?

□ Hours Meniere’s Disease, Migraine Stroke?
□ Days V. Neuritis,
Meniere’s Disease
□ Months.
Cardiogenic, Central Nervous system tumors?
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In addition to the symptom of vertigo, some patients may complain of feelings 
such as imbalance, shaking, being pushed, a feeling of emptiness in the head, and 
dizziness, and may describe these complaints as dizziness. The Anglo-Saxons named 
such complaints DIZZINESS. In order to distinguish such complaints from true ver-
tigo, the doctor should ask what the vertigo complaint is like in the anamnesis. First 
of all, the questions should be selected according to the symptoms of these diseases. 
Shows the questions that can lead to the diagnosis.

6. Bedside tests

These are the examinations to be done in the first place.

a. Nystagmus examination

b. Head thrust test (head impulse test)

c. Eye cover test for skew deviation

d. Positional tests

e. Head shake test

f. Balance tests (Romberg and Fukuda)

g. Cerebellar examinations (dysdiacokinesia, knee-heel test)

h. Blood pressure measurement and pulse assessment.

i. Nystagmus examination: Nystagmus is the involuntary movements of the eyeballs. 
In order to maintain our balance in head and body movements, external object 
images must fall into the fovea in accordance with the movements. This is pro-
vided by the vestibulo-ocular reflex (VOR). Here, nystagmus develops as a result 
of an imbalance in this vestibulo-ocular reflex. It is very diverse.

Nystagmus are classified according to their i. their direction, ii. their phases,  
and iii. Their severity.

Nystagmus are observed as horizontal, vertical, or rotatory according to their 
direction [4].

They are biphasic (fast and slow phase) or monophasic (single phase).
They are divided into three degrees according to their severity:
Fırst-degree nystagmus: nystagmus that occurs when looking at the lesion side. 

Second-degree nystagmus is seen even when the patient is looking ahead. Third 
degree nystagmus is the nystagmus flashing toward the sick side even when looking 
on the healthy side (Figure 3).

These nystagmuses are either spontaneous, gaze (looking to one side), or occur as 
a result of a provocation. These provocations are revealed either by positional or head 
shake movements.

For nystagmus examination, the patient is made to look across, right, left, up, and 
down. It is determined whether there is nystagmus or no. If present, it is a sign of 
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either peripheral or central pathology. Nystagmus of peripheral diseases and nystag-
mus of central diseases are often different:

6.1 Peripheral nystagmus

1 – Horizontal or torsional. 2 – Direction is unilateral, and it does not change with 
the direction of gaze. 3 – Visual fixation suppresses nystagmus. 4 – It gets better 
within days. 5 – Dizziness is evident. 6 – Tinnitus may accompany. 7 – There are no 
additional brain stem and cerebellar signs.

6.2 Central nystagmus

1 – It has pure vertical, pure torsional, pure horizontal, or mixed appearance. 
2 – Its direction changes with the gaze direction or it can be unilateral also. 3 – Visual 
fixation does not suppress nystagmus. 6 – It does not improve within days. 7 – 
Dizziness may not be evident. 8 – It is usually not accompanied by tinnitus. 9 – Brain 
stem findings and cerebellar findings may be present.

a. Head thrust (impulse) test: in this test, vestibulo ocular reflex (VOR) is examined. 
The patient is told to look fixedly at the doctor’s nose, and the head is suddenly 
turned to one side. Normally, the eyes are fixed on the target even if the head is 
turned to one side. If it is observed that when the head is pushed to the lesion 
side, the eyes are directed to that side and then return to the target with a saccadic 
movement, and this is usually a sign of peripheral vestibulopathy (Figure 4).

b. In the skew deviatıon test, when the covered eye is uncovered suddenly, it is checked 
whether the eye makes a vertical movement or not. If there is such a movement, it is 
said that there is skew deviation. This is a sign of central pathology (Figure 5).

c. Positional tests: nystagmus during a positional test is the most common indicator 
of benign paroxysmal positional vertigo (BPPV) [3]. They may also give positive 
findings in some rare central or cervical events. Dix-Hallpike (Figure 6) and Roll 
tests (Figure 7) are done.

d. Head shake test: it is helpful in understanding the sick side in peripheral vertigo. 
Head shakes left and right several times and is stopped, and nystagmus begins to 
beat toward the healthy side [7]

Figure 3. 
Degrees of nystagmus.
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Figure 5. 
Skew deviation test: Vertical movement of the eyeball is considered pathological when the eye is uncovered. (a, B 
normal skew test; C, D pathological skew test).

Figure 4. 
Head thrust test positive on the right: The eyes are directed to the side where the head is turned, then back to the 
target [5, 6].
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e. Balance tests: Romberg and Fukuda.

In Romberg, the patient stands up and is told to put his legs together and close his 
eyes. If the patient’s balance is disturbed when he closes his eyes, there is probably a 
neurological disorder in the deep sensory system. It requires neurology consultation.

In the Fukuda test [8], the patient is asked to step 50 times while standing, with his 
arms extended forward, with his eyes closed. It can be used to determine the side of 
the lesion in acute-stage vertigo. The patient deviates toward the lesion side.

Figure 6. 
Dix-Hallpike maneuver: Nystagmus in addition to severe vertigo indicates the presence of BPPV.

Figure 7. 
Supine roll test: The patient is placed on his back and the head is turned to the right and left and the nystagmus is 
examined. If nystagmus occurs, it is in favor of BPPV.
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g. Cerebellar tests: dysdiacokinesia (rotating one hand on the palm of the other 
hand) and knee-heel test (touching the heel of one foot to the knee of the other 
leg) are performed.

As a result of these preliminary examinations, it is tried to find out whether the 
vertigo is peripheral or central.

h. To rule out a cardiovascular pathology, blood pressure should be measured and 
pulse rate should be checked whether there is a rhythm disorder.

7. Most common peripheral vertigos

7.1 Benign paroxysmal positional vertigo (BPPV)

□ It is the most common type of peripheral vertigo.
□  Nystagmus is observed during acute transient vertigo attacks initiated by 

certaın head posıtıons and lasting seconds, mınutes. Nystagmus decreases in 
repeated tests (tired nystagmus).

□  Calcium carbonate crystals called otoliths, which are attached to the utriculus 
and sacculus, break off and escape into the semicircular canals, creating this 
type of vertigo.

• They occur after factors such as head trauma, viral infection, after vestibular 
neuritis, degenerative disease, hypertension attack, migraine, or idiopathic.

• A sense of movement arises due to the reception of different signals from the 
contralateral vestibular system.

□ It is diagnosed by history and posıtıonal tests (Dix-Hallpike or Roll maneuvers).
□  Particle repositioning maneuvers are commonly used in treatment. These 

maneuvers vary according to the semicircular canal where the otoliths are 
located (e.g. Epley maneuver, Gufoni maneuvers, etc.). It is necessary to refer to 
an ENT specialist.

7.2 Meniere’s disease

□  Pathogenesis: It begins as a result of insufficient absorption of endolymph and 
accumulation in the scala media of the inner ear (endolymphatic hydrops) [9].

□ Highest incidence (40–60 years),
□  Characterized by vertıgo, hearıng loss in one ear, tınnitus and a feeling of full-

ness in the ear, +/− falling attacks, nystagmus.
□  Vertigo (lasting about 20 minutes or 12 hours) disappears over time and the 

patient remains with only hearıng loss.
□  In the early stages of the disease, hearing returns to normal during attack-free 

periods.
With the repetition of attacks, unilateral, low-frequency hearing loss becomes 

permanent.
□ Treatment
Bed rest in the acute period, IV antiemetics, antivertiginous drugs (dimenhy-

drinate, betahistine) (Serc). Besides the attack treatment, the therapeutic measures 
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later in the attack-free period are very important Long-term follow-up with an ENT 
specialist is recommended.

7.3 Vestibular neuronitis

□  Unknown etiology (it usually starts after an upper respiratory tract virus 
infections).

□ Severe vertigo with nausea, vomiting, and inability to stand or walk.
□ Acute symptoms may last 3 to 4 days (risk of dehydration from vomiting).
□ The central compensation period can leave the patient unstable for months [10].
□  Head thrust test is positive, and there is horızontal nystagmus beating toward 

the healthy side. Romberg is (+) toward the sick side. No hearing loss, no tin-
nitus, there is no feeling of fullness in the ear.

• Medications that suppress the vestibular system can be given in the first 48 hours 
to relieve vertigo, but they are not used continuously because they delay recov-
ery. It is treated by an ENT specialist.

7.4 Labyrinthitis

This is an inflammation of the inner ear, mostly as a complication of middle ear 
infection.

□  They develop as a result of an infection of the inner ear, mostly due to an infec-
tion of the middle ear, rarely after meningitis (labyrinth).

□  Sudden onset of vertigo, nystagmus, nausea, vomiting, tınnıtus, and total hear-
ing loss may be present. There is a history of ear discharge and pain.

□  It is treated with IV antibiotics and sent to an ENT specialist for middle ear 
drainage and mastoidectomy.

8. The most common causes of central vertigo

Vestibular migraine [11], transient ischemic attack [12] (TIA) in the central 
nervous system (vertebrobasilar transient ischemic attack), cerebellar or brain stem 
strokes (stroke), less commonly cerebellopontine angle tumors, demyelination, or 
vertigo due to alcohol and drug toxicity.

The head thrust test is normal in central vertigo. While the nystagmus is generally 
vertical, they can also be horizontal or horizonto-rotatory. Nausea and vomiting are 
common in TIA and stroke. Peripheral findings such as tinnitus, hearing loss, and a 
feeling of fullness in the ear do not generally occur in central diseases, unless the stroke 
affects the anterior inferior cerebellar artery. Cerebellar tests are usually pathologic.

Patients with peripheral vertigo should be referred to ENT physicians, and if cen-
tral vertigo is suspected, neurology or neurosurgery consultation should be requested 
while referring them to radiology for computerized tomography (CT) or magnetic 
resonance imaging (MRI).

In addition to vestibular system examinations, cardiovascular examinations 
should be performed in the patient who comes with the complaint of dizziness. While 
looking for the presence of hyper or hypotensıon, the presence of cardiac rhythm 
disorder should also be checked, and if a pathology is found, cardiology consultation 
should be requested.
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9. Treatment

Treatment for balance disorders depends on the underlying cause. Some medica-
tions, physical therapy, or surgery may be needed. In some cases, vestibular migraine 
lifestyle changes such as avoiding certain foods and activities that trigger symptoms 
can be sufficient to manage the condition.

If there is an acute peripheral vertigo disease, antivertiginous and antiemetic 
drugs are applied as symptomatic treatment to relieve the patient. If there is no 
contraindication, preparations such as dimenhydrinate, piracetam, trimethobenza-
midem, and betahistıne can be applied most frequently in emergency services.

Peripheral pathologies should be referred to ENT specialists, and central patholo-
gies should be referred to neurology or neurosurgery.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Critical Cochlea/Vestibular 
Interactions
Neil S. Longridge

Abstract

There is a close interaction of the gravity detecting balance organs, the maculae of 
the saccule and utricle of the inner ear, with the hearing system of the inner ear. The 
need for this is that although they detect the sensations specific to their own function 
there is interference with this function due to overlap of wavelengths used by both 
systems resulting in extraordinary stimulation of the other system for both hearing 
and balance.

Keywords: Cvemp, Ovemp, macula of the utricle, macula of the saccule, stapedius 
reflex, otoconia, superior semicircular canal dehiscence syndrome

1. Introduction

The precise way that the cochlea and vestibular system interact is not clearly 
understood. This chapter addresses this deficiency attempting to relate the cochlear 
and vestibular inter dependency, in such a way that it will effectively lead to research 
more clearly outlining this association, and hopefully result in more effective therapy 
for patients with both cochlear and vestibular diseases.

2. Vestibular evoked myogenic potentials. What are they?

Cervical vestibular evoked myogenic potentials (Cvemps) are a response to repeti-
tive sound into the ipsilateral ear resulting in reduction of tonic activity of the tensed 
ipsilateral sternomastoid muscle. Ocular vestibular evoked myogenic potentials 
(Ovemp) responses are a contralateral sound or vibration excitatory reflex response 
and move the eyes in the direction of the stimulus. Ovemps are done with the eyes 
raised and tonic stimulation of the superior ophthalmic muscles is measured [1].

Why do these responses occur, what are they for. At first I assumed that the ear 
nearer the sound which hears a sound louder speeds a rapid head turn in the direction 
of the sound. Perhaps these Cvemp and Ovemp sound responses are the beginning of 
a fast reflex eye movement and head turn in the direction of a sound and in combina-
tion are protective by turning the head as rapidly as possible to look at what may be a 
potential threat.

If that is correct then why is there an Ovemp response with direct vibratory 
stimulation of the skull. A head blow is a normal life occurrence. The reflex produces 
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a physiological stimulus causing the individual to look toward where the blow has 
arisen. Vibratory Ovemps are a response to a repetitive tap on the skull. Clearly, this is 
not a physiological stimulus produced by an external source [2]. Vibratory OVEMP’s 
occur as a response to repetitive direct skull stimulation and are an externally mea-
surable response to internally generated vibration from preplanned skull vibration, 
which occurs during chewing, speaking and other upper body internally generated 
vibrations. The externally recorded response is due to neural circuitry resulting in 
cochlea suppression of these internally generated sounds so that the threat of external 
potentially hazardous sound can be specifically differentiated from internal stimuli 
by the cochlea.

The stimulus used for sound Cvemp is a 95 dB, 500 Hz air conduction signal and for 
Ovemp induction in our laboratory is a 97 dB SPL,500 Hz air conduction signal [1].

These stimuli are considerably above any commonly occurring natural external 
sounds. Sounds louder than this do occur in nature, at waterfalls, for example, 
Niagara Falls also waves breaking at the seashore, with roaring animals, barking dogs 
and during thunder storms. In terms of an evolutionarily benefit, these sounds are 
so rare that it is unlikely that complex vestibular and cochlea responses of the sort 
described as causing vemp responses would have developed as a consequence of these 
rare occurrences. Also, Cvemps and Ovemps are done by having the patient take up an 
activity that is rarely done in normal life and requires an aphysiologically loud exter-
nal sound stimulus. Persistent tonic sternomastoid contraction is not often under-
taken. Head turn is usually a rapid response to a stimulus. Ovemp is done by having 
the eyes elevated 30 degrees. In life, this is done only briefly before the head is raised. 
The fact that unusual activities are needed to produce responses raises the question 
of what useful purpose they serve. Cvemps and Ovemps are extremely helpful to the 
clinician allowing detection of malfunction of the macula of the saccule and utricle 
respectively and in this they appear to be akin to the auditory brainstem responses 
[ABR] that are extremely helpful for the physician in perhaps suggesting the presence 
of an acoustic neuroma but do not as far as we know have a specific physiological 
function of their own.

Sound Ovemps at 500 Hertz the standard frequency used during this test are more 
difficult to record reliably than vibration Ovemps [2]. This is because the response 
to sound stimulation is only just above the level of electrical interference and careful 
often repeated testing has to be done with careful analysis to have confidence in the 
response recorded in each patient. It can, however, be done reliably after practice 
in all patients under 60 and in almost all over this age [2]. Each laboratory needs 
to establish its own technique and normal distribution curve using the equipment 
available to them just as in any other complex audiological test, for example, ABR so 
that abnormalities can be documented consistently and reliably. A normal distribu-
tion curve is essential for each laboratory when measuring amplitude as well as early 
and late latencies so that pathological abnormalities on the test are defined. As with 
all laboratory measurements in the neurotology field, results greater than 2 standard 
deviations from normal indicate pathology although there is a 1 in 20 chance that such 
a result is just an extreme or normal [1, 3].

The advantage of sound Ovemps as a stimulus compared to vibration Ovemps is 
that the side from which any abnormalities arises with sound Ovemps come from the 
stimulated side, whereas if there is an abnormality with vibration Ovemps, this can 
be due to abnormalities on either side although more commonly it is the contralateral 
side which is regarded as abnormal [4].
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3. The stapedius reflex. What is it for?

In the human, the footplate of the stapes is directly above and about 3–4 mm 
lateral to the macula of the saccule [5]. It is visible as a white patch on removal of the 
stapes footplate. The utricle is close by and slightly above the saccule. Any external 
sound moving the footplate of the stapes causes a vibratory stimulation of the inner 
ear fluids. This stimulus reaches the saccule and vibrates the macula before it passes 
on to the cochlea to be heard.

Until 1964, it was assumed that the stapedius reflex muscle response was present 
to protect the individual from excessively loud external sounds. At that time, Blair 
Simmons [6] measured stapedius muscle reflex activity and demonstrated that it 
was occurring in response to speaking and swallowing. He showed that it began 
just before the event and ceased just after the event. Extrapolating this finding, it is 
probable that responses also occur due to biting and chewing food as well as swal-
lowing and belching, blowing the nose, and sniffing, all of which potentially alter the 
pressure of the middle ear resulting in altered sound transfer to the inner ear and an 
effect on the cochlea. There is a stapedius reflex response to loud sound but neces-
sarily there is a delay as the sound has to be heard through the cochlea and central 
processing is necessary for the facial nerve stapedius response. Prior to CT and MRI 
assessment of the internal auditory canal, the response of stapedius reflex decay in 
response to sound was one of the tests used to suggest the possible presence of an 
acoustic neuroma.

The stapedius reflex alters the way the stapes moves [7, 8]. This means that the 
stimulus received by the inner ear hearing and balance organs differs between when 
the sound occurs from an internal bodily induced sound stimulus and an external 
noise when there is no immediate activity of the stapedius muscle. There is a different 
pattern of vibration of the endolymph beneath the stapes footplate with internally 
and externally generated sound.

The stapedius reflex response is active immediately and precisely at the com-
mencement of talking and swallowing. The stimulus to the maculae of the saccule 
and utricle is different when there is an external sound stimulus, and there is no 
immediate stapedius muscle activity compared to when it is activated due to internal 
stimulation. This difference allows central differentiation of whether there is an 
external sound or not. It is essential that both internal and external sound vibration 
of the perilymph avoids stimulation of the maculae of utricle and saccule resulting in 
dysfunction of balance activity. Should this occur it would result in instability of the 
individual potentially making it vulnerable to predation as its instability would reduce 
effective emergency safety measures such as running, hiding or fighting.

Simmons also speculated that further feedback systems to the inner ear related to 
hearing and balance would be discovered. The description of the olivocochlear bundle 
[9, 10] and vestibular efferent systems [11] fulfills his prediction.

A recent, detailed review of effects of loud sounds on the vestibular system was 
published [12]. It is clear from this, that in animal studies significant damage occurs. 
Not surprisingly pathological human information is limited. Despite this, it is definite 
that there is damage to the vestibular system from excessively loud sound, which is 
due to damage to the maculae of the saccule and utricle particularly the saccule.

A delay occurs between when sound arrives at the inner ear before it is processed 
in the cochlea, transferred centrally to the brainstem to result in altered stapedius 
muscle activity via the facial nerve. It offers some cochlea protection from unexpected 
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loud sound. There is damage to the otoconia of the maculae not only impairing bal-
ance but also resulting in impaired control of reflex responses to sound. The cochlea 
is less protected than it would otherwise be by the baffle effect of the saccule and 
macula by otoconia being vibrated and possibly damaged with less afferent reflex 
responses induced by this stimulation. This will be discussed later. It is suggested that 
perhaps it is damage to the maculae of the saccule in particular but possibly also the 
utricle that results in subsequent damage to the cochlea in the 4 K range, which is the 
site of most noise induced hearing loss.

If an external sound is loud, a stapedius muscle reflex response is generated, nec-
essarily after a short time delay due to processing to determine if it is loud enough to 
generate the reflex and cochlea brainstem circuitry stimulates the reflex via the facial 
nerve. The stapedius reflex changes the vibratory pattern received by the maculae but 
as stated there is necessarily a delay between the stimulus and response. If there is a 
time delay and change in quality of the signal, this indicates that the sound is external 
rather than a stapedius muscle reflex response to internal sound, which is predicted 
by and coordinated by the cerebral cortices with the motor activities of swallowing, 
coughing, etc.

The ability to precisely time the stapedius muscle response resulting in an altered 
pattern of stimulus to the maculae and cochlea between an internal and external 
source allows the individual to ascertain if an external sound should be given specific 
attention and response, while the internal sounds can be recognized and ignored.

4. Threat

Vegetarian animals spend much of their awake hours biting eating and chewing 
(roughly 80% of the time) and need to be aware of potential predators while continu-
ing to safely and effectively maintain their calorie intake. Because of internal suppres-
sion circuitry, the cochlea is able to differentiate these internal noises from potentially 
dangerous external sounds, while the herbivore is actively biting, chewing or vocal-
izing. A purpose of this chapter is to explain how this is done.

5. Otoconia. How do they work? What do they do?

The temporal bone consists of calcified collagenous tissue. When undertaking 
histological study of the inner ear neural structures, it is necessary that the calcium of 
the temporal bone is dissolved prior to microscopic histology otherwise the calcium 
blunts the knife preventing satisfactory structural analysis. Unfortunately, the essen-
tial histological decalcification preparation means that the calcium in the otoconial 
system of the maculae is dissolved so it cannot be examined directly at the same time 
as the vestibular hair cell membranes beneath them. This makes examination to look 
for structural signs of disease more conjectural. The macula of mammalian saccule 
and utricle has two types of calcium carbonate otoconia. There are small ones of 
2–3 um in diameter and larger ones from 20 to 30 μm in diameter [11]. Due to their 
inertia, these are vibrated during any head movement including lifting and lowering 
the head when gravity also affects their motion. When external sound occurs, it also 
results in movement of the maculae due to the pressure waves caused by the move-
ment of the stapes footplate due to the external sound. They are also moved during 
the production of internal bodily activity.
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6. Internal bodily sounds. How loud are they?

The internal bodily sounds related to speaking consist of a fundamental sound 
from the larynx adjusted by pharyngeal, oral, lingual, and lip activities. Depending 
on the frequency of the stimulus and individual resonances of the soft tissues and 
skull, the amount of vibration of the sounds amplitude varies. These sounds are trans-
ferred to the temporal bone (inner ear) in two ways. They are transferred by direct 
tissue vibration (bone conduction) and also by air conduction particularly the lower 
frequencies that are heard more clearly through the external auditory canal because 
of their low frequency characteristics [13]. Sound stimulation of the ears is dependent 
on the frequency of the sound. Due to the long wavelength of low-frequency sounds, 
their amplitude is not reduced at corners and little energy is lost. With higher fre-
quencies there is significant attenuation of the sound due to the head shadow effect 
and therefore, it is heard better in the ear closest to the stimulus [14].

The quality of internal sound changes over time as an animal grows, and it is 
higher pitched when the animal is younger and smaller and has a lower frequency as 
the individual grows so that the animal is constantly adjusting responses to maximize 
the effectiveness of the stimulus detection response of the stapedius reflex in order to 
suppress dysfunction of the balance system while maximizing detection of external 
sounds through the ear canal (Figure 1).

Surprisingly when measured, internal bodily sounds such as chewing and biting 
are excessively loud above a level where noise hearing loss would be induced if they 
were external sounds [13].

Figure 1. 
The black arrows represent efferent pathways from the cerebrum to the stapedius muscle, macular of the utricle, 
U, macular of the saccular, S, and the cochlear, C. the jagged red lines represent bone—Conducted sound from 
the larynx during vocalization, and from the mouth during biting, and chewing to the cochlea, utricle, saccule 
and external auditory canal (EAC). The blue line represents vocalization from the larynx, pharynx and oral 
cavity via the EAC, through the ossicles to the saccule and utricle. The macula of the saccular, S, diagrammatically 
shows a cross section of the striola at the line of polarity reversal. The macular of the utricle, U, shows the line of 
polarity reversal at the junction of the large lateral otoliths with the micro-otoliths of the striola region [15, 16]. 
The macula of the saccule, S, shows the line of polarity reversal below the microliths of the central striola in the 
chinchilla (Lysakowski a, personal communication). Taken from Acta Otolaryngologica [13].
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Shouting when done as loudly as possible is also excessively loud [13]. In these 
circumstances why is it that opera singers who are called upon to sing very loudly and 
practice frequently do not have noise-induced hearing loss. Choir members who are in 
close proximity to other singers and close to the orchestra do incur noise-induced hear-
ing loss [17]. The explanation for this finding is that the loud internally generated sound 
in this case from singing is suppressed by internal mechanisms to protect the cochlea.

An extreme example of loud sounds in nature is the male white bellbird, which has 
been recorded singing with a measured loudness of 125 dB(A); however, birds replace 
their cochlear hair cells seasonally [18].

Shute [19] proposed many years ago that the saccule could have a hearing func-
tion. He ascribed this to nerves traveling to the cochlea via the inferior vestibular 
nerve but bifurcating to travel through the nerve of Oort [20] to reach the basal 
cochlea as well as the saccular macula. When a sound reaches the saccular macula, it 
passes by the inferior vestibular nerve centrally but also directly to the cochlea via an 
antidromic reflex through the nerve of Oort.

Excessive noise exposure is recognized as causing measurable vestibular damage. 
Could cochlea damage be due to lack of protection from otoconial vibration sup-
pression. Should this suggestion be correct, then efforts directed at protection of the 
vestibular system from excessive noise would be expected also to reduce cochlear 
damage. Rosen [21] showed that sounds of much lower amplitude than those that 
cause noise-induced hearing loss result in reduced hearing in older adults exposed 
to the noises of civilization throughout life such as traffic noise. Wear of the macula 
system may also occur due to noises of civilization and be why there is gradual dete-
rioration of balance with aging as well as hearing.

Calcium-active drugs have been shown to be associated with improved Cvemps in 
vestibular migraine. The authors who wrote that article [22] ascribed these improved 
Cvemp responses to stabilization of brainstem activity by the medication, verapamil; 
however, it appears logical to this author that verapamil as a calcium-active agent 
could have acted on the macula otoconia stabilizing them resulting in an improved 
Cvemp response.

After a patient has head trauma with persistent vestibular complaints, vemps are 
usually abnormal [2], and a trial of verapamil with sequential repetitive vemps and 
a quality of life questionnaire would be a worthwhile research project to determine 
if this type of medication has a place in specifically treating what maybe a macula 
disorder.

Could treatment to repair malfunctioning otoconia such as calcium-active agents 
be investigated as a means of restoring otolithic function and perhaps preventing fur-
ther cochlear damage in individuals who are starting to show signs of noise-induced 
hearing loss.

Assuming that cochlea injury from excess noise is due to failed otoconial vestib-
ulo-cochlea protection then the symptom of tinnitus which is frequently associated 
with almost any hearing deficit may well also have induction in the otoconial system 
as could hyperacusis, which is also frequently associated with hearing loss of any 
cause including aging and after head trauma.

7. Superior semicircular canal dehiscence syndrome

The sound stimulus for Cvemps and Ovemps is focused and concentrated through 
the external ear canal. The stimulus for vibration Ovemps applied to the head is 
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a substantially stronger energy stimulus commensurate with the bone conduc-
tion sound of speech and chewing. When there is a third window, as in a superior 
semicircular canals dehiscence syndrome (SSCDS) [23] there is loss of energy from 
the sound induced C and Ovemp ear canal stimulus which dissipates through the 
dehiscence. This results in a sub threshold, Cvemp response and an excessively large 
Ovemp response because of the altered fluid dynamics in the inner ear. There is 
an apparent reduction in threshold response for air conduction pure tones due to 
diversion of hydrostatic energy through the third window so less energy reaches the 
cochlea. The bone conduction stimulus during Ovemp testing is a much larger physi-
cal stimulus of the whole temporal bone and is not altered significantly with little 
energy dissipated if any by the third window. This results in a measured intracochlear 
conductive hearing deficit during standard pure tone audiometric testing. In the 
absence of any obvious tympanic membrane or middle ear disorder in the past, this 
was assumed to be due to otosclerosis despite an intact perhaps raised stapedius reflex 
threshold prior to the recognition of SSCDS. This concerns the author who wonders 
over the years how many times low-tone conductive hearing deficits due to SSCDS has 
been assumed to be due to otosclerosis and the patient has had surgery undertaken. 
There is a small risk of poor results with otosclerosis surgery and to undertake a 
procedure for this incorrect diagnosis means that a hearing improvement would not 
occur but all the risks associated with the surgery exist. Of even more concern is the 
patient who had revision surgery because of a poor initial operative result because 
it was due to SSCDS but it was assumed to be a failed “otosclerosis” procedure as 
complications from revision surgery are much more frequent and serious than with 
the initial procedure [24, 25].

Radiologically SSCDS is recognized not infrequently in children but it is not 
symptomatic. This has been put down to very thick dura mater overlying the dehis-
cence [26]. A more logical explanation is that if an individual has SSCDS at birth or as 
a small child they adjust, they do not become symptomatic because by being exposed 
to their own excessively vigorous but to them physiological inner ear fluid movements 
adjusting “tuning” [8] to the excessive hydrostatically different stimulation of sound 
and vibration is normal. As an adult after trauma, it is not possible to overcome the 
sudden substantial physiological dysfunction that occurs with the development of this 
syndrome and it results in people becoming dizzy with loud sounds and during eating.

There are other third windows disorders where dizziness can be induced by loud 
sound, and it can occur in tertiary otological syphilis and perilymph fistula. The 
effects of altered inner ear dynamics in these two disorders on the configuration of 
Cvemps and Ovemps are dependent on the location in the temporal bone of the third 
window. Henneberts sign with dizziness due to loud sounds in Ménière’s disease is 
associated with saccular proximity and even attachment to the stapes footplate [27].

8. Cochlea and vestibular efferents. What are they for?

The olivocochlear bundle (OCB) is a poorly understood efferent pathway. How it 
functions and what it does is still being established [9, 10, 28], which serves to protect 
the cochlea. It originates in the superior olivary complex in the brainstem and projects 
to both the ipsilateral and contralateral cochlea. The lateral olivocochlear system has 
uncrossed synapses ending on type 1 spiral ganglion cells projecting to the inner hair 
cells. The medial olivocochlear system innervates the outer hair cells and the majority 
of the fibers project to the contralateral cochlea. Once the efferent reflex is activated, 
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the medial system hyperpolarizes the outer hair cells, which decreases the gain of the 
cochlea amplifier and sensitivity of the inner hair cells and also reduces the responses 
of the auditory nerve fibers. Pang [29] has shown that there is an ascending masking 
effect of about 40 dB due to contraction of the stapedius muscle; this affects the low 
frequencies to prevent high-frequency attenuation.

There is a system analogous to the olivocochlear bundle efferent system in the 
macula vestibular system, and it is the vestibular efferent system. During vocalization 
and chewing, there is otoconial movement due to the vibration of the skull from [13] 
chewing, biting and vocalizing. The vestibular efferent system suppresses the hair cell 
stimulation to these expected otoconial vibrations so that specific responses to head 
and body movement due to gravity change and acceleration/deceleration and head 
movement are reliably detected without adulteration by extraneous internal stimuli. 
There is pre-activation of this direct brainstem macula activity and cessation after 
completion of the task as occurs with the stapedius reflex in response to chewing, 
biting and talking so that people do not become dizzy.

Activities such as chewing and biting are instructed to occur through standard 
motor pathways to the appropriate brainstem nuclei and like the stapedius reflex 
are precisely timed and coordinated with inner ear vestibular and cochlea effer-
ent activity. This maximizes inner ear suppression of inappropriate inadvertent 
responses in the cochlea and vestibular systems. There is an extremely complex 
structure of both afferent and efferent vestibular axons with the type 1 and type 
2 vestibular hair cells in the maculae [11, 30]. The otoconia are stimulated by 
internal sounds, swallowing, speaking, etc., but also by movement and gravity, 
external stimuli which is their main function. One of the main purposes of the 
complex innervation of the maculae is to allow differentiation of these two stimulus 
systems, internal and external, so that confusion between the two is avoided and 
the individual is not destabilized by internal sounds while maintaining perfect 
balance during movement. Internal sounds cause the otoconia of the maculae to 
vibrate. When stimulation of the maculae by internal vibration occurs, the stimulus 
is generalized and similar throughout the maculae, whereas when there is body 
movement, the complex nature of the orientation of the vestibular hair cells [11, 30] 
means that certain areas are stimulated while others are not. This optimizes rec-
ognition that movement and gravity affect the individual and it is not the effect of 
internal sounds. Vibration, internal or external, results in movement of otoconia 
stimulating the vestibular hair cells. As the internal sound of speaking swallowing, 
etc., is commanded by the cerebral cortex, via the brainstem, a vestibular efferent 
stimulus is sent directly to the maculae to cancel the response to these stimuli due to 
otoconial vibration caused by internal sounds so that they are available for detec-
tion of movement without interference by internal sounds. The brainstem position 
of the nucleus for vestibular efferents varies depending on taxonomic rank but in 
all mammals studied it is in close proximity to the facial nucleus making timing 
for their interrelated activity with the vibratory effect of verbalization, etc. more 
precisely. It also explains why the distal vestibular efferent neurons synapse on the 
base of the distal cup of the afferent axon where it surrounds the type 1 vestibular 
hair cell or directly on the distal afferent axon proximal to the cup as by doing so 
they are located at a site to most precisely nullify the firing of the afferent neuron 
in response to internal sound stimulation of the hair cells by the vibrated otoconia. 
Although the peripheral endings differ in structure in type 2 vestibular hair cells, 
they also terminate on the basal hair cell and distal peripheral axon, which opti-
mizes there role in suppressing hair cell firing due to internal vibration.
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Vestibular hair cells are metabolically very active not only while an individual 
moves but also due to the effect of internal vibrations while at rest. This high energy 
demand may explain the need for extra-large mitochondria [31] at the apex of the 
hair cells to maximize their energy supply from oxidative phosphorylation, because 
the stereocilia are in a state of almost constant motion except during some periods of 
sleep when rest and refurbishment occur.

The activities of vocalizing biting and chewing are cerebral cortical tasks under-
taken as part of normal human activity while undertaking other more complex tasks 
requiring significantly more concentration and cerebral cortical activity (thought) 
but even these simple task can be interrupted immediately by a more urgent need such 
as an external threat, which indicates that even though simple, these motor tasks at all 
times are under direct cerebral cortical control and do not function at sub-cortical or 
thalamic reflex control level.

The function of the semicircular canal system of the inner ear is specifically to 
maintain the eye fixed on a target while the body and head move. The system can be 
disconnected urgently if a sudden external stimulus sound or a visual stimulus calls 
for a rapid head turn and in these circumstances the vestibulo-ocular reflex [VOR] is 
instantly switched off. There is a coordination with the macula system [32] but this 
chapter is not the place to discuss the details of how [VOR] function works as it is not 
specifically related to vibration effects of sounds inside the head and their effect on 
macula function.

9. Summary

Internal sounds cause the otoconia of the maculae to vibrate. When stimulation 
of the maculae by internal vibration occurs, the stimulus is generalized and similar 
throughout the maculae, whereas when there is body movement the complex nature 
of the orientation of the vestibular hair cells means that certain areas are stimulated, 
while others are not. This optimizes recognition that movement and gravity affect the 
individual and it is not the effect of internal sounds. Vibration, internal or external, 
results in stimulation of the vestibular hair cells. As the internal sound of speaking 
swallowing, etc., is commanded by the cerebral cortex, via the brainstem, a vestibular 
efferent stimulus is sent directly to the maculae to cancel the activation of vestibular 
afferent hair cells due to otoconial vibration caused by internal sounds so that they are 
available for detection of head and body movements without interference by internal 
sounds. This explains why the distal vestibular efferent neuron synapse on the base of 
the distal cup of the afferent axon where it surrounds the vestibular hair cell or directly 
on the distal afferent axon proximal to the cup as by doing so they can most effectively 
nullify the firing of the afferent neuron in response to internal sound stimulation of the 
hair cells as this activity is precisely timed to the known internal stimulus to which they 
also respond. This system is closely analogous to the activity of stapedius muscle reflex 
in being caused as a response to internal stimuli and perhaps it is more than fortuitous 
that the brainstem origin of the vestibular efferent system is close to the facial nucleus.

10. Conclusion

This chapter emphasizes the close interaction of the cochlea with the accelera-
tion and gravity detecting macula otoconial vestibular systems of the inner ear. It 
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highlights the complexity and interdependence of the systems. There is need for 
further studies in this complex field to more fully understand its complex nature, 
which will hopefully lead to greater understanding of how each system works and to 
more effective therapy for hearing loss, tinnitus, hyperacusis and imbalance.
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Chapter 4

Role of cVEMP in Management of 
Balance Disorders
Renu Rajguru

Abstract

Balance disorders may occur in a multitude of ENT-related diseases, thus making 
a correct diagnosis is challenging. In the last few decades, there has been a paradigm 
shift in the diagnostics of balance disorders due to the availability of better objective 
modalities that allow the assessment of different components of the complex  
vestibular labyrinth with relative ease. With the advent of vestibular-evoked myo-
genic potentials (VEMP) since the last few decades, it is possible to test otolith organs 
in isolation and objectively. This chapter will discuss the procedure, physiological 
basis, and effectiveness of cervical VEMP in the evaluation of saccular function in 
patients suffering from balance disorders.

Keywords: saccular dysfunction, vestibular-evoked myogenic potentials, vestibular 
neuritis, superior semicircular canal dehiscence syndrome, Meniere’s disease, posterior 
canal benign paroxysmal positional vertigo

1. Introduction

Balance disorders are one of the most common presentations to otolaryngology 
clinic. Inability to maintain balance or occurrence of vertigo has a considerable impact 
on social and working life. Imbalance is one of the most common symptoms which 
patients experience at some time or the other in their lifetime, with a lifetime preva-
lence of about 30% and an annual incidence that increases with age [1]. Despite this 
high prevalence and burden of disease, diagnosing the cause of imbalance remains a 
considerable challenge as the pathology may involve many sensory organs.

Most patients with balance disorders are uncertain who to consult, because their 
problem lies in between the specialties of neurology, otolaryngology, and in some 
cases, ophthalmology, general/internal medicine, endocrinology, or psychiatry. 
Imbalance, whether episodic or chronic, causes significant deterioration in the quality 
of life of a person and can cause anxiety, depression, reduced physical activity, and 
possible inability to work. In elderly population, falls due to imbalance add to existing 
morbidity to a great extent [2].

In the last few decades, availability of better objective modalities which help in 
assessing different components of complex vestibular labyrinth with relative ease 
have led to better diagnostics of balance disorders, and now precise localization of the 
vestibular disorders possible. These tests are rapid, reliable, and effective in diagnosing 
balance disorders.
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The vestibular system consists of the three semicircular canals (lateral, superior, and 
posterior) and otolith organs (saccule and utricle). The majority of the clinical vestibular 
function tests for imbalance such as the caloric test, head impulse test, Dix-Hallpike test, 
supine roll test, subjective visual vertical, VNG, rotational tests mainly test the semicir-
cular canals. But with the advent of vestibular-evoked myogenic potentials (VEMP), it is 
possible to test otolith organs separately and objectively. Various studies showed that high 
intensity sound stimulus resulted in activation of vestibule apart from stimulating cochlea 
and generated electromyographic reflexes in many muscles including sternocleidomastoid 
(SCM) and extraocular muscles. It was also possible to easily record these electromyo-
graphic reflexes with surface electrodes placed on SCM. The electromyographic reflexes 
recorded over SCM are called cervical VEMP or cVEMP, and they record sacculo-collic 
reflex, and those on the extra ocular muscles are called ocular VEMP or oVEMP and they 
record utriculo-collic reflex [3]. This chapter shall dwell upon cVEMP primarily.

2. Physiological basis of VEMP

The physiology of cVEMP generation has been hypothesized based on tendency 
of the animals to look in the direction of sound. Evolution has proved that vestibular 
system evolved earlier than the cochlear system. In reptiles and marine animals, the 
vestibular system served the purpose of hearing too. The saccule, which is part of 
otolithic organ, has remnants of these hearing receptors. These are transmitted via 
the inferior vestibular nerve, which eventually results in reflex turning of head in the 
direction of sound. This reflex is being commonly employed in our day-to-day clini-
cal practice too. Turning of head in the direction of sound is a complex movement, 
which involves integration of auditory stimulus with vestibulo-spinal pathway. This is 
achieved by reflex inhibition of contraction of ipsilateral SCM muscle and contraction 
of contralateral SCM muscle, which results in turning of head toward the direction 
of sound. Cervical VEMP records the inhibitory signals of sacculo-collic reflex being 
generated from ipsilateral SCM in response to stimulation of saccule due to sound as 
it is situated very close to the oval window which itself is stimulated by sound. The 
reflex pathway is through inferior vestibular nerve (IVN) and the central nervous 
system (CNS), and is picked up by electrodes placed on ipsilateral SCM [4]. The neural 
pathway of cVEMP generation following presentation of sound stimulus given through 
insert earphones on the side to be tested is explained in the subsequent paragraph:
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This recording is then used in the evaluation of saccular function in diagnosis of bal-
ance disorders by analyzing cVEMP parameters (threshold, latency of P13 and N23 peak, 
and the amplitude). The other parameters that can be derived from these basic parameters 
are: the interaural amplitude difference ratio that is calculated by dividing the interaural 
difference of P13-N23 interamplitude by the sum of P13-N23 interamplitude of both ears, 
P13-N23 interlatency, P13-N23 interamplitude, and absolute interear difference [5].

3. Methodology

The test is usually done either in the sitting position or in the lying down position. 
When done in sitting position, the patient is made to turn his head to contralateral side 
from the ear being tested. The contraction of SCM muscle can also be monitored objec-
tively by keeping inflated cuff of sphygmomanometer between shoulder and mandible 
and the patient is asked to maintain pressure at a constant level, maintaining a tonicity of 
SCM at 30–75 Μv [5]. While conducting the test in the lying down position, the patient 
may be made to lie down with head raised to about 30 degree without support and chin 
not touching the chest, and head turned contralaterally to the ear being tested to activate 
maximally the SCM muscle ipsilateral to the stimulation. However, it can be done in 
recumbent and prone positions too with head lifted or head turned [5].

There are no specific devices to be used in VEMP testing, and most of the centers 
use the Brainstem Evoked Response Audiometry (BERA) or Auditory Brainstem 
Response (ABR) equipment with special VEMP software to record these responses.

The electrode placed on the middle one-third of ipsilateral sternocleidomastoid 
muscle to be tested is called positive or active electrode, that on the sternal head of 
sternocleidomastoid muscle is called reference or inactive electrode and the one on 
forehead is called ground electrode (Figure 1). The stimulus in the form of tone 
bursts at an intensity of 98 dB nHL (120 dBSPL), using a 5 dB up, 10 dB down-step 
procedure is presented to the test ear by insert ear phone with foam ear tips. The tone 
bursts are given at 500 Hz as 200 stimuli of 0.2 milli-sec each [5]. The potentials are 
then recorded with standard disposable, self-adhesive surface electrodes. The elec-
trode impedance is kept within optimum level by using conduction gel in all cases.

Figure 1. 
Placement of electrodes.
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The results are obtained from the software in the form of a graph showing latency 
on the X-axis measured in milli-seconds and amplitude on the Y-axis measured as 
microvolts. The first positive peak, that is, downward deflection is termed as P13 wave 
and is recorded at 13 millisec. N23 wave is the first negative peak and is recorded at 
23 milli-sec. Both waves are recorded for each ear separately (Figures 2 and 3) [4]. 
The summation potentials recorded are then analyzed. The presence of cVEMP is 
confirmed by doing three consecutive summation potential recordings. Any prolonga-
tion of the positive peak or increase in latency or decrease in amplitude means that 

Figure 2. 
cVEMP waveform showing latency and amplitude, P13 being the first positive peak and N23 the first negative peak.

Figure 3. 
cVEMP waveform as seen on the computer screen showing P13 and N 23 waves.
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cVEMP is abnormal, and that there is saccular dysfunction. The interaural difference 
of latency from the peaks is associated with the speed of neuronal conduction, and 
any alteration in this speed may be a result of neurological disease process. The basic 
cVEMP parameters are threshold, latency of P13 and N23 peak and their amplitude. 
Other parameters that can be derived from these basic parameters are the interaural 
amplitude difference ratio which is calculated by dividing the interaural difference of 
P13-N23 interamplitude by the sum of P13-N23 interamplitude of both ears.

4. Clinical applications

4.1 Benign paroxysmal positional vertigo

BPPV occurs due to the displacement of calcium-carbonate crystals or otoconia 
within the fluid-filled semicircular canals of the inner ear. These otoconia are essen-
tial for the proper functioning of the utricle of the otolithic membrane by helping 
deflect the hair cells within the endolymph, which relays positional changes of the 
head, including tilting, turning, and linear acceleration [6]. As cVEMP primarily 
detects saccular dysfunction, hence it is possible that the cVEMP parameters may be 
normal in BPPV. But there are studies which have shown abnormal cVEMP param-
eters in cases of BPPV. Yang et al. in their study found an increase in VEMP latencies, 
a finding which was also demonstrated by Godha et al. in their study. Godha et al. also 
showed high specificity and low sensitivity of VEMP for diagnosing BPPV [7, 8].

4.2 Vestibular neuritis

The usual symptoms of vestibular neuritis (VN) are imbalance, vertigo, nausea, 
and vomiting, and these symptoms are present in many other clinical conditions 
such as labyrinthitis, Menier’s disease etc. To establish that these symptoms are due to 
inflammation of the vestibular nerve, complete or partial unilateral loss of vestibular 
function needs to be established. This cannot be done by Caloric test or head impulse 
test as they assess only lateral semicircular canal function and hence, these tests would 
be normal in patients of VN, thus creating a diagnostic dilemma. Hence, VEMP espe-
cially oVEMP which tests superior vestibular nerve function is useful for the diagnosis 
of VN patients. But in some cases, cVEMP parameters are also found to be abnormal. 
In a study by Tripathi et al., out of the 10 VN patients, cVEMP was bilaterally normal 
in seven patients indicating that they had superior vestibular neuritis, but in three 
patients, they found reduced amplitude in the effected ears indicating inferior vestibu-
lar neuritis (IVN) in these patients [9]. Halmagayi et al. published a similar study for 
the diagnosis of IVN [10]. Murofushi et al. in their study found normal latencies in VN 
patients and prolonged latencies only in retrolabyrinthine lesions [11]. Nola et al. in 
their study found that superior VN patients showed normal amplitude and latency on 
both sides, but IVN patients showed abnormal parameters which changed to normal 
once the acute attack was over [12]. This study suggested use of VEMP as a screening 
test for VN. Monstad et al. also reported similar findings in their case series [13].

4.3 Ménière’s disease (MD)

The most supported pathophysiological mechanism in MD is endolymphatic 
hydrops, characterized by excessive endolymphatic accumulation in the cochlea and 
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vestibule [14]. The most commonly affected inner ear structures in MD are cochlea 
and the saccule, followed by utricle and semicircular canals [15, 16]. Hence, cVEMP 
parameters, if abnormal, support the diagnosis of MD in case of diagnostic dilemma. 
Saccular dysfunction causing saccular hydrops can cause cVEMP parameters to be 
abnormal in the effected ear, which may either be absent or may show reduced ampli-
tude. Reduced peak-to-peak amplitudes as compared with controls were also found by 
Zuniga et al. and Salviz et al. in their respective studies [17, 18].

Absent or reduced cVEMP responses were also found by Angeli and Goncalves in 
74% of the patients with active MD and 50% patients with stable MD [19].

Thus, cVEMP can be used to identify patients whose symptoms are suggestive, 
but not diagnostic for MD, and also to track saccular function over time. In case of 
unilateral MD, cVEMP can also be used to monitor the asymptomatic ear to know 
whether that ear will develop MD or nor not [20]. A study published by Rauch et al. 
in 2004 found VEMP parameters to be altered in about 94% of the patients with MD 
in the affected side in terms of increase in frequency thresholds between 250 and 
2000 Hz. Also, about 27% of the asymptomatic ears with unilateral MD had altered 
cVEMP parameters. Thus, VEMP was found to be not only a diagnostic method for 
endolymphatic hydrops in initial stages, but also a prognostic factor for bilateral 
involvement in MD [21].

4.4 Superior semicircular canal dehiscence syndrome (SCD)

SCD is caused due to dehiscence of bone over superior semicircular canal, which 
creates a third mobile window in the labyrinth. Loud sounds or pressure changes in 
external auditory canal or middle ear may cause imbalance, vertigo, hearing loss, 
autophony, or pulsatile tinnitus as this third window serves as a low-resistance path-
way for transmission of low-frequency sound energy through the labyrinth. This also 
lowers the threshold required for generation of cVEMP to a large extent and raises 

Figure 4. 
cVEMP with recordable P13 and N23 waves obtained in a patient with left SCD at 60 dB.
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the resultant amplitude (Figure 4). Though the confirmatory investigation for SCD 
is HRCT temporal bone, it may over estimate the size of the dehiscence or can falsely 
detect dehiscence in patients with very thin bony covering, resulting in erroneous 
diagnosis of SCD. VEMP is uniquely suited for identification of SCD as it can be used 
to detect whether it is the dehiscence which is causing pathological pressure transmis-
sion in the vestibular labyrinth.

SCD patients show reduced threshold and high amplitude in the effected ears, and 
normal parameters in contralateral healthy ears. Tripathi et al. in their study found 
the threshold to be as low as 50 dB [9]. The diagnosis of these cases was confirmed 
by doing HRCT temporal bone and they found dehiscence of superior semicircular 
canal in the images obtained (Figure 5). Similar findings were seen in studies done 
by Streubel et al. [22]. Also, Zhou et al. in their study of 65 patients, obtained abnor-
mally low VEMP thresholds and found VEMP to be highly sensitive and specific for 
SCD, possibly better than CT [23]. Welgampola et al. in their study of 12 SCD cases 
found VEMP thresholds to be pathologically lowered in all, which normalized after 
corrective surgery [24].

4.5 Vestibular schwannoma

Vestibular schwannoma (VS), formerly known as acoustic neuroma, is a benign 
slow growing tumor that develops from Schwann cells of the vestibular nerve. The 
tumor arises within the internal auditory canal and grows into the cerebello-pontine 
angle, resulting in unilateral/asymmetric hearing loss and/or tinnitus and loss of 
balance. It is third most common intracranial benign tumor after meningioma and 
pituitary adenoma [25]. As the symptoms are subtle and varied, early detection of the 
tumor is sometimes difficult. Though the investigation of choice for the diagnosis of 
VS is MRI, it is costly and every suspected patient may not afford it, so other diagnos-
tic modalities also play an important role in diagnosing vestibular schwannomas.

Knowing that VEMP neural pathways involve the inferior portion of the ves-
tibular nerve, this diagnostic method can also be used to help in the diagnosis of VS. 
Murofushi et al. in their study published in 1998 noticed changes in VEMP parameters 

Figure 5. 
HRCT temporal bone of the same patient confirming the diagnosis of left SCD.
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in 80% of their vestibular schwannoma patients [26]. Takeichi et al. published a study 
in 2001 in which they found alteration in VEMP parameters in 72% of their vestibular 
schwannoma patients [27].

Chiarovano et al. in their study published in 2014 to evaluate the role of Cervical 
and Ocular Vestibular-Evoked Myogenic Potentials in the assessment of patients with 
vestibular schwannomas conducted all oto-neurologic tests on 37 of the 63 unoper-
ated patients of VS and made some important observations after analyzing their data 
which modified their clinical practice [28]. They found that inferior vestibular nerve 
(abnormal cVEMPs: 62%) was less frequently involved in the disease process as com-
pared to the superior vestibular nerve (abnormal oVEMPs: 76%). Also, 16% percent 
of these patients had abnormal VEMP but normal hearing and normal caloric test. 
Thus, it is possible to use VEMP as a diagnostic test (as it may be the only abnormal 
vestibular finding) and also as a modality for follow up.

From then onwards they started doing VEMPs systematically in patients suf-
fering from vertigo or imbalance and an MRI centered on the IAC was requested 
in the case of isolated abnormal cervical or ocular VEMPs. They also found that 
cVEMPs and oVEMPs allowed the evaluation of the effects of treatment on VS 
patients who had undergone stereotactic radiosurgery. They concluded that the 
role of the VEMPs in VS is not only in the diagnosis, but is also in assessment of 
the function of the superior and inferior vestibular nerves prior to surgery and/or 
microradiosurgery. VEMP testing as a baseline test for patients undergoing surgery 
and/or microradiosurgery had two distinct advantages: First, it served as a guide to 
how to assess residual vestibular function so that vestibular rehabilitation could be 
planned post-treatment, and, second, it helped to determine if the cause of imbal-
ance was vestibular decompensation or further compromise of vestibular function 
and accordingly rehabilitation was planned. Though VEMPs can contribute to the 
diagnosis of vestibular tumors and serve as an excellent screening tool, they cannot 
be used as the sole diagnostic method, because they only assess the function of the 
inferior vestibular nerve. But when performed together with MRI, the ABR, audi-
ometry and caloric test, they help in the exact location of the tumor in the vestibular 
pathways.

4.6 Perilymphatic fistula

A perilymphatic fistula is an abnormal communication between the perilymph-
filled inner ear to outside, which causes perilymph to leak from the cochlea or 
vestibule, most commonly through the round or oval window, resulting in cochlear 
and vestibular symptoms [29]. The audiovestibular symptoms of perilymph fistula 
mimic various other conditions, which lack precise diagnostic tools such as Meniere’s 
disease, superior or posterior canal dehiscence, endolymphatic hydrops, Eustachian 
tube dysfunction, vestibular migraine, mal de debarquement, and persistent 
postural-perceptual dizziness. For decades, the gold standard for diagnosis of a 
perilymph fistula has been exploratory tympanotomy with intra-operative visualiza-
tion of perilymph leakage with subsequent improvement in symptoms after the leak 
has been repaired. However, this test is not only invasive but also subjective as no 
established criteria exist for what constitutes a perilymphatic leak on observation. 
In 2006, Modugno et al. published a study in which VEMP testing was used for the 
diagnosis of endolymphatic fistula cases [30]. They reported four cases in which 
VEMP response thresholds were reduced with stimuli in the frequency of 500 Hz. 
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The VEMP thresholds are lowered due to third window effect which reduces the 
impedance, similar to superior semicircular canal dehiscence. So cVEMP can be 
used as a screening tool prior to other sophisticated imaging modalities such as CT 
and MRI with axial and coronal Constructive Interference in Steady State (CISS), 
also called Fast Imaging Employing Steady-State Acquisition (FIESTA) or Magnetic 
Resonance Perfusion (MRP) sequence [29].

4.7 Monitoring after treatment with intratympanic gentamicin

In Ménière’s disease, those cases with intolerable vertigo and resistance to clini-
cal treatment, administration of intratympanic gentamicin is done in an attempt 
to reduce vertigo symptoms in these patients [31]. After this therapy, VEMP can 
be used to confirm if the gentamicin dose employed was enough to cause damage 
to the vestibular cells. In 2002, De Waele et al. showed that 92% of the patients 
submitted to intratympanic injection of gentamicin had absent responses in VEMP 
testing [32].

5. Clinical applications in pediatric population

Balance disorders in children due to vestibular disorders are not well documented 
as compared to the adult population. It is so because clinicians often rely on parent’s 
inputs to screen for vestibular dysfunction, especially when the child is too young to 
verbalize their symptoms. Vestibular function testing in children is not an easy task 
as they may not self-report or even be aware that their symptoms are abnormal. Also, 
their short attention span makes any test more challenging. The prevalence of bal-
ance and vestibular disorders in children is estimated between 0.45 and 5.3%, with a 
slightly higher prevalence in females over males, which tends to rise with age [33, 34]. 
VEMP forms an important part of pediatric vestibular testing battery right from the 
birth of the child. Early development of the Vestibular Colic Reflex facilitates the 
ability to use cVEMP testing in children younger than 12 months. Pediatric norma-
tive amplitude ranges are approximately 208.5 to 285.00 μV, and normative cVEMP 
threshold responses are at approximately 105 to 110 dB SPL [35, 36].

As in the adults, cVEMPs are considered abnormal if responses are absent or low 
in amplitude; however, with third window disorders, such as enlarged vestibular 
aqueduct or superior canal dehiscence, large amplitudes and low thresholds are 
considered abnormal.

VEMP testing in children provides the clinician with diagnostic information about 
otolith function that cannot be identified by other tests. It is well received by children 
because the testing procedure does not require that they be in the dark, does not 
induce symptoms of dizziness, and they can sit with or close to their parent. Also it is 
quick, painless and non-invasive.

5.1 Neonatal vestibular screening

Verrecchia et al. in their pilot study published in 2019 used VEMP for newborn 
vestibular screening alongside the regional newborn hearing screening program. 
They used bone-conducted stimuli to test VEMP. The tonicity of neck muscles was 
maintained by resting the infants unconstrained in their parents´ arms, while the 



Recent Research on Balance Disorders

46

operator supported the infant’s head with his hand. Performed this way, they found 
VEMP protocol to be highly viable and reproducible. They concluded that VEMP can 
be used for large-scale assessment of vestibular function in infants if integrated into 
the newborn hearing screening program [37].

5.2 Cochlear implant surgery

Assessment of vestibular function is also done in children pre- and post-cochlear 
implantation. Otolith damage may occur during cochlear implant surgery as sac-
cule lies very close to the insertion pathway of the implant’s electrode array. cVEMP 
responses are absent in about 40 to 80% of children following cochlear implantation. 
Wolter et al. in their retrospective study compared 35 children with CI failure to 
165 children who did not experience CI failure. Saccular function was assessed by 
VEMP. They found that a greater proportion of children with CI failure had abnormal 
saccular function compared to those without CI failure (81 vs. 46%, p = 0.003). 
They suggested early identification and treatment of such impairments so as to avoid 
or delay implant failures and prevent children from experiencing periods of sound 
deprivation that could impact speech and language acquisition [38].

In addition VEMP has also been used to demonstrate vestibular dysfunction in 
conditions such as autism and spastic cerebral palsy [39, 40].

6. Conclusion

VEMP is a relatively newer vestibular function test, which can test otolith organs 
in isolation and objectively. oVEMP is the objective test for utricle and superior 
vestibular nerve, whereas cVEMP tests saccule and the inferior vestibular nerve. As it 
does not induce vertigo, it is more acceptable and comfortable for the patients. It is a 
non-invasive test and the electromyographic potentials are stable and repeatable, can 
be documented, and reproduced objectively. The cost is very less as it uses hardware 
of ABR testing. It is also an excellent tool for screening of vestibular system in new-
borns and has extensive applications in pediatric population. These advantages make 
it an excellent tool in management of vestibular disorders. However, in many clinical 
conditions it cannot be used as the sole diagnostic modality, but is a complementary 
test, which when done along with other investigative procedures, points to a diagnosis 
in case of balance disorders.
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Abstract

Head injuries due to traffic accidents, falls, gunshots and blows in sports fights,
among others, with or without a skull or petrosal fractures, can lead to a Traumatic
Labyrinth Concussion (TLC), defined as a disorder of the peripheral vestibular system
comprising vestibular, auditory and neurovegetative signs and symptoms, which can
persist for weeks or months after a traumatic injury. It is often accompanied by central
nervous system (CNS) concussion, manifested by objective symptoms such as tachy-
cardia, headache, thermoregulatory instability and mydriasis; and subjective com-
plaints such as emotional disorders, memory loss, visual disorders, insomnia, hyper-
emotivity and behaviour disorders. Otoneurologic examination is relevant in the
identification and topographic diagnosis of vestibular disorders This chapter will verse
on symptoms, audiometric and vestibular findings in TLC, as well as rehabilitation
perspectives.

Keywords: labyrinth concussion, head injury, vertigo, hearing loss, dizziness

1. Introduction

Head injuries, from mild to severe, with or without cranial or petrosal fractures,
may lead to traumatic labyrinth concussion (also referred to as labyrinth commotion)
(TLC) – a vestibular disorder comprising auditory, vestibular and neurovegetative
symptoms which may last up to weeks or months.

TLC may be concomitant to central nervous system (CNS) injury (diffuse axonal
injury in brainstem/cerebellum, post-traumatic vestibular migraine, post-concussion
syndrome) [1, 2] with autonomic signs, such as tachycardia, headache, thermoregu-
latory instability, mydriasis, as well as memory loss, behavioural changes, emotional
lability, executive dysfunction, and gait disorders.

Otoneurologic evaluation is paramount in the identification and diagnosis of
vestibular disorders.

This chapter will verse on symptoms, audiometric and vestibular findings in TLC,
as well as rehabilitation and treatment perspectives.
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2. Historical considerations

The most recent definition of Traumatic Labyrinth Commotion is that of an
auditory or vestibular dysfunction in the absence of a temporal bone fracture (TBF)
[3], still, its causes remain poorly understood. For a long time, post-traumatic vestib-
ular symptoms were regarded as psychogenic, which explains the lack of established
evaluation protocols and rehabilitation perspectives [4, 5].

Several pathologists have searched the correct definition and cause of traumatic
labyrinth commotion, one of the first being Samuel Moos, in 1871 Prussia (nowadays,
Germany) in a post-mortem assessment of a soldier who had suffered a glancing
gunshot wound to his left mastoid, developing consequent hearing loss, due to a
labyrinth haemorrhage; other reported possible mechanisms are cochleovestibular
nerve traction injury and the travelling pressure wave theory, causing ciliary loss and
cochlear damage [3].

Another possible clinical presentation is benign paroxysmal positional vertigo
(BPPV) owed to dislodgement of otoconia from the macula of the utricle due to
trauma, which should always be considered in patients with positional vertigo com-
plaint after traumatic injuries, as well as utriculo-sacular injuries [2].

Romero characterised TLC as a disturbance of the inner ear with no evidence of
macroscopic or radiological lesions, associated or not to central nervous system ail-
ments, manifesting with vertigo, hypoacusis and tinnitus [6].

Also, there was a time in which it was believed labyrinth commotion was only
related to head trauma severe enough to cause loss of conscience; yet, evidence has
shown mild to moderate blunt trauma might lead to permanent neurosensorial hear-
ing loss, compromising frequencies from 3.000 to 8000 Hz [7] or 4000 to 8000 Hz
[8], as seen in noise-induced hearing loss [9, 10].

In 1976, TLC was regarded by Ganança and cols. as a peripheral syndrome, with
the intensity of symptoms depending on the severity of the trauma, and that labyrinth
areflexia was associated with mastoidal fracture, even when radiological evidence
might have been absent, and traumatic facial palsy would be commonly found, often
needing surgical correction [11].

This presentation is common in the context of commotions in the occipital region,
leading to transversal temporal bone fractures (20%) or parietal/temporal commo-
tions, leading to longitudinal fractures (80%). In transversal fractures, vestibular
impairment tends to be unilateral; but may be bilateral, due to countercoup mecha-
nism; in longitudinal fractures, anatomical damage usually comprises middle ear
structures, with hearing loss, and vestibular symptomatology as a result of commotion
of the membranous labyrinth [12, 13].

In Berman and cols’ sample, most patients with vertigo after head trauma
presented with post-concussion syndrome (PCS): headache, irritability, memory loss,
autonomic symptoms, vertigo, hyperacusis, fatigue, vision changes, disturbances in
balance, confusion, dizziness, insomnia, neuropsychiatric symptoms and difficulty
with concentration [1, 14].

The ICD-10 defines PCS symptoms above persisting longer than 3 weeks, although
most patients recover in the first 7 to 10 days following an injury [14]. Post-
concussion syndrome pathophysiology includes metabolic, autonomic nervous system
damage, and microstructural injuries to the brain, leading to structural and microbio-
logical changes, resulting even in increased atrophy and regional volume loss, in
several cases [15].
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Vertigo, in this context, might have been related to PCS, to TLC alone, to
perilymphatic fistulae (with/without need of posterior surgical intervention) or to
psychological factors (due to or worsened by these) [1, 16].

Jerger & Jerger observed sudden onset of hearing loss, fluctuating over the first
3 weeks to 6 months, with the persistence of acute frequencies impairment, albeit
recovery of hearing thresholds to normal levels [9].

Type of hearing loss – neurosensorial, conductive or mixed – depended on the
mechanism of trauma, as well as lateralization – unilateral or bilateral [9]; tinnitus
may last throughout the first three or four months or become permanent [17].

Word recognition performance varied as well: cochlear lesions result in propor-
tional impairment considering pure-tone audiometry and word recognition, while in
retro cochlear lesions, word recognition is worsened disproportionally to hearing loss.
In pure central auditory system disturbances, pure-tone audiometry and word recog-
nition may be normal [9].

Acoustic immittance is undisturbed in cochlear and retro cochlear insults and
altered in middle ear disorders [9].

Considering electronystagmography, central [10] and peripheral [18–20] patterns
may be present. Positional nystagmus may be temporary, according to [21], and may
disappear a year following trauma; De Clercq described a post-traumatic alternating
nystagmus lasting for years [22].

3. Personal data and discussion

A study conducted by the author analysed fifty cases of traumatic labyrinth com-
motion due to multiple causes.

Individuals underwent comprehensive anamnesis, otorhinolaryngological exam (to
discard other ear, nose and throat affections which could be confounding factors), as well
as audiological and vestibular assessment. Audiological evaluation consisted of pure-tone
audiometry, word recognition testing and acoustic immittance. Vestibular assessment
comprised static and dynamic balance testing – through Romberg, Romberg-Barré and
Unterberger testing as well as gait evaluation – and vectonystagmography.

Positional stationary nystagmus was evaluated as present (including vertigo com-
plaint) or not present, as it follows: supine, right-ear down, left-ear-down, supine and
with head tilted down 30°, and seated [23].

Spontaneous nystagmus was assessed at the frontal plane, with open and closed
eyes, and semi-spontaneous nystagmus with a 30° deviation towards right and left,
upwards and downwards.

Vectonystagmography was developed using BERGER – VN 106/3, with three reg-
ister channels. Skin was cleaned using an alcoholic solution; on each patient, an
electrode was placed using an electrolyte paste for fixation on the lateral angle of each
eye and on the frontal midline, forming an isosceles triangle, which made it possible to
check horizontal, vertical, and oblique eye movements, providing precise measure-
ments of the slow component angular velocity of nystagmus.

Calibration was made using the biological calibrator BERGER CB 115 and regular-
ity of tracings was assessed to enable comparisons between studies. In testing of
spontaneous nystagmus and semispontaneous nystagmus the presence, direction,
inhibiting effect of ocular fixation (IEOF) and the maximum slow component angular
velocity (SCAV) of nystagmus were assessed.
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A BERGER TB-1131 visual stimulator was used for horizontal optokinetic
nystagmus evaluation, concerning presence, direction, maximum SCAV with
clockwise and anticlockwise movement of the light source and the preponderant
direction of nystagmus was calculated. Pendular tracking evaluated the presence and
type of curve.

A ROVER BR-3201 rotating descending pendular chair was used to investigate pre-
and post-rotatory nystagmus by the pendular swing rotatory test with stimulation of
the anterior, lateral and posterior semi-circular canals: presence, direction, frequency
after anticlockwise and clockwise rotation and calculation of the preponderant direc-
tion were done.

A BERGER OC-114 water otocalorimeter was used with water temperatures of
44°C and 30°C for caloric testing with the patient’s head and trunk tilted backwards
by 60° for adequate stimulation of the lateral semi-circular canals. Stimulation time
for each ear was 40 sec per ear at each temperature (44°C and 30°C) and responses
were recorded with eyes closed and after with eyes open to observe IEOF. The
direction, absolute values of SCAV and calculation of the preponderant direction and
labyrinthic predominance of post-caloric nystagmus.

Anamnesis found vertigo and dizziness as the principal vestibular complaints,
tinnitus (26%) as the main auditory complaint, followed by hyperacusis (20%) and
hypoacusis (18%). Additional symptomatic findings are in Table 1 in Appendix A.

As to audiological findings, 76% had normal results and 24% had neurosensorial
hearing loss; 96% had unaltered word recognition and 90% had unremarkable acous-
tic immittance (Table 2 in Appendix A).

Regarding vestibular findings, the totality of individuals had normal static and
dynamic balance testing, normal oculomotor calibration, and absence of spontaneous
and semi-spontaneous nystagmus with eyes open; 14 (28%) had positional vertigo, 3
(6%) had positional nystagmus and 13 (26%) had closed eyes spontaneous nystagmus
with SCAV over 10∘/s. One case (2%) had per-rotatory nystagmus areflexia (Table 3
in Appendix A).

Symptomatologic findings were consistent with previously reported data [1, 6, 9]
and more recent evidence [13, 24–26].

Normal auditory function seemed to be expected [17, 21], although Griffiths, in
1979, reported an incidence of 56% of hearing loss in his sample [27]. When present,
neurosensorial hearing loss was the most prevalent, consistent with findings of
numerous studies in the field [7, 9, 10, 16, 27, 28].

In our sample, vestibular findings were consistent with a peripheral deficit
syndrome, as Mangabeira, Albernaz & Ganança [18] and conflicting with Kirtane’s
study, which found a higher incidence of central lesions, with absence of inhibitor
effect of ocular fixation and enhanced caloric responses [10]. This might be due to
different mechanisms of trauma and possible brainstem/central nervous system
involvement, rather than pure TLC, in their sample, given that more recent
studies have supported the fact that pure labyrinth commotion is a peripheral
disorder, either by damage of the inner ear or of the vestibular nerve/apparatus
[1, 13, 29].

Closed eyes spontaneous nystagmus with SCAV higher than 10∘/s was reported in
other studies [1, 22], as well as reduced caloric responses [1, 22].

The importance of a full otoneurologic evaluation in the context of post-
concussion patients was once more reasserted, as the patients might present with
unremarkable evidence of balance disorders at physical examination, and, yet, their
exams might be abnormal, as postulated by Haid and Graeffe [19].
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4. Rehabilitation and treatment perspectives

Treatment should be tailored according to patient individual necessities, severity,
and mechanism of trauma, assessed thoroughly by a comprehensive and integrated
approach, involving doctors, physiotherapists, speech therapists/audiologists,
psychotherapists, and patients’ families [4, 5, 26].

There is no definitive treatment for labyrinth concussion [30], as physiopathology is
varied, therefore rehabilitation and treatment must be based on the patient complaint.

The first, and perhaps most important step is validation. Most patients who expe-
rience head trauma have subjective and sometimes hard-to-define complaints (take
dizziness, for instance), not always well measured by objective tests, which for years
led to the belief that those could be of a psychogenic nature, delaying the establish-
ment of treatment protocols, even though of now it is known treatment should be
initiated as early as possible, to mitigate pathophysiological chains involved [4, 5].

Patients with chronic vertigo are prone to work absenteeism [2], and, if present,
psychiatric comorbidities are associated with poorer responses to treatment [27, 31, 32].

Screening tools, such as a full neurological and physiotherapic examination, as well
as imaging examinations, must be used to identify the main mechanism of vertigo/
dizziness, to provide specific therapeutic – if peripheral, vestibular rehabilitation may be
useful; if cerebellar or due to disruptions on cerebellar pathways, coordination training
should be proposed; if due to vision sequelae, vision directed therapy is indicated; if due
to proprioceptive impairment, proprioception training might be appropriate; and if
orthopaedic lesions are involved, specific treatment must be carried out [12, 14].

Neurotransmitters involved in vertigo pathophysiology are fundamentally Gluta-
mate, acetylcholine and gamma-aminobutyric acid (GABA). Glutamate mediates
synaptic transmission, mainly through amino-3-hydroxy-5-methylisoxazole-4-
proprionic acid (AMPA)–type glutamate receptors and maintains resting discharge
potential and long-term modulation of stimuli through N-methyl-D-aspartate
(NMDA)– type glutamate receptors. Acetylcholine appears to play an excitatory role
in the vestibular nuclei and might be involved in vestibular compensation. GABA, as
in other CNS structures, acts as an inhibitory neurotransmitter, as well as glycine.
Noradrenaline, dopamine, serotonin and histamine are involved with less clear
effects, working as modulators, especially regarding emesis [33].

Thus, pharmacological treatment of vertigo includes vestibular suppressant drugs,
such as benzodiazepines, antihistamines, and anticholinergic agents, as well as
calcium-channel antagonists (less used nowadays due to their known relation with
drug-induced parkinsonism) [34, 35] and dopamine receptor antagonists. Although
useful in the reduction of symptom intensity in the acute phase [33], their efficacy is
little in post-concussion vertigo, and their use should be brief (maximum 3 weeks).
Benzodiazepines may be particularly beneficial in co-morbidity with anxiety and
depression, although should be briefly used, given they might lead to dependency
[33]. Suggestions of use can be found in Table 4.

In mild brain trauma, there are studies investigating the use of amantadine, yet the
results are preliminary [5].

If despite optimised pharmacological treatment and rehabilitation, vertigo persists,
in case of lesions confined to the labyrinth, labyrinthectomy or vestibular nerve
section might an option [36].

Hearing loss may be present and should be identified and treated, with hearing
aids proper adapting, led by an experienced team of audiologists, and, in severe cases
of labyrinth commotion, cochlear implantation may be required [37].
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In rehabilitation of PCS, reassurance remains the major treatment, as most symp-
toms tend to resolve within 3 months; when headache is a main issue, medications
such as amitriptyline [38], greater occipital nervous blocks [39], propranolol and
indomethacin [40, 41] may be useful, depending on the characterisation of pain – as

Figure 1.
Vestibular disorder management after head trauma.
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post-concussive headaches often mimicry primary headaches, such as migraine,
hemicrania continua and paroxysmal hemicrania.

Even patients with PCS may develop chronic vertigo or dizziness, chronic balance
problems, or chronic cognitive impairment, which should also be assessed and treated.

Balance stability is one of the most multi-layered subjects in the field, given the
complexity that underlies the mechanism of posture and gait control, comprising
higher level processing, sensorial cues, proprioception, coordination, tone, strength,
vestibular and visual cues [42]. Disruption in any of these points – neurologic, ortho-
paedic, psychologic, ophthalmologic, or audiologic – produces postural instability and,
consequently, gait disturbances [43].

As such, the perfect balance rehabilitation should be able to evaluate all these
fields, hence why a rehabilitation team is required. Posturography, kinematic evalua-
tion, and sensorial integration in balance clinical testing are tools in the identification
of the predominant deficiencies and help guide and plan therapy [12].

Otoneurologic assessment is not usually performed in the initial or follow-up of
post-concussion patients [44, 45], although, as explained above, it might have benefit,
including treatment planning.

A review by Nagib & Linens has brought evidence that vestibular rehabilitation
(VRT), associated with light aerobic exercise or cervical spine therapy reduced Dizzi-
ness Handicap Index scores, improving quality of life and balance [46], whereas a
study by Murray, Meldrum and Lennon also suggests that VRT might be useful in
mild brain trauma, although more studies are necessary to fully establishment of the
practice [47]. This evidence was also supported by the study of Park, Ksiazek and
Olson, on VRT in adolescents who suffered sports-related concussion [25].

Wearable sensors and applications, if available, may be helpful in screening of
brain injury extent through biomarkers [48], as well as monitoring physiological
[49, 50], biological and gait data [51], to improve rehabilitation techniques, and
prevent new trauma, as with fall detectors, detections of epileptic seizures and
arrhythmias, as well as evaluate treatment efficacy [52]. Virtual and augmented real-
ity systems have been also studied in the rehabilitation field, with promising results
[53, 54], as well as audio-feedback [55].

Physical activity and aerobic exercise should always be encouraged, initially
supervised, and, once the patient regains independence, unsupervised, as it correlates
with autonomic regulation [24] cognitive recovery, by supporting neuroplasticity
during the post-acute period [56], and re-establishing hippocampal homeostasis [57],
due to activation of neuroprotective and antiapoptotic pathways, as well as mediating
release of substances by bone, liver and muscle, augmenting brain production of
brain-derived neurotrophic factor signalling (BDNF) [58–60], as well as improving
quality of life and decreasing levels of anxiety, depression and permanent post-
concussive symptoms [61–63] (Figure 1).

5. Concluding remarks

Traumatic Labyrinth Commotion may present with various otoneurological symp-
toms and signs, predominating vestibular over auditory alterations. Otoneurologic,
audiological, neurological, and physical evaluations as well as image screening are
relevant to treatment, which should be individualised and may comprise non-
pharmacological, pharmacological and sometimes surgical interventions. It is
suggested that vestibular rehabilitation may be useful in peripheral and central causes
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of vertigo and dizziness, as well as physical exercise may be an ally on rehabilitation of
post-concussed patients.

Abbreviations

TLC Traumatic Labyrinth Concussion
CNS Central Nervous System
TBF Temporal Bone Fracture
PCS Post-Concussion Syndrome
ICD-10 International Classification of Diseases 2010
IEOF Inhibiting Effect of Ocular Fixation
SCAV slow component angular velocity
BNDF Brain Derived Neutrophic Factor
AMPA amino-3-hydroxy-5-methylisoxazole-4-proprionic acid
NMDA N-methyl-D-aspartate
GABA Gamma-aminobutyric Acid
VRT Vestibular Rehabilitation Therapy
BPPV Benign Paroxysmal Positional Vertigo

A. Appendix

Symptom No of cases (%)

Vertigo 32 64.0%

Dizziness 24 48.0%

Tinnitus 13 26.0%

Headache 11 22.0%

Hyperacusis 10 20.0%

Nausea 9 18.0%

Hypoacusis 9 18.0%

Ear pressure/fullness 8 16.0%

Sweating 7 14.0%

Phobias 7 14.0%

Pallor 6 12.0%

Depression 6 12.0%

Tachycardia 5 10.0%

Anxiety 5 10.0%

Sensation of “turning off” 4 8.0%

Darkening of vision 3 6.0%

Memory loss 3 6.0%

Falls 2 4.0%
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Symptom No of cases (%)

Light-headedness 2 4.0%

Sleep disorders 2 4.0%

Vomiting 1 2.0%

Word recognition problems 1 2.0%

Feeling of liquid inside ear 1 2.0%

Ear pain 1 2.0%

Diplacusis 0 0

Table 1.
Prevalence of symptoms in 50 cases of traumatic labyrinth concussion.

Audiological findings N° of cases (%)

Tonal audiometry

Normal 38 76.0%

Neuro-sensorial hearing loss 12 24.0%

Conductive hearing loss 0 0

Mixed hearing loss 0 0

Word recognition testing

Normal 48 96.0%

Altered 2 4.0%

Acoustic immittance testing

Normal 45 90.0%

Altered 5 10.0%

Table 2.
Prevalence of audiological findings in 50 cases of traumatic labyrinth concussion.

Vestibular findings No. of
cases

(%)

Normal balance (static and dynamic) 50 100.0%

Regular eye movement calibration 50 100.0%

Symmetric optokinetic nystagmus 50 100.0%

Pendular tracking types I or II 50 100.0%

Symmetric per-rotatory nystagmus 37 74.0%

Symmetric post-caloric nystagmus 24 48.0%

Positional vertigo 14 28.0%

Post-caloric nystagmus directional preponderance 14 28.0%

Spontaneous nystagmus with closed eyes (> 10∘/s) 13 26.0%
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Vestibular findings No. of
cases

(%)

Directional preponderance of per-rotatory nystagmus to lateral semi-circular
channels stimulation

13 26.0%

Post-caloric nystagmus unilateral hyporeflexia 9 18.0%

Directional preponderance of per-rotatory nystagmus to vertical semi-circular
channels stimulation

4 8.0%

Positional nystagmus 3 6.0%

Bilateral post-caloric nystagmus hyporeflexia 2 4.0%

Per-rotatory nystagmus areflexia 1 2.0%

Unilateral post-caloric nystagmus areflexia 1 2.0%

Bilateral post-caloric nystagmus areflexia 0 0

Post-caloric unilateral nystagmus hyperreflexia 0 0

Post-caloric bilateral nystagmus hyperreflexia 0 0

Table 3.
Prevalence of vestibular findings in 50 cases of traumatic labyrinth concussion.

Medication Dosagea Class Side Effects and Precautions

Meclizine Oral tablets 12.5–50 mg
every 4-6 h
or chewable
tablets
25 mg tid

Antihistamine,
anticholinergic

Sedating, dry mouth,
urinary retention,
bradycardia,
precaution in prostatic
enlargement and glaucoma

Clonazepam 0.5 mg orally bid Benzodiazepine Mildly sedating,
incoordination,
hallucinations,
drug dependency

Scopolamine 0.5 mg patch
every 3 days

Anticholinergic Topical allergy,
dry mouth, bradycardia,
urinary retention,
precaution in glaucoma

Dimenhydrinate 50 mg orally, IM or IV
every 4–6 h

Antihistamine,
anticholinergic

Sedating,
dry mouth,
urinary retention,
bradycardia,
precaution in prostatic
enlargement and glaucoma

Diazepam 2–10 mg (one dose) given
acutely orally,
IM or IV
or 2 mg orally bid

Benzodiazepine Sedating,
respiratory depressant,
drug dependency,
contraindicated in closed angle
glaucoma

Lorazepam 0.5 mg orally
or IM bid

Benzodiazepine Mildly sedating,
incoordination,
hallucinations,
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Medication Dosagea Class Side Effects and Precautions

drug dependency,
contraindicated in closed angle
glaucoma

Metoclopramide 10 mg orally tid
or 10 mg IM

Dopamine antagonist,
stimulates, upper
gastrointestinal motility

Restlessness or drowsiness,
extrapyramidal reaction

Promethazine 25 mg orally every 6–8 h,
25 mg rectally every 12 h
or 12.5 mg IM every 6–8 h

Antihistamine Sedating,
extrapyramidal reaction,
contraindicated
in closed-angle glaucoma

Ondansetron 4 mg orally or IV. Serotonin 5-HT3
antagonist

Headache, diarrhoea, fever

aRecommended dosage for adults. Bid = twice daily; IM = intramuscularly; IV = intravenously; tid = three times daily.

Table 4.
Pharmacological options to mitigate vertigo.
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Chapter 6

A Similarity Index for Balance 
Assessment between Older Adults 
with and without Balance Deficits
Paul S. Sung and Dongchul Lee

Abstract

Falls in older adults can cause disabling health even though falls are largely 
preventable. A combination of fall risk factors can be modified or predicted to 
minimize devastating complications. However, clinical balance assessment tools 
often have contradictory results since fall risks are individualized and multifacto-
rial. The assessment tools are often practically limited to detecting sensitive changes 
between older adults with and without balance deficits. Recently, a similarity index 
(SI) has been developed to predict fall risks based on kinematic data during gait. The 
combined limb motions to those of a prototype derived from healthy individuals in 
the gait cycle might be differentiated from individuals with gait pathologies. The 
analyzed calculations result in response vectors that would be compared to controls-
derived prototype response vectors. Furthermore, the normalized SI, based on the 
vector representing the data distribution, could be generated from the enhanced 
(dis)similarities dataset of subjects following an intervention (prototype response 
vectors). These quantified indices for compensatory patterns provide a further 
understanding of optimal injury prevention and specific rehabilitation strategies for 
older adults with balance deficits. This chapter will propose a novel sensitive mea-
sure, the SI, for older adults with orthopedic and neurologic dysfunction compared 
with control subjects.

Keywords: kinematic, similarity index, balance deficits, pain, older adults, gait cycle, 
motions

1. Introduction

Balance problems in older adults are of major concern as functional declines of 
the somatosensory system occur in aging populations, potentially contributing to 
postural instability [1, 2]. These problems provide foundational knowledge of balance 
performance and the importance of using a reliable and valid sensory testing protocol 
for older adults. However, valid balance measurements are burdensome and costly, 
especially for older adults with balance deficits who are characterized by greater 
comorbidity compared to healthy adults [3]. As a result, it would be critical to evalu-
ate the characteristics of falls and clarify the advantages of predicting the occurrence 
of falls in older adults with balance deficits.
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Previous studies utilized clinical measure tools, such as the Berg Balance Scale 
(BBS), the Dynamic Gait Index (DGI), as well as other advanced balance measures 
[4–6]. However, the small sample size in their studies limits the validity of the results 
to generalize measurement outcomes. A sensitive balance detection tool with a larger 
sample size can be compared to examine balance deficits. It would be valuable to 
utilize a valid tool based on both scientific understanding and clinical applications 
of balance mechanisms in older adults. Previous research reports did not necessar-
ily prove the sensitive outcome assessment by detailing how the feasibility of those 
measurement tools will achieve fall assessment and prevention. However, our studies 
attempted to comprehensively evaluate outcomes by introducing biomechanical 
research and clinical applications on biomechanics and neuromuscular control during 
functional activities [7–9].

A similarity index (SI) tool provides a detailed picture of different limb and trunk 
muscle activations by electromyography (EMG) and kinematic stability during gait. 
Most older adults with balance deficits present with impaired postural control [10–12] 
and motor coordination, including the inability to initiate, continue, or terminate acti-
vation of multiple muscle groups in a task- and environment-specific manner [13, 14]. 
However, the existing balance assessment tools often lack clinical evidence and demon-
strate conflicting outcomes. It is critical to compare age- and gender-matched groups 
with balance deficits using clinical measurement tools. These tests evaluate dynamic 
stability in older adults with balance deficits related to somatosensory impairments in 
musculoskeletal and neurologic symptoms.

2. Gait assessment in individuals with musculoskeletal dysfunction

Decreased physical activity levels result in a concomitant decline in musculoskel-
etal function. Adequate muscular strength is fundamental to preserving functional 
mobility from asymmetrical limb motions during gait, which has been an increasingly 
important theme of research in recent years [15–17]. These studies predicted the risk 
of falls from the gait measures, and there is an increased risk of multiple falls in older 
adults with poor gait. Specific measures of gait and gait variability from musculoskel-
etal dysfunction confer the balance deficits and could be amenable to reducing the 
risk of falls.

Neck dysfunction/pain is the fourth leading cause of disability and the most com-
mon musculoskeletal disorder in primary care [18, 19]. Several studies reported that 
individuals with neck pain have impairments of balance and head-neck coordination 
as well as sensorimotor deficits including poorer proprioception [20–22]. However, 
there is a lack of understanding of gait parameters and the kinematic SI on the limbs 
during gait. The similarity of gait patterns and compensated limb motions in indi-
viduals with neck pain compared to healthy controls was not carefully investigated. 
If the similarity of the combined limb motions is lessened in individuals with neck 
pain compared with healthy controls, then those kinematic changes might be detected 
in the specific phases of the gait cycle. The magnitude of motions and the degree of 
similarity between groups may provide clinical insights to enhance a comprehensive 
understanding of the functional consequences of gait deviations.

A recent study indicated that SI was a useful measure to differentiate similari-
ties between groups at specific phases during gait [23]. The kinematic SI during gait 
was investigated to compare the ratio between the vector representing the distribu-
tion of the motions in individuals with neck pain and that representing the average 
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distribution in individuals without neck pain. These SI values of the control group 
were significantly higher than the neck pain group during gait, especially in the 
midstance and swing phases. The SI could have the potential to highlight differences 
in the neck pain group during gait more than common parameters, such as cadence, 
speed, stride length, and step width. Ultimately, an objective measure, such as the 
SI, may enhance gait evaluations and help to determine the similarity of combined 
kinematic changes during gait.

The SI measure could provide an objective tool for the overall kinematic varia-
tions and similarities that occur during gait between groups as well. For example, 
an altered gait pattern was evident in individuals with neck pain who demonstrated 
a slower and more asymmetrical gait [24]. Therefore, the similarities of the com-
bined upper and lower limbs might clarify the difference in gait patterns between 
individuals with and without neck pain. It is valuable to identify the specific phases 
of gait and to compare the similarity between individuals with and without neck 
pain. The normalized SI measures were from three-dimensional (3D) motions and 
provide quantitative evidence at 5% intervals of the entire gait cycle. The collected 
data may guide design to improve gait function.

2.1 Methodology of the kinematic similarity index

Spatiotemporal and kinematic parameters were calculated for each gait cycle 
using OrthoTrac 5.2 software (Motion Analysis Corporation, Santa Rosa, CA, USA). 
The spatiotemporal parameters included cadence, gait speed, stride length, and 
step width. Three-dimensional upper and lower limb kinematic waveforms were 
time  normalized to 100 points, comprising the gait cycle from 0 to 100% with 1% 
 increments [25, 26].

The kinematic SI computation is a numerical expression of the motion similarity 
in the response vectors (RV) between participants with and without neck pain (NP). 
The SI was computed as the normalized cosine angle (θ), where θ is the angle between 
two vectors, which were prototype and response vectors. The prototype response vec-
tor (PRV) represented the distribution of activity generated by participants without 
neck pain (NP), and the response vector (RV) represented the distribution of the 
participants with neck pain (NP). The RV was a series of elements with angles of each 
joint at a specific time point during gait for each subject. The PRV was an average of 
response vectors from the control participants. The mathematical equation for com-
puting SI, the cosine of the angle between two vectors, is indicated in Equation (1).

The kinematic data included the bilateral shoulders, elbows, hips, knees, and 
ankles. However, the elbow did not possess frontal or transverse motions, and the 
shoulder possessed negligible transverse motion during gait. To quantify the gait 
patterns, the SI was computed from kinematic data using Equation (1), which is the 
summation of the corresponding elements (numerator), divided by the magnitude of 
both vectors (denominator).

 
( )

=
∑ .

i ix xi
x

x x

PRV RV
SI

PRV RV
  (1)

PRVx= [PRVx_1, PRVx_1, … PRVx_n ] at x% during gait. PRVx_1: averaged value 
of L-Shoulder flexion angles (S) from all control participants. PRVx_2: averaged value 
of L-Shoulder abduction angles (F) from all control participants. PRVx_n: averaged 
value of n’th channel from all control participants. RVx= [RVx_1, RVx_2, … RVx_n] 
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at x% during gait. RVx_1: L-Shoulder flexion angles (S) from a participant with NP. 
RVx_2: L-Shoulder abduction angles (F) from a participant with NP. RVx_n: n’th 
channel from a participant with NP.

The element of this vector is the angle of joints in the 3D directions at increments 
of 5% in the gait cycle, and the SI is constrained to be between 0 and 1. A normalized 
SI value of 1.0 designates an angle of zero between two vectors (i.e., the RV had an 
identical distribution to PRV) and signifies that motions in participants with neck 
pain are identical to that of the population. In Figure 1, the RVx is the vector with 
elements of individual joint angles at a specific point in the gait cycle (x%). The SIx 
was computed by comparison between PRVx and RVx and as the cosine of angles 
between the two vectors. To cover the full gait cycle (0 to 100%), PRVx and RVx were 
computed at increments of 5% in the gait cycle. The SI equation was formulated 
between the participants with and without neck pain (where i  represents 3D kine-
matic data/channel, and x represents the gait cycle out of 100%). Previous studies 
reported the mathematical description and an example of the computation of the 
index [27–30]. To compute a time-variant SI during gait, PRVs and RVs were com-
puted at 5% increments of the entire gait cycle and compared between PRV and RV 
from corresponding segments. Therefore, the kinematic SI is a quantitative measure-
ment of how similar a given RV is to the PRV.

As shown in Figure 2, the results of the study indicated that the neck pain group 
demonstrated a greater variation of walking patterns during the midstance and swing 
phases and displayed altered compensatory gait. The SI values for the gait cycle were 
higher in the control group than the NP group (0.98 ± 0.02 vs. 0.95 ± 0.03). The 
standard deviation of the SI was significantly less in the control group compared to 

Figure 1. 
Example of SI computation. The left column shows the range of motions of the limbs during gait. The dark lines 
represent the averages of the control participants. Participant A with NP demonstrated good matching with the 
prototype in certain joints (R knee S, but mismatched in R hip S), and participant B with NP showed the opposite 
direction in L ankle abduction. On the right panel, Eq. 1 explains the principle of computing the SI. The PRVx 
is a vector with elements of individual joint angles at specific gate cycles, which was multiplied by averaging all 
control participants. (NP: neck pain, R: right, L: left, S: sagittal plane, F: frontal plane, T: transverse plane with 
all 24 (12 for each side) channels).
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the neck pain group (0.02 ± 0.01 vs. 0.04 ± 0.02). The similarities of the kinematic 
changes for the neck pain group were used to aid in the detection of limb motion 
differences and the resulting gait dysfunction. The SI values of the control group 
were significantly higher than the neck pain group during gait, especially at the 
midstance (10-30%) and swing (80-90%) phases. Also, the standard deviation of the 
SI decreased in the control group when compared to the neck pain group. The results 
were evident that the index reflects kinematic changes in limb functions during gait. 
There was less kinematic similarity in the neck pain group during gait due to a lack of 
similarities during the midstance and swing phases.

The neck pain group also demonstrated a greater standard deviation of the SI 
(ranges from 0.02 to 0.05 in the stance phase, ranges from 0.05 to 0.07 in the swing 
phase) compared to the control group, which was less than 0.02. The standard devia-
tion of the SI was less in the control group compared to the neck pain group.

2.2 Clinical application of the kinematic similarity index

Although the gait parameters did not provide significant differences, the SI results 
detected gait deviations based on the kinematic data. The neck pain group may have 
modified their walking patterns, especially in the midstance and swing phases. Our 
results are warranted to investigate whole-body movement, including the trunk, for 
gait control, and early detection of gait deviations. Several studies reported that the 
SI provides sensitive measures as a neurophysiological method for characterizing 
voluntary motor control in human performance [27–31]. In our study, however, the 
SI concept was applied to kinematic data since the SI is a numerical expression of the 
similarity in distribution between participants with and without neck pain.

The importance of SI relies on the method that utilizes the kinematic data from 
every possible motion at a specific time point, while previous methods compared 
specific limb support patterns [32]. Therefore, the joint kinematic data based on the 
normal range (from PRV) can be detected by the SI computation. The SI concept 
is applicable to analyze the normalized kinematic data within and between groups 

Figure 2. 
The Similarity Index (SI) values were obtained from the control and neck pain groups at increments of 5% during 
the gait cycle. There were significant group differences at 10%, 15%, 20%, 25%, and 30% of the gait cycle in the 
midstance phase. In the terminal swing phase, the control group demonstrated significantly higher SI at 85%, 90%, 
and 95% of the gait cycle (* < 0.05).
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for combined motions of the upper and lower limbs [27, 29], rather than for only a 
single joint motion in the gait cycle. Therefore, the SI is an important contribution to 
objective evaluations of the musculoskeletal system that could also be used to detect 
gait deviations.

Although our study was not intended to investigate the specific reasons for the 
differences, previous studies reported that the NP group could display biomechanical 
disturbances even with relatively mild pain and demonstrate reduced trunk rotation 
during gait, which indicates an increased stiffer spine [33, 34]. Previous studies were 
limited to clinical applications for gait dysfunction, since the distribution of the 
motions may provide a limited interpretation [32, 35]. A possible mechanism related 
to altered postural control during walking may be the consequence of diminished 
proprioceptive inputs leading to compensatory strategies to avoid pain or injury in 
the NP group [36]. The single limb support in midstance involves a progression of 
the body over the foot and weight-bearing stability. It is the first sub-phase where the 
shank rotates forward over the supporting foot, creating the second rocker motion 
of the cycle [37]. During the terminal swing, the final advancement of the shank 
takes place, and the foot is positioned for initial contact for the next gait cycle. These 
specific phases during gait are critical in developing effective gait strategies; however, 
the NP group may adapt or modify their strategies to accommodate any differences.

The differences between the SI with the combined limb motions in the midstance 
and swing phases during gait might be utilized to compare gait dysfunction. For 
example, the neck pain group may display subtle changes in load sharing and reduced 
conjunct neck motions in the frontal and sagittal planes during cervical rotation 
[38], which results in increased motion variabilities and reduced smoothness of limb 
motions. Therefore, the kinematic SI might be utilized to detect functional outcomes 
for gait dysfunction and/or balance deficits. Furthermore, clinicians need to consider 
gait evaluations when comparing kinematic variations for those phases, which likely 
reflect adaptive behavior for postural control.

Increased kinematic similarities were evident in the control group. Optimal 
stability and mobility might prevent potential injuries with combined trunk and 
limb motions [39, 40]. The results of our study also confirmed that the standard 
deviations of the kinematic SI decreased in the control group (Figure 2). The PRV 
was constructed from a limited set of control participants. It could be expected that 
individual variations and other confounding factors may provide slightly different 
PRVs. The SI concept would be valuable in building a database to evaluate kinematic 
variations between groups with and without dysfunction. There are different move-
ment strategies that can possibly be adjusted, and the SI method detects the differ-
ence in gait dysfunctions. Further in-depth analyses could be developed for clinically 
meaningful and detailed insights into gait dysfunction.

3. Gait assessment between control subjects and post-stroke subjects

For post-stroke individuals, paralysis and muscle weakness in the upper and lower 
limbs can lead to balance, mobility disorders and gait function. There are guidelines 
intended for clinicians to optimize rehabilitation outcomes for subjects with chronic 
stroke to improve walking speed and distance. It has been generally accepted that 
stroke commonly results in trunk impairments that are associated with decreased 
trunk coordination and limited trunk muscle strength [41]. However, the guidelines 
limited ambulatory function due to the lack of sensitive assessments, which may not 
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apply to the specific phase of the gait cycle in post-stroke individuals. These prob-
lems ultimately lead to a limit in functional activities and/or gait. Thus, the need for 
evaluation and rehabilitation methods in gait dysfunction has been emphasized on 
sensitive measures.

Surface EMG assessment of voluntary motor control provides a clinical 
manifestation of gait performance. The evidence suggests that frequency-based 
analysis of EMG can be used to detect cortical motor control contribution [42]. 
Characteristically, individuals post-stroke demonstrate slow gait velocity with 
residual spatial and temporal asymmetry when compared to healthy subjects. The 
changes in muscle activity in individuals with stroke differed between the paretic and 
nonparetic sides, muscle type, and gait phase; walking performance was maintained 
despite being affected by neuromuscular fatigue. These clinical manifestations in 
gait post-stroke result from deficits in limb movement as well as impairments in the 
control of trunk mobility [43]. Decreased anteroposterior movements of the thorax 
were the main variable explaining the gait function. Although trunk training is an 
effective strategy for improving mobility after stroke, the implementation and gen-
eralizability of this treatment approach in a clinical setting are laborious and limited. 
Since postural muscle activation is an integral part of motor control, it is important to 
investigate the activation patterns of the trunk muscles as well.

Other studies supported that neuromuscular control of gait post-stroke can be 
affected by changes in the trunk as well as the lower limb muscle activity patterns 
[41, 43]. Their impairments often result in biomechanical changes during gait. 
Specifically, pelvic motions might be influenced by these impairments. Following 
a stroke, patients walk with increased mediolateral trunk sway and larger sagittal 
motion of the lower trunk. Although the rotation of the upper trunk increases, the 
trunk shows more in-phase coordination. Acceleration of the trunk diminishes while 
instability and asymmetry increase as there are less movements toward the paretic 
side. However, it is of great importance to differentiate between compensatory trunk 
movements and intrinsic trunk control deficits. In Figure 3, the EMG analyses in the 
gait cycle, as averaged within the control group, were represented with solid dark 
lines in the first column and are regarded as the average of all strides in each muscle.

3.1 Methodology of the similarity index in gait cycle

Since the post-stroke group was not expected to have the same stance-to-swing 
ratio as compared with the control group even at similar gait speeds, data was normal-
ized to eliminate this timing discrepancy. In general, post-stroke hemiparetic gait 
is slow compared with healthy individuals with asymmetry in the spatiotemporal 
parameters such as step length, swing time, stance time, and double-leg support time. 
Stance and swing phases were analyzed separately and then adjusted to a ratio of 
60:40 percent for a graphic presentation of the gait cycle. In addition, EMG magni-
tude was normalized using the mean amplitude from the walking trials in a procedure 
similar to that reported by Benoit and colleagues [44].

The SI computation is a numerical expression of the similarity of the distribution 
of EMG activity in the response vectors (RV) between individuals with pathology (in 
this case, stroke) and a healthy population. The SI is computed as the normalized inner 
product, or the cosine of the solid angle between the vector representing the distribu-
tion of activity generated by healthy subjects (prototype response vector: PRV), and 
that representing the distribution in the test subjects (RV). Thus, the SI is constrained 
to lie between 0 and 1. An SI value of 1.0 designates an angle of zero (i.e., the RV had 
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an identical distribution of EMG activity to PRV) and signifies that muscle activity in 
pathological subjects is similar to that of a normal population.

The SI was computed only for RVs with a magnitude sufficient to differentiate a 
response from background noise. To compute a time-variant SI during the gait cycle, 
RVs were computed using a gait cycle segmented into 5% increments and compared 
to the PRVs from corresponding segments of the cycle. A gait cycle EMG, as averaged 
within the control group, is represented with solid dark lines in the first column of 
Figure 1 and is regarded as the average of all strides in each muscle. Individual control 
group EMG recordings, superimposed over the average with gray lines, demonstrated 
consistent patterns with small variability while individual EMG recordings for the 
stroke group had larger variability. This qualitative analysis of EMG patterns between 
the control and stroke groups suggests the spatial and temporal EMG distributions 
quantified by the SI.

3.2 Clinical application of the similarity index during gait

This index explored the use of the SI as a method of quantifying changes in muscle 
activity as measured by EMG. Use of the SI indicated greater variation from the trunk 
muscles in normal subjects as compared to the lower limb muscles during gait in 
the post-stroke group. In addition, our results provided preliminary data related to 

Figure 3. 
EMG during gait cycle for control and stroke groups beginning at right foot contact (0%) to foot contact on the 
same side (100%). Individual control group EMG recordings, superimposed over the average with gray lines, 
demonstrated consistent patterns with small variability while individual EMG recordings for the stroke group 
had larger variability. This qualitative analysis of EMG patterns between the control and stroke groups suggests 
the spatial and temporal EMG distributions quantified by the SI. The control group demonstrated less variability 
than post-stroke individuals. Solid lines represent the average of all strides in each muscle from the group (EMG: 
electromyography, R: right, L: left, GAST: gastrocnemius, TIB: tibialis anterior, ER: erector spinae, OB: external 
oblique muscles).
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trunk muscle activity in the lumbar erector spinae and the external oblique muscles, 
which is an area that has not been extensively reported during gait in the post-stroke 
group. According to the data from our lab, these differences in trunk muscle activity 
post-stroke peaked at 40% of the gait cycle, or 67% of the stance phase, and 90% 
of the gait cycle, or 75% of the swing phase. Trunk muscle activity post-stroke was 
most normal at 5% and 65% of the gait cycle, or 8% of the stance phase and 4% of the 
swing phase, which are the beginning portions of each phase.

In Figure 4, the SI values were obtained from the control and stroke groups 
without phase normalization for each 5% segment of the gait cycle. The mean of 
the SIs calculated for a whole gait cycle from the control group (0.965 ± 0.030) was 
higher than the post-stroke group (0.88 ± 0.077) when all muscles were used. The 
largest difference between the two groups was observed at 85-95% of the gait cycle, 
which would represent the middle of the swing phase if normal stance/swing phase 
durations were assumed. The post-stroke group showed much greater variability than 
the control group at all points in the cycle. The largest variability of the SI values in 
the post-stroke group was observed at 55% of the gait cycle. In the control group, the 
mean SI of each 5% segment throughout the entire gait cycle ranged from 0.965 to 
0.968 with a variance of less than 0.20, which supports that the prototype represents 
the EMG patterns of the control group quite well.

Although the SI value from the total gait cycle for each of the two groups was 
significant, the SI was compared with and without phase normalization, as well as 
separately for the trunk and lower extremity muscles, to compare the difference 
between muscle groups. The SI values computed for the trunk muscles only (0.965 
± 0.034 for the control and 0.86 ± 0.10 for the stroke group) showed a difference 
(Figure 4B). However, the SI from the lower limb muscles (0.968 ± 0.026 for the 
control and 0.9533 ± 0.054 for the stroke group) did not show a difference between 
the two groups (Figure 4C). Therefore, the trunk muscles appear to be the major 
contributor to the SI difference evident between the two groups.

Due to the discrepancy of the stance-to-swing ratio between groups, the SI from 
the transition phase of the gait cycle between stance to swing (50-60%) had higher 
variability than at any other point in the cycle (Figure 4A). To eliminate this discrep-
ancy, stance and swing phase timing was normalized to a ratio of 60:40 percent in 
the gait cycle, and the SI values were compared. When all muscles were contributing, 
the SI value of the control group was 0.959 ± 0.028 and 0.892 ± 0.066 for the stroke 
group. As expected, the SI of the control group did not change after timing normal-
ization since phase timing is quite stable in healthy adults (Figure 5A as compared to 
Figure 4A). However, the SI from the post-stroke group had less variance at 50-70% 
of the gait cycle, and it significantly decreased at 40% and 90% of the gait cycle in 
comparison to the control group.

The contribution of the trunk muscles (Figure 5B) to the SI difference between 
groups was significant as compared to the lower limb muscles (Figure 5C). The SI of 
the trunk muscles during the entire gait cycle was 0.969 ± 0.029 for the control group 
and 0.871 ± 0.104 for the stroke group. The high variability of the SI from the stroke 
group was observed during the middle of the swing (85-90%) and stance (40%) 
phases. After phase normalization, SI values at the transition phase (50-75%) from 
stance to swing increased by 7% while variability decreased by 39% (Figure 5B). This 
variability, caused by a discrepancy in the swing-stance phase, would have increased 
by 64% if phase normalization had not been applied. The SI value from the lower 
extremity muscles did not demonstrate any difference between the two groups (0.970 
± 0.026 for control and 0.958 ± 0.038 for stroke). Therefore, phase normalization did 
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not change any trends seen in the non-timing, normalized SI during the gait cycle, 
except that the SI variability of the lower extremity muscles (Figure 5C) significantly 
decreased by 50-60% of the gait cycle.

Figure 4. 
The SI between control (gray line) and stroke (solid line) groups without phase normalization. The data reveal 
comparisons between all muscles of the stroke group and the control group (A). The SI comparing back (B) and 
lower limb muscles (C) indicated that the stroke group revealed increased variability. Although the individual 
stride EMG from the control group demonstrated consistent patterns with small variability, the stroke group 
demonstrated larger variability than the control group.
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Therefore, these results indicated that phase normalization improves the capabil-
ity to identify the variability between post-stroke subjects and control subjects. A 
loss of trunk control during walking may result from a reduction in the strength of 

Figure 5. 
The SI between control and stroke groups with phase normalization. The prototype, or control group, SI value was 
close to 1 with less variance in the healthy group than the post-stroke group (A). The data from trunk (B) and 
lower limb muscles (C) indicated that the stroke group revealed an increased SI value during the transition from 
stance to swing. Overall, the SI value from the stroke group had less variance at 50-70% of the gait cycle, and it 
significantly decreased at 40% and 90% of the gait cycle compared to the control group.
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trunk musculature, especially on the paretic side. It has been suggested that deficits 
in muscle strength result in reduced mobility of the pelvis in subjects with hemipa-
resis, which may be a protective strategy to avoid loss of balance. Individuals post-
stroke also demonstrate a slower gait velocity with accompanying residual spatial 
and temporal trunk asymmetry when compared with the gait in healthy adults. 
Although the most important factors affecting gait velocity and asymmetry remain 
unknown, lower limb weakness is an important contributing factor. Therefore, trunk 
muscle activity needs to be carefully evaluated in post-stroke individuals in static 
and dynamic positions, in addition to trunk muscle activation patterns during gait 
performance.

However, one of the clinical problems in using EMG analysis with post-stroke 
patients is the difficulty in obtaining a valid maximum voluntary contraction, which 
is one accepted method for normalizing the magnitude of a muscle contraction. 
Nevertheless, previous research examining EMG post-stroke has assessed not only the 
gait cycle timing of muscle contraction through duration-referenced normalization 
[45], but also the relative magnitude of muscle contractions for individual muscle 
groups using some variation of mean or peak activity-referenced norms.

The SI is a reliable measurement of voluntary motor control for move-and-hold 
tasks [27]; however, the SI has not been used during gait analysis. In this study, timing 
normalization for phases of gait was necessary post-stroke due to timing variability 
(see Figure 4 without normalization as compared to Figure 5 with timing normaliza-
tion) found in our participants. In normalizing EMG amplitude, several approaches 
were available for examining gait post-stroke. In gait analysis, however, peak and 
mean normalization are commonly accepted ways of examining the relative magni-
tude of muscle activity. According to the analysis by Benoit and colleagues [44], the 
peak EMG value is better able to identify pathological groups than average values.

The normalized EMG reflects both the timing of muscle activation and deactiva-
tion as well as the relative EMG amplitude of muscle activities. Although the SI itself 
does not depict the direction of variance from normal muscle activity, the amplitude 
of normalized EMG data shows the relative muscle activation and deactivation during 
the gait cycle. Originally, the SI was developed from a move-and-hold task. In addi-
tion, the SI has been used with neurologically impaired individuals as well as healthy 
adults [27, 29, 30]. The SI offers an important contribution to the development of 
evidence-based treatment evaluation in that the values produced are entirely objec-
tive. Therefore, the feasibility of using the SI to quantify the dynamic motor task of 
gait EMG post-stroke was explored in this study.

4. Summary of gait assessment by the SI

We examined the utilization of the SI as a sensitive tool for the conditions of 
musculoskeletal and neurologic dysfunctions. Individuals with neck pain have 
impairments of posture, balance, and coordination as well as sensorimotor deficits. 
The kinematic SI during gait was useful for clinical outcome measures to differenti-
ate kinematic changes and to demonstrate quantified similarities in the gait cycle 
between subjects with and without neck pain. These compensatory motions are 
reflected by altered coordination and muscular control during the gait cycle.

The results of our EMG study in the post-stroke group indicated abnormalities 
in trunk muscle activity during both the swing and stance phases of gait, especially 
between the post-stroke and control groups. Although not completed as part of this 
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analysis, the SI could be utilized to examine the differences, if any, in the anterior 
versus posterior trunk muscles bilaterally as well as hemiparetic to non-hemiparetic 
responses. The EMG patterns of the post-stroke and control groups during the gait 
cycle were analyzed by the SI, which computes the similarity of spatial and temporal 
distributions of muscle activity against the patterns from a control group.

A similar concept could be utilized between pathological and normal responses, 
as older adults with musculoskeletal dysfunction often have poor neuromuscular 
control, which may alter normal postural stability. Thus, there is a need to identify 
specific gait deviations to maintain balance and to develop effective, evidence-based 
strategies to improve balance control in individuals with balance deficits and to 
reduce their risk of falls. More importantly, the SI was a sensitive tool used to quantify 
the characteristics of EMG patterns when proper muscles were selected in subjects 
with neuromuscular dysfunction. Consequently, the compensatory limb motions 
resulted in increased motion variabilities and reduced smoothness of limb motions 
in the gait cycle. Therefore, the development and use of SI may provide an effective 
means to quantify muscle activity during gait. This, in turn, will assist in establishing 
effective treatment strategies for gait impairments as well as provide clinical insights 
into neuromuscular timing abnormalities, specifically for trunk musculature. The SI 
measure needs to be utilized to analyze gait dysfunction and rehabilitation strategies.
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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