Chapter 1
History and Overview of Third Mobile
Window Syndrome

Check for
updates
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Third mobile window syndrome (TMWS) (also known as third window syndrome
[TWS] or otic capsule dehiscence syndrome [OCDS]) is a vestibular-cochlear dis-
order in humans in which a third mobile window of the inner ear creates changes to
the flow of sound pressure level energy through the perilymph/endolymph. Sound
transmission to the inner ear is normally through the oval and round window.
Acoustic pressure enters through the oval window, is transmitted through the
cochlea, and exits into the middle ear cavity via the round window [1]. The fluid in
the cochlea through which sound is transmitted is functionally incompressible due
to the surrounding osseous structures [2]. Movement of the cochlear fluid is thereby
dependent on the mobility of the round and oval window membranes. Inward dis-
placement of the oval window membrane via the stapes by ossicular vibration is
matched by outward round window membrane displacement [2]. However, if a third
mobile window is present, some of the acoustic pressure is shunted away from the
cochlea and delivered to the vestibular receptors. Normally, sound pressure trans-
duction by the stapes results in only cochlear hair cell transduction due to the round
window, which dissipates cochlear vibration by impedance matching. Normally,
because the vestibular labyrinth does not have a membrane or release valve to dis-
sipate the introduced sound pressure, their pressure remains constant and the ves-
tibular end-organs are not stimulated. However, if there is an additional fenestration,
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the energy typically confined to the vestibule and cochlea escapes along a path of
least resistance toward the defect or “third window” and during this the vestibular
end-organs can be abnormally stimulated. The nature and location of this third
mobile window can occur at many different sites (or multiple sites), which will be
discussed later. The primary physiological symptoms include sound-induced and
pressure-induced gravitational receptor dysfunction type of vertigo, migraine head-
aches (and variants), pseudoconductive hearing loss, autophony while speaking,
and visual problems (nystagmus, oscillopsia). At the same time, individuals experi-
ence measurable deficits in basic decision-making, short-term memory, concentra-
tion, spatial cognition, and anxiety. In this chapter, the history of TMWS will be
reviewed, but first a description of the clinical phenotype is essential to understand
the spectrum of problems these patients experience.

Clinical Phenotype

The literature has been conflicted about the frequency of symptoms and diagnostic
test findings in patients with TMWS. One illustrative summary that highlights the
spectrum of the most common complaints from patients with perilymph fistula was
published nearly a quarter century ago [3]. No doubt many of these patients had
TMWS due to bony sites of dehiscence not yet discovered. Figure 1.1 shows the
percentage of these patients reporting each of the 13 most common complaints. The
three most frequent complaints were disequilibrium, headache, and dizziness. Other
important clinical symptoms included cognitive dysfunction, nausea, visual
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Fig. 1.1 Clinical phenotype of perilymph fistula (PLF). Percentage of 58 PLF patients reporting
each of the most common complaints (created from the dataset of Black et al. [3]) Copyright ©
P.A. Wackym, used with permission
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Table 1.1 Spectrum of symptoms, signs or exacerbating factors seen in third window syndrome

Category Symptom, sign or exacerbating factors

Sound-induced | Dizziness or otolithic dysfunction (see vestibular dysfunction below); nausea;
cognitive dysfunction; spatial disorientation; migraine/migrainous headache;
pain (especially children); loss of postural control; falls

Autophony Resonant voice; chewing; heel strike; pulsatile tinnitus; joints or tendons
moving; eyes moving or blinking; comb or brush through hair; face being
touched

Vestibular Gravitational receptor (otolithic) dysfunction type of vertigo (rocky or wavy

dysfunction motion, tilting, pushed, pulled, tilted, flipped, floor falling out from under);

mal de débarquement illusions of movement

Headache Migraine/migrainous headache; migraine variants (ocular, hemiplegic or
vestibular [true rotational vertigo]); coital cephalagia; photophobia;
phonophobia; aura; scotomata

Cognitive General cognitive impairment, such as mental fog, dysmetria of thought,
dysfunction mental fatigue; impaired attention and concentration, poor multitasking
(women > men); executive dysfunction; language problems including
dysnomia, agramatical speech, aprosodia, verbal fluency; memory difficulties;
academic difficulty including reading problems and missing days at school or
work; depression and anxiety

Spatial Trouble judging distances; detachment/passive observer when interacting with

disorientation groups of people; out of body experiences; perceiving the walls or floor
moving

Anxiety Sense of impending doom

Autonomic Nausea; vomiting; diarrhea; lightheadedness; blood pressure lability; change

dysfunction in temperature regulation; heart rate lability

Endolymphatic | Ear pressure/fullness not relieved by the Valsalva maneuver; barometric
hydrops pressure sensitivity

Hearing Pseudoconductive hearing loss (bone-conduction hyperacusis)
Adapted from Wackym et al. [4]. Used with permission, copyright © P.A. Wackym, MD

disturbance, and objective as well as subjective hearing loss. Review of Fig. 1.1 also
demonstrates that these are extraordinarily similar to the spectrum of symptoms
experienced by patients with SSCD, other TMWS sites of dehiscence and vestibular
migraine. Table 1.1 outlines the contemporary spectrum of symptoms, signs or
exacerbating factors seen in TMWS. It is important to understand that every patient
with TMWS does not have all of the observed symptoms and that TMWS should be
viewed as a spectrum of symptoms. Table 1.2 combines synonymous symptoms
into common terms so that the reader can see a simplified framework illustrating
these symptoms. As shown in Table 1.3 there are currently 15 known sites of dehis-
cence that can be seen using high-resolution temporal bone CT and in addition there
are sites of dehiscence that cannot yet be seen with contemporary high-resolution
temporal bone CT scans (CT- TMWS).

The more general term of TMWS is more appropriate than SSCD syndrome
because the same spectrum of symptoms, signs on physical examination, and audio-
logical diagnostic findings are encountered with superior semicircular canal dehis-
cence (SSCD), posterior semicircular canal dehiscence, posterior semicircular
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Table 1.2 Combining synonymous symptoms into common terms

Common term

Symptoms

Anxiety

Anxiety; sense of impending doom

Aural pressure/
endolymphatic hydrops

Aural pressure; aural fullness; clogged sensation in ear; ear
blocked, producing dizziness

Autonomic dysfunction

Nausea; vomiting; diarrhea; lightheadedness; blood pressure
lability; change in temperature regulation; heart rate lability

Autophony

Autophony; echoing sensation in ear when talking; Kazoo
character of voice

Cognitive dysfunction

General cognitive impairment, such as mental fog, dysmetria of
thought, mental fatigue; impaired attention and concentration, poor
multitasking (women > men); executive dysfunction; language
problems including dysnomia, agrammatical speech, aprosodia,
verbal fluency; memory difficulties; academic difficulty including
reading problems and missing days at school or work; depression
and anxiety

Drop attack

Drop attack; otolithic crisis of Tumarkin

Gaze-evoked tinnitus

Gaze-evoked tinnitus; head movement induced pulsatile tinnitus;
disabling bilateral pulsatile tinnitus on changing head position;
cricket-like tinnitus when head turned quickly

Headache, ear pain

Headache; ear pain; frequent headaches; migraine with or without
migraine variants; otalgia

Hearing loss

Hearing loss; conductive hearing loss; mixed hearing loss;
pseudoconductive hearing loss; sensorineural hearing loss

Hemifacial numbness

Hemifacial numbness

Hyperacusis to bodily
sounds (such as hearing
own eye balls move, own
footsteps, eating/chewing)

Hyperacusis to bodily sounds; cochlear hypersensitivity to
bone-conducted sounds; hear heel strike/footsteps; hearing own
eye movements; hearing own eyelid blinking; hearing internal
sounds; own chewing so loud that must stop to listen to others

Hyperacusis to
environmental sounds

Hyperacusis; hypersensitivity to sound; intolerance to loud sound;
phonophobia

Motion intolerance

Heightened sensitivity to motion; motion intolerance

Non-pulsatile tinnitus

Tinnitus; high-pitched tinnitus; continuous tinnitus

Positional vertigo/
instability/dizziness

Disequilibrium with rapid head motion; dizziness when inclining
head upward or downward; imbalance when head moving quickly;
positional vertigo/instability/dizziness; postural dyscontrol; vertigo
following position change

Pulsatile oscillopsia

Pulsatile oscillopsia; pulse synchronous oscillopsia

Sound distortion

Sound distortion; distortion in ear

Spatial disorientation

Trouble judging distances; detachment/passive observer when
interacting with groups of people; out of body experiences;
perceiving the walls or floor moving; Mal de débarquement-type
illusions of movement

Spontaneous oscillopsia/
tilting

Oscillopsia; oscillopsia during head movement; oscillopsia by
specific activity or maneuver; oscillopsia during locomotion

Spontaneous pulsatile
tinnitus

Pulsatile tinnitus; pulse synchronous tinnitus
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Table 1.2 (continued)

Common term Symptoms

Spontaneous dizziness Vertigo; vestibular migraine; sense that the world was spinning;
(vertigo/disequilibrium/ sensation that the world was tilted; pulsion, pushed pulled,
nausea/dizziness/ gravitational receptor dysfunction type of vertigo; dizziness;
instability) imbalance; disequilibrium; episodic disequilibrium; floating; floor

falling out from under; intermittent disequilibrium; chronic
disequilibrium; unsteadiness

Tinnitus aggravated by Tinnitus aggravated by Valsalva maneuver
Valsalva maneuver

Vertigo/disequilibrium/ Typically a gravitational receptor dysfunction type of vertigo;
nausea/ataxia/oscillopsia | Vestibular hypersensitivity to air-conducted sounds; Vertigo
provoked by environmental | triggered by low frequency train; Vertigo induced by loud noise;
sounds Vertigo by humming/singing; Vertigo/disequilibrium by sound;
Oscillopsia induced by loud noise; Objects in visual surround
moving + vertical diplopia when humming or loud noise; Eye
flutter induced by loud noise; Tullio phenomenon; Discomfort to
loud noise; Noise-induced dizziness; Dizziness worsened by loud
sound; Imbalance induced by loud noise; Disequilibrium induced
by loud sound; Disequilibrium and sound sensitivity when driving
on freeway; Eyes jump when phone rang close to ear; Falling down
when exposed to loud sound; Motion sickness sensation with
nausea induced by loud sound (no real vertigo); Sound-induced
nausea; Sound-induced sense of being overwhelmed

Vertigo/disequilibrium/ Typically a gravitational receptor dysfunction type of vertigo;
nausea/oscillopsia Vertigo induced by pressure; Vertigo/disequilibrium by pressure;
provoked by pressure/ Pneumatic speculum induced vertigo; Oscillopsia induced by
Valsalva maneuver pressure; Visual disturbances with sneezing; Blurred vision

induced by pressure; Hennebert sign; Dizziness induced by
pressure; Dizziness induced by exercise; Imbalance induced by
pressure; Disequilibrium induced by pressure; Intolerance for
vibration/slight oscillopsia when driving on freeway; Slight shift of
the visual scene during Valsalva; Fistula sign

Adapted from Wackym et al. [4] and Naert et al. [S] Used with permission, copyright ©
P.A. Wackym, MD

canal-jugular bulb dehiscence, posterior semicircular canal-endolymphatic sac/ves-
tibular aqueduct dehiscence, lateral semicircular canal dehiscence, lateral semicir-
cular canal-facial nerve dehiscence, cochlea-facial nerve dehiscence (CFD),
cochlea-internal carotid artery dehiscence, cochlea-internal auditory canal dehis-
cence, cochlear otosclerosis with internal auditory canal involvement, wide vestibu-
lar aqueduct, endolymphatic sac-jugular bulb dehiscence, posttraumatic hypermobile
stapes footplate, vestibule-middle ear dehiscence, modiolus (X-linked stapes
gusher), and CT- TWS (see review [4]). A common structural finding in all of these
conditions is an otic capsule defect that creates a “third window.” In the light of our
recognition that there are multiple sites where third windows occur in the otic cap-
sule, it is interesting to note that Kohut’s definition of a PLF, from over a quarter
century ago, still applies to all currently known sites producing a TWS [6]; “A peri-
lymph fistula may be defined as an abnormal opening between the inner ear and the
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Table 1.3 Location of
third mobile window

defects that can be seen
with a CT scan and can
result in third mobile Posterior semicircular canal-jugular bulb dehiscence

Semicircular canals

Superior semicircular canal dehiscence

Posterior semicircular canal dehiscence

window syndrome Posterior semicircular canal-endolymphatic sac/
vestibular aqueduct dehiscence

Lateral semicircular canal dehiscence

Lateral semicircular canal-facial nerve dehiscence
Cochlea
Cochlea-facial nerve dehiscence

Cochlea-internal auditory canal dehiscence

Cochlea-carotid artery dehiscence

Cochlear otosclerosis involving the internal auditory
canal

Other labyrinthine sites

Wide vestibular aqueduct
Endolymphatic sac-jugular bulb

Posttraumatic hypermobile stapes footplate

Vestibule-middle ear dehiscence

Modiolus (X-linked stapes gusher)

Used with permission, copyright © P.A. Wackym, MD

external surface of the labyrinth capsule....” Hence, a fistula of the otic capsule
(Kohut’s definition) can occur in any location that is in communication with peri-
lymph, whether a SSCD, CFD, or any of the well-established sites that can result
in a TMWS.

Peripheral Vestibular Physiology and the Need
for a Precise Lexicon

A central problem with understanding peripheral vestibular disorders or communi-
cating associated symptoms is our use of poor, or at least imprecise, terminology.
The terms vertigo, dizziness, and disequilibrium are frequently used; however, what
do they mean? To best answer this question a brief review of peripheral vestibular
function is necessary.

The role of the ten vestibular receptors is to transduce the forces associated with
head acceleration and gravity into a biologic signal. Central nervous system integra-
tion of these data results in the subjective awareness of head position relative to the
environment. Motor reflexes to maintain gaze and posture are generated in response
to afferent vestibular input. Propulsion and orientation of the body in space depend
on the vestibular system, on vision, and on the proprioceptive system. Most persons
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can manage with only two of these systems, but not with one. Accordingly, patients
with vestibular dysfunction may have additional difficulty in maintaining equilib-
rium when vision or proprioception is impaired.

The vestibular system, through its signal transduction by the peripheral end-
organs and their afferent neurotransmission, constantly signals the position of the
head in space and effects a continuous adjustment of the musculature of the body.
More specifically, it signals acceleration and deceleration of motion. The otolith
organs are capable of signaling only linear acceleration or deceleration, whereas the
cristae within the semicircular ducts are able to signal angular acceleration or decel-
eration. Constant motion/acceleration cannot be detected by the vestibular system.

The peripheral vestibular system represents a unique neurosensory system. At
rest, the type I and type II vestibular hair cells and their primary afferent neurons
have a relatively constant and symmetrical resting discharge rate of approximately
80 spikes/s. This discharge rate increases if the stereocilia are deflected toward the
kinocilium of each type I or type II vestibular hair cell, and it decreases if they are
deflected away from the kinocilium. Transduction of accelerated motion is brought
about by movement of the endolymph, which is coupled to the stereocilia and kino-
cilia of the neuroepithelium. All the kinocilia are oriented in the same direction rela-
tive to the long axis of each crista, and flow of endolymph in one direction results in
the same discharge characteristics for all the hair cells in each individual end-organ.
A further level of redundancy exists in the push—pull organization between both sets
of vestibular apparatus. For example, with rotation to the right in the horizontal
plane, there is relative flow of endolymph to the left. The resting discharge rate from
the right horizontal crista ampullaris is greatly increased as the cupula is deflected
toward the vestibule (i.e., ampullipetal displacement), whereas the discharge rate
from the left side decreases an equal amount as the cupula of the left horizontal
crista ampullaris is deflected away from the vestibule (i.e., ampullifugal displace-
ment). Normally, this bilateral system is constantly at work, receiving signals and
passing them on to regulate posture and movement of the body, limbs, and eyes.
Each of the five vestibular receptors on the left are paired with a specific receptor on
the right. Under normal circumstances, the vestibular signals produced by each side
are equal and opposite in magnitude bilaterally. The paired otolithic organs function
by similar mechanisms, except that type I and type II vestibular hair cells are cou-
pled to gravitational force through the otolithic membrane, and their overlying oto-
conia and the kinocilia are polarized relative to a region called the striola.
Consequently, conscious perception of this normal vestibular activity does not occur.
However, if there is an imbalance in the relative increase and decrease in afferent
firing between paired vestibular receptors on both sides, patients experience vertigo.

Vertigo is an illusion of movement in any plane or direction. Patients are deceived
so that they feel themselves move or see abnormal movement of their surroundings.
For rotational receptor asymmetries, patients experience a true rotational or spin-
ning movement. For gravitational receptor asymmetries, patients have a gravita-
tional receptor dysfunction type of vertigo. They will often describe a “rocky, wavy,
tilting” perception. Other descriptors include a sensation as “being on a moving



10 P. A. Wackym et al.

boat, the floor falling out from under them or flipping.” The terms dizziness, giddi-
ness or disequilibrium do not accurately capture these experiences, yet they are
often used, which leads to a poor understanding of TMWS otic capsule defect (e.g.,
SSCD) symptoms by most physicians. Patients with TMWS sites can experience
true rotational vertigo; however, the dominant complaint is usually sound-induced
gravitational receptor dysfunction type of vertigo. This clinical observation can be
blurred by vestibular migraine with true rotational vertigo being superimposed on
SSCD, CFD or other TMWS site of dehiscence. This will be discussed in greater
detail in Chap. 25, “Migraine, Headache and Third Mobile Window Syndrome.”

Central Nervous System Pathway Activation that Produce
Secondary Symptoms

Most of the symptoms that disrupt the lives of patients with TMWS are related to
the severe symptoms that are secondary to these gravitational receptor asymmetries
[4, 7-20].

Autonomic Dysfunction

Autonomic dysfunction occurs to varying degrees with TMWS and/or vestibular
migraine; however, it is extremely common. Autonomic dysfunction also occurs
with rotational receptor asymmetries. These symptoms include nausea, “cold-
clammy skin,” decreased heart rate and vomiting. There have been many investiga-
tors who have studied the underlying mechanisms and pathways subserving this
dysfunction [21-23].

Cognitive Dysfunction

Cognitive dysfunction is nearly universal in patients with TMWS due to the oto-
lithic asymmetry. This is uncommon in rotational receptor dysfunction type of ver-
tigo as seen with benign positional vertigo, vestibular neuronitis or other disorders
producing true rotational vertigo. Patients with TMWS often use the following
descriptors when describing their cognitive function: “fuzzy, foggy, spacey, out-of-
it; memory and concentration are poor; difficulty reading—as if the words are float-
ing on the page; trouble finding the right words; and forgetting what I wanted to
say.” This will be discussed in greater detail in Chap. 6, “The Cognitive/Psychological
Effects of Third Mobile Window Syndrome.”
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Altered Spatial Orientation

Patients with TMWS and/or vestibular migraine often use the following descrip-
tors when describing their altered spatial orientation: “trouble judging distances;
feeling detached and separated or not connected, almost like watching a play when
around other people; and even an out-of-body experience (in more severe gravita-
tional receptor asymmetries).” Several groups have begun studying this phenome-
non. Clinically, this spatial disorientation reverses after surgery; however, Baek
and colleagues reported that spatial memory deficits following bilateral vestibular
loss may be permanent [24]. There is also evidence that simulation of the vestibu-
lar system is necessary to maintain normal spatial memory [25]. Deroualle and
Lopez have explored the visual-vestibular interaction and in their 2014 review of
the topic conclude that vestibular signals may be involved in the sensory bases of
self-other distinction and mirroring, emotion perception and perspective taking
[26]. Clinically, patients with TMWS recognize changes in their personality. Smith
and Darlington argue that these changes in cognitive and emotional occur because
of the role the ascending vestibular pathways to the limbic system and neocortex
play in the sense of spatial orientation [27]. They further suggest that this change
in the sense of self is responsible for the depersonalization and derealization symp-
toms such as feeling “spaced out,” “body feeling strange,” and “not feeling in
control of self.”

Anxiety

Vestibular disorders can produce anxiety; however, the classic sense of impending
doom only occurs with the most severe gravitational receptor asymmetries. It is
none-the-less quite unnerving to patients because it is a unique type of anxiety and
characteristically patients have no insight why they feel that way or what is making
them feel that way. Much work has been completed to understand the underlying
mechanisms and pathways subserving this dysfunction [18-23, 28, 29].

Sound-Induced Gravitational Receptor Dysfunction Type
of Vertigo

In Minor’s review of 65 patients with SSCD, 54 (83%) had vestibular symptoms
elicited by loud sounds, and 44 (67%) had pressure-induced (sneezing, coughing,
and straining) symptoms [30]. This is also characteristic of TMWS patients with
other sites of dehiscence (Tables 1.1 and 1.2) [8-17].
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Autophony

In TMWS one of the most disturbing auditory symptoms is autophony, an unpleas-
ant subjective discomfort of one’s own voice during phonation. Often patients
describe their voice as “echo-like” or “resonant.” This is also very common in
TMWS. Just as in the case with SSCD [31], some patients with other sites of dehis-
cence can also hear their eyes move or blink [8—10]. There appears to be decreased
hearing thresholds for bone-conducted sounds. Bhutta has postulated that patients
who hear their eyes move do so via transdural transmission of extraocular muscle
contraction [32]. If this is the case, further credence to the hypothesis that some
cases of CT- TMWS represent an otic capsule defect in an area such as the modio-
lus creating a third window, just as is the case with SSCD and CFD [4, 18, 19].

Migraine and Gravitational Receptor Dysfunction Type
of Vertigo

Migraine headache is nearly always present in patients with gravitational receptor
dysfunction type of vertigo caused by a TMWS, but infrequently with rotational
receptor dysfunction type of true rotational vertigo [4, 19-21]. This is an important
concept as TMWS can induce or exacerbate migraine and the three variants of
migraine—ocular migraine, hemiplegic migraine, and vestibular migraine in
affected patients. This is why patients with TMWS, who normally only have gravi-
tational receptor dysfunction type of vertigo (disequilibrium) can have episodes of
vestibular migraine and infrequent true rotational vertigo attacks. Surgical manage-
ment, based upon the procedure specific to the site of dehiscence typically resolves
the migraine; however, sometimes there is a marked decrease of the frequency and
intensity of the migraines, as migraine has a high incidence overall [4, 8-20]. This
will be discussed in greater detail in Chap. 25, “Migraine, Headache and Third
Mobile Window Syndrome.”

The Experiments of Pietro Tullio

Pietro Tullio (1881-1941) was the director of the Laboratory of Experimental
Physiology in Bologna during the early twentieth century. While other scientists of
his time studying the nervous system preferred removing or lesioning a structure to
deducing the singular function from the singular deficiency, Tullio preferred the
direct stimulation of these parts to deduce function. He undertook most of his exper-
iments on live pigeons. Pigeons had already been established as the classical test
animal for labyrinth physiology because of their favorable semicircular canal anat-
omy. It was also well documented that head nystagmus was more prominent than
ocular nystagmus in the pigeon, making observations of responses easier [33].
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In 1929, Tullio presented “Some Experiments and Considerations on
Experimental Otology and Phonetics” at the meeting of the Societa dei Cultori delle
Scienze Mediche e Naturali in 1929 [34]. These experiments described the epony-
mous Tullio phenomenon of sound-induced vertigo and/or eye movements. This
work was nominated for the Nobel Prize in Physiology or Medicine in both 1930
and 1932; however, he was never awarded the prize. The body of this work was
focused on surgically creating a third window in the semicircular canals of pigeons
[35, 36]. Tullio hypothesized that the sound pressure reaching the ear affects all
three canals at the same time, not just the opened canal. The difference in intensity
in which the currents are distributed in the canals produces the head movement. By
making an opening in a canal, its current of sound pressure would be dominant over
the other canals, leading to visible movement in the plane of this canal. Tullio sub-
sequently analyzed the movement made by pigeons on opening each canal. After
the opening of the superior canal, the pigeon lifted its head and beak in the plane of
the canal. With a single sound, the lifting and tilting of the head was about 45°; the
extension of the movement attained 90° when the sound was prolonged. What he
did not address was the otolithic function which is no doubt responsible for the head
tilt visible in the figures that he published. When cocaine crystals were introduced
into the osseous opening near the ampulla, so that the anesthetic reached the peri-
lymph, the pigeon lifted its beak at every sound to successively decreasing heights,
until it finally lowered. This phenomenon is due to the cocaine paralyzing the pri-
mary afferent dendrites of the ampulla in the superior semicircular canal, and likely
the vestibule, so that the pigeon could no longer respond to this acoustic stimula-
tion. The pigeon was still responsive to the currents in the lateral and posterior
canals. This had a cumulative effect wherein the pigeon lowered its head in an inter-
mediate plane to those canals. In a clever experimental design, Tullio attached a
lever and marker to the pigeon’s beak to provide a graphical plot of the reflexes
made in response to the sound pressure stimulus. It was decades later that these
basic experiments in pigeons were recognized to represent a clinical entity now
known as TMWS. According to Cawthorne [37], the Tullio phenomenon only
occurred in humans when more than one mobile window opened into the inner ear
on the vestibular side of the inner ear.

Semicircular Canal Fenestration Operations for Otosclerosis

Antonio Maria Valsalva first described stapes ankylosis as a cause of hearing loss in
1704. Adam Politzer described the pathology as due to “new bone, overgrowing the
oval window and stapes” in 1893. This corresponded with the first era of stapes
surgery, which consisted of stapes mobilization, trephination, or removal. As these
procedures became more common in Europe, complications of meningitis and death
were recognized and led to the abandonment of the procedures around 1900 [37].
Following this, otologists continued to investigate alternative, safer methods of sur-
gically correcting the conductive hearing loss from otosclerosis. Beginning in 1897,
when Passow first postulated that perhaps it would be better to detour around the
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obstruction in the oval window rather than to mobilize or extract the stapes. Balance,
Floderus, Barany, Holmgren, Jenkins and Sourdille all contributed to refinement of
multistage fenestration operations to create a new mobile window in the lateral
semicircular canal. In 1938, Julius Lempert described a breakthrough single-stage
technique creating a new mobile window that he termed “nov-ovalis” in the lateral
semicircular canal fenestration via an endaural approach. About 50% of patients
who had this procedure had improvement of their conductive hearing loss to a
20-25 dB air-bone gap with lasting results. This marked the rise of the fenestration
era of otosclerosis surgery [38—40]. Shambaugh reviewed the postoperative prob-
lems that these fenestration patients experienced: wet fenestrated ear; meatal atre-
sia; ballooning of the fenestra; closure of the fenestra; sensorineural hearing loss
after fenestration; and progressive sensorineural hearing loss due to otospongiosis
[39]. Interestingly, these patients, although susceptible to temperature-induced diz-
ziness typically did not experience sound-induced dizziness. This is likely due to the
fenestration operation recreating a second mobile window, as the oval window was
not mobile. Cawthorne described the Tullio phenomenon in patients who had under-
gone fenestration procedures for otosclerosis in which the stapes was not fixed,
creating a “third window” in the inner ear, which underscores this point [41].

Cholesteatoma

Labyrinthine fistulas creating a TMW constitute around 4-12% of complications
due to cholesteatoma. In a large meta-analysis, the affected site of the labyrinthine
fistula was lateral semicircular canal dehiscence in 87% of cases, promontory dehis-
cence in 8% of cases, SSCD in 6% of cases, and posterior semicircular canal dehis-
cence in 2% of cases [42]. Historically, management has been to leave the
cholesteatoma matrix intact over the fistula; however, this results in frequent tem-
perature and pressure related stimulation of inhibition of the affected side. More
recently, removal of the entire cholesteatoma matrix from the fistula with immediate
covering by autogenous material or after removal plugging the canal with autolo-
gous tissue [43]. Other authors have advocated the use of hydrodissection of the
cholesteatoma matrix in the presence of labyrinthine fistula as a means of hearing
preservation [44].

Early Stapedectomy Lessons Learned

Tatrogenic post-stapedectomy perilymph fistulas were first described a half-century
ago. Steffen et al. [45] reported findings of gross perilymph flow at the oval window
in post-stapedectomy patients with hearing loss, tinnitus, and vertigo. Fee [46]
reported three patients who presented with vertigo, fluctuating hearing loss, and tin-
nitus, who also had known or suspected recent head trauma. Intraoperative findings
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showed perilymph leak at the oval window. Repair of the leak resulted in significant
improvement in symptoms.

Perilymph Fistula

As shown in Fig. 1.1, the symptoms of perilymph fistula are observed in other
TMWS known sites of dehiscence (Tables 1.1 and 1.2). This clinical entity will be
discussed in greater detail in Chap. 8, “Perilymphatic Fistula.”

Vestibular Evoked Myogenic Potentials

It was over a century ago that Robert Bardny began using caloric irrigation and his
vertical axis rotational chair to assess horizontal canal function, yet it was not until
1994 that Colebatch and colleagues developed the sound-evoked cervical vestibular
evoked myogenic potential (c(VEMP) to study the gravitational receptors [47].
Sound-induced activation of the saccule leads to an inhibition of the sternocleido-
mastoid muscle and this inhibitory potential can be recorded as the cVEMP (for
review see [48-50]). The evoked potentials recorded from a number of other mus-
cles have been studied as well; however, it is the sternocleidomastoid muscle that is
most consistently used in research and clinical applications. It has also been shown
that both an ipsilateral and contralateral cVEMP can be recorded from the sterno-
cleidomastoid muscle following ipsilateral stimulation [48, 51]. Bone-conducted
stimuli have also been used to evoke cVEMP responses (for review see [49, 50]). All
of these cVEMP methods depend on voluntary contraction of the sternocleidomas-
toid muscle so that the evoked inhibitory potential can be measured.

In patients with SSCD and other sites of dehiscence resulting in third window
syndrome, cVEMPs are useful diagnostic indicators, with patients exhibiting
abnormal responses to auditory clicks or tone bursts used in this test [4, 18-20, 52,
53]. The cVEMP amplitudes in the affected labyrinth are increased, and thresholds
are reduced as the opening in the superior semicircular canal renders otolithic
receptors more susceptible to stimulation by sound and vibration [4, 18-20, 30,
54-56]. The same cVEMP increased amplitude and decreased threshold has been
reported in many other locations creating a TMWS including CT- TMWS and CFD
[4, 18-20]. After surgical plugging of the SSCD, cVEMP thresholds and ampli-
tudes normalize [56].

The ocular vestibular evoked myogenic potential (0VEMP) testing represents
another diagnostic tool that can be important in the diagnosis of patients with
TMWS. These potentials are excitatory and are recorded from surface electrodes
over the inferior oblique muscles. Many have contributed to understanding the
oVEMP response, particularly Ian Curthoys’ group [49]. Both acoustic and bone-
conduction stimuli activate the saccular and utricular otolithic receptors; however,
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the otolithic input to the sternocleidomastoid muscle is predominately from the sac-
cular macula whereas the otolithic input to the inferior oblique muscle is predomi-
nately from the utricular macula [48-50]. Thus, quantitatively, cVEMP tests
saccular function while oVEMP tests utricular function. Another practical extension
of these relationships is that the cVEMP reflects inferior vestibular nerve function
while the oVEMP reflects the superior vestibular nerve function. Clinically, the
oVEMP amplitude is much smaller than the cVEMP amplitude and the response is
often absent in older patients. Therefore, oVEMP thresholds are not typically mea-
sured but either a single 4 kHz or combination of 500 Hz and 4 kHz oVEMP
response is measured [57]. With TMWS, the oVEMP amplitude is typically ele-
vated [57].

Audiometry

Since TMWS patients suffer from auditory symptoms, all should undergo pure tone
audiometry measuring both air-conduction and bone-conduction thresholds. If the
difference between air- and unmasked bone-conduction thresholds is >10 dB, bone-
conduction thresholds should be masked to accurately assess the left and right ear
separately. The air-bone gap (ABG) is calculated by subtracting the bone-conduction
threshold from the air-conduction threshold. Many, but not all, patients with TMWS,
including SSCD, CFD CT-TMWS and many others suffer from low frequency air-
bone gaps (ABG) of >10 dB, which can be due to low or negative bone-conduction
thresholds and/or elevated air-conduction thresholds [4, 18-20, 54]. Obviously,
ABGs are not unique to TMWS. They are a common finding in other otologic dis-
orders causing conductive hearing loss, especially those with middle ear pathology
[58]. Therefore, further evaluation of middle ear function using tympanometry and
acoustic reflexes is warranted and aids in differentiating the various causes of the
ABG [58, 59]. In contrast to ABG from middle ear pathology that causes abnormali-
ties of tympanometry and/or loss of acoustic reflexes, TMWS cases with an ABG
will exhibit normal tympanometry and preservation of acoustic reflexes. Therefore,
the term pseudoconductive hearing loss is used in describing this ABG in TMWS
patients.

High-Resolution Temporal Bone CT

The development and continued refinement of high-resolution temporal bone CT
has been transformative in the identification of bony sites of TMWS. The ability to
reformat the acquired data into axial, coronal, Stenvers and Pdschl planes, as well
as utilization of gray-scale inversion has allowed the identification of small and
unusual sites of a third mobile window resulting in TMWS [4, 60]. This will be
discussed in greater detail in Chap. 12, “Imaging.”
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Superior Semicircular Canal Dehiscence

While it was nearly a century ago that Tullio described the physiologic outcomes of
creating a third mobile window in the semicircular canals of pigeons [33, 35, 36], it
is approaching a quarter century ago that Minor et al. first described superior semi-
circular canal dehiscence (SSCD) in two patients [61]. However, this is not a new
clinical entity as SSCD has been observed after CT imaging of Egyptian mummy
heads [62].

Over the past 60 years, we have learned much regarding the clinical features,
outcomes measured by validated survey instruments and neuropsychology testing
as well as objective diagnostic studies in TMWS [54, 58, 59, 63-96]. Poe’s group
observed that 94% of patients with SSCD, or symptoms consistent with SSCD,
experienced autophony and aural fullness, while 86% were found to have pseudo-
conductive hearing loss [58, 75]. Interestingly, in their 2007 study, they included
four cases of CT- TWS among their series of CT+ SSCD who had also had abnor-
mally low cVEMP thresholds [58]. Because of their diagnostic dilemma, they did
not manage these patients with surgical intervention. The University of Michigan
group first described abnormal electrocochleography findings, usually associated
with endolymphatic hydrops, in SSCD patients [96]. All four patients who were
managed surgically had resolution of their abnormal ECoG findings. The Wackym
group has used the Dizziness Handicap Inventory, the Headache Impact Test and
comprehensive neuropsychology test batteries preoperatively and postoperatively to
measure the cognitive dysfunction and migraine headache in TMWS patients to
quantify their dysfunction and recovery outcomes [4, 18-20]. Crane et al. also
reported the reduction of Dizziness Handicap Inventory scores after plugging the
superior semicircular canal in patients with SSCD [92].

In addition, the Wackym group has reported a delayed development of CT-TWS
after surgical plugging and resurfacing of CT+ SSCD TMWS [18-20]. In a series of
near-SSCD patients undergoing plugging and resurfacing procedures at the Johns
Hopkins Hospital, all patients noted initial improvement in at least one presenting
TMWS symptom; however, five subjects (45%) reported the persistence or recur-
rence of at least one TMWS symptom at greater than one month after surgery [59].
In a larger series of SSCD patients, John Carey’s group reported that among 222
patients who underwent plugging procedures for SSCD, there were 21 patients who
underwent 23 revision surgeries for failure to resolve their TMWS symptoms [97].
After revision surgery, TMWS symptoms were completely resolved in eight (35%),
partially resolved in seven (30%), and unresolved in seven (30%) [97]. One possible
explanation of these findings is that in 14 (61%) of these patients, they also had CT—
TMWS. It has been suggested that the modiolus may be one site for a CT— TMWS
[4, 18-20], and Ilmari Pyykko’s and Dennis Poe’s demonstration that intratympanic
injection of gadolinium subsequently fills the perilymphatic space in mice [98], rats
[99] and then exits the inner ear via the modiolus and into the internal auditory canal
supports this possibility. Manzari and Scagnelli reported a patient with bilateral
SSCD and bilateral dehiscent modioli experiencing bilateral TMWS; however, the
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patient was lost to follow up before surgical intervention [85]. Another possible
etiology of “CT—TMWS” is an unrecognized CFD, as we reported recently [4].
Surgical management using plugging techniques via the middle cranial fossa or
transmastoid approaches, as well as resurfacing techniques and round window rein-
forcement, have all been described (for review see [73]) and will be discussed in
Chap. 15, “Surgical Intervention, Revision Surgery and Surgical Complications.”

Spectrum of Known Sites Creating a Third Mobile Window

As shown in Table 1.3 there are currently 15 known sites of dehiscence that can be
seen using high-resolution temporal bone CT and in addition there are sites of
dehiscence that cannot yet be seen with contemporary high-resolution temporal
bone CT scans (CT- TMWS). The 15 known visible by imaging sites of dehis-
cence are: superior semicircular canal dehiscence (SSCD), posterior semicircular
canal dehiscence, posterior semicircular canal-jugular bulb dehiscence, posterior
semicircular canal-endolymphatic sac/vestibular aqueduct dehiscence, lateral
semicircular canal dehiscence, lateral semicircular canal-facial nerve dehiscence,
cochlea-facial nerve dehiscence (CFD), cochlea-internal carotid artery dehis-
cence, cochlea-internal auditory canal dehiscence, cochlear otosclerosis with
internal auditory canal involvement, wide vestibular aqueduct, endolymphatic
sac-jugular bulb dehiscence, posttraumatic hypermobile stapes footplate, vesti-
bule-middle ear dehiscence, modiolus (X-linked stapes gusher) plus CT— TWS
(see review [4]).The prevalence of these TMWS sites in a cohort of 401 patients
(802 temporal bones; 502 temporal bones associated with TMWS symptoms) with
TMWS symptoms have been reported [4]. Of note, as shown in Table 1.4, there
can be more than one site of dehiscence which has important implications for
patients with persistent TMWS symptoms after surgical management of the most
obvious site of dehiscence.

In general, surgical management involves plugging of the site of dehiscence
when doing so introduces low to no morbidity; however, some sites of dehiscence
such as a CFD could be plugged, but the resultant deafness and facial paralysis
represent an unacceptable morbidity. For these sites, round window reinforcement
has been an effective management strategy. Wackym et al. reported a series of CFD
dehiscence patients managed with round window reinforcement using layered peri-
chondrium, cartilage and minced perichondrium admixed with tissue glue [4].
Statistically there was no change in hearing postoperatively and a highly significant
reduction in Dizziness Handicap Inventory scores (Fig. 1.2) [4].

This topic is covered in more detail in Chap. 7, “Other Sites of Dehiscence” and
in Chap. 15, “Surgical Intervention, Revision Surgery and Surgical Complications.”
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Table 1.4 Prevalence of radiographic sites of dehiscence in 502 temporal bones associated with

third mobile window syndrome in 401 patients (802 temporal bones)

Location(s)/site(s) Prevalence (%)
Superior semicircular canal dehiscence 175/502 (34.9%)
Near-superior semicircular canal dehiscence 121/502 (24.1%)
CT- third window syndrome 97/502 (19.3%)
Cochlea-facial nerve dehiscence 52/502 (10.4%)
Superior semicircular canal dehiscence + cochlea-facial nerve dehiscence | 30/502 (5.98%)
Cochlea-internal auditory canal dehiscence 5/502 (1.0%)
Cochlea-internal auditory canal dehiscence + cochlea-facial nerve 4/502 (0.8%)
dehiscence

Lateral semicircular canal dehiscence 3/502 (0.6%)
Wide vestibular aqueduct 3/502 (0.6%)
Wide vestibular aqueduct + cochlea-facial nerve dehiscence 2/502 (0.4%)
Posterior semicircular canal dehiscence 2/502 (0.4%)
Superior semicircular canal-superior petrosal sinus dehiscence 2/502 (0.4%)
Superior semicircular canal dehiscence + posterior semicircular canal 1/502 (0.2%)
dehiscence + wide vestibular aqueduct

Superior semicircular canal-subarcuate artery dehiscence 1/502 (0.2%)
Superior semicircular canal dehiscence + cochlea-internal auditory canal | 1/502 (0.2%)
dehiscence

Superior semicircular canal dehiscence + posterior semicircular canal 1/502 (0.2%)
dehiscence

Posterior semicircular canal-jugular bulb dehiscence 1/502 (0.2%)
Modiolus 1/502 (0.2%)

CT- = High-resolution temporal bone computed tomography negative for visible site of dehiscence
Adapted from Wackym et al. [4]. Used with permission, copyright © P.A. Wackym, MD
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Fig. 1.2 For the cochlea-facial nerve dehiscence cohort who had round window reinforcement
procedures performed, the preoperative mean Dizziness Handicap Inventory score was 54.25 (SE
4.9, range 30-74). The postoperative mean Dizziness Handicap Inventory score was 5.5 (SE 4.2,
range 0-34). This improvement was highly statistically significant (paired t-test, p < 0.0001).
These data are plotted as a single black line. Individual patients are plotted as separate lines (red).

Copyright © P.A. Wackym, used with permission
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The development of an experimental model for various TMWS sites, but espe-
cially SSCD, is essential for us to begin understanding the mechanisms respon-
sible for the cognitive dysfunction, spatial disorientation, anxiety and migraine
experienced by patients with TMWS. With this knowledge, better insight into
the role peripheral vestibular dysfunction plays in disrupting central nervous
system processing will emerge and thereby will open new avenues in clinical
intervention in resolving these problems or accelerating recovery in these
patients. It is also anticipated that advances will be made in refining surgical
techniques (e.g., biological 3-D printed caps to cover SSCD defects) and
improved diagnostic methods.
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