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Superior canal dehiscence (SCD) is afascinating disorder of relevance to every audiologist and
otolaryngologist. The condition is characterized by the abnormal connection of the superior
semicircular canal (SCC) to the intracranial space. The superior semicircular canal hugs the dura,
and is the only one of the three semicircular canals not to be surrounded by air. Figure 1 shows a
reconstruction from a CT scan, of the anatomy and relationships of the SCC. Normally, the bony
labyrinth totally encloses the fluids of the inner ear, except for the openings into the capsule by the
round window (RW), oval window (OW), and smaller openings for the vestibular aqueduct and
cochlear aqueduct (Figure 2).
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Figure 1. A reconstruction of the anatomy of the ear, showing
the location of the dehiscence in the bony capsule of the
labyrinth.
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The OW opens on one side of the
basilar membrane, on the scala
vestibuli (SV) side, and thisside aso
connects with the vestibular structures.
The RW opens in the scala tympani
(ST) side of the basilar membrane, and
isthe “relief” valve for the OW, asthe
inner ear fluids are incompressible.
Normally, the RW total volume release
isthe same as the OW total volume
displacement, as compared to the low
compliance of these two structures,

there are no other significant compliant
areas in the normal bony labyrinth. Figure 2. The bony labyrinth is pierced by two main

openings, the oval window (OW) and the round window
(RW), the red basilar membrane (BM) divides the ear into a
scalavestibuli (SV) and scalatympani (ST) portion. The
vestibular portion is grey, and the cochlear portion unfilled.

SCD introduces a new opening in the
loop of the superior semicircular canal,
in the portion of the inner ear with the
vestibular structures, and connected to
the scala vestibuli part of the cochlea.
This changes the fluid mechanicsin
the inner ear in both the vestibular and
the cochlear partitions. This kind of
extra opening is sometimes referred to
asa“3rd window,” such asin addition
to the two other windows the OW and
RW. There are other possible 3rd
windows, which we will discuss later.

SCD was identified by measuring the vectors of eye movements in response to sound stimulation
of the ear in affected canal, and finding that it aligned with plane of the SCC. Ewalds' first law
states that the eye movements are in the plane of the stimulated canal, and so the direction of

evoked eye movements can point to the eliciting canal .**

Demographics

The prevalence of SCD is difficult to accurately identify. In aradiologic study of coronal computed
tomography (CT) scans, it was found in between 3%° and 9% of temporal bones scanned. In

cadaveric temporal bone studies, incidences of between 0.4%° and 0.5%" have been found. There
does not seem to be a sex bias, and most patients present in middle age. SCD dehiscenceis

bilateral in 20-50% of cases.’

Clearly, with thiskind of radiologic and pathologic incidence, we should be seeing alot more
clinical SCD than isthe actual experience, so it isvery likely that many of these SCD do not cause
symptoms, or if they do, they are so mild asto not cause the patient to seek medical attention.

Etiology

The current main proposed mechanism for SCD isthat it is due to an underlying devel opmental
abnormality, with poor and incomplete formation of the tegmen.® The radiologic incidence is
higher in children,’ which may point to afailure of maturation and thickening of the tegmen with
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aging in those patients who exhibit this finding in adulthood. With time, this abnormally thin bone
over the SCC may be eroded by brain pulsations, aforced val salva manoeuvre, or by minor head
trauma. This later inciting event can sometimes be a point of litigation. Even in the presence of a
bony opening into the canal radiologically, it is not uncommon to see alack of symptoms, so a
bony dehiscence may still be plugged by dura or other soft tissue, and not result in a physiological
3rd window.

Pathophysiology

Normally, bulk fluid flow with sound stimulation occurs between the OW and the RW. The fluid
flow and associated pressure wave move the basilar membrane. Any other window could result in
some dissipation of the pressure into that 3rd window, and some bulk fluid flow into the abnormal
window. There are anumber of possible “3rd” windows in the normal inner ear, including the
vestibular aqueduct, the cochlear agueduct, and the foramina of the blood vessels. It is thought that
in the normal cochlea, the impedance of these windows is so high compared to the RW and OW

that they are functionally closed,* but this may not be the case in pathologic inner ears such asin
Enlarged Vestibular Aqueduct Syndrome (EVAS). Indeed, the term “conductive hearing 10ss” is
itself a bit of a misnomer, and implies an etiology based on inadequate conduction to the inner ear.
| have advocated for differencesin air and bone conduction thresholds to be better be described as

“mismatch of air-bone thresholds (MABT)."*

A third window on the vestibular side of the basilar membrane (i.e. the scala vestibuli, the
vestibule, or any of the semicircular canals) will dissipate energy from the scala vestibuli side of
the BM, such as the side first compressed when the OW moves inward with sound or fistula
testing; the dissipated pressure then cannot contribute to generating a pressure gradient across the
BM (Figure 3).
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Figure 3. Normal fluid flow from OW to RW, and abnormal fluid flow from OW to

the SCD. BM = basilar membrane; OW = ova window; RW = round window; ST

= scalatympani; SV = scalavestibule.

This misdirected fluid and pressure dissipation will take away from BM displacement, and so will
elevate air conduction thresholds, and is part of the reason a conductive hearing loss arises from
these kinds of 3rd window lesions. A second mechanism contributing to a conductive hearing loss
is enhancement of the bone conduction thresholds. This may arise from two mechanisms. The first
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isthat at low frequencies, most of the movement of the BM in bone conduction is due to the inertia
of the inner ear fluids, as the skull vibrates, the inner ear fluids want to stay in place. They can do
this partly because the OW and RW can move inwards and outward and allow them to do so, but
the impedance of the OW is the limiting factor as it is much higher than that of the RW. If the SV
side of the basilar membrane has alow compliance 3rd window in it, then the fluid is allowed to
“stay in place’” much more effectively, and there is greater relative movement of the fluid and the
surrounding bone, and greater movement of the BM (which is attached to the surrounding bone)
with skull vibration. Another mechanism of bone conduction enhancement has been proposed,

based on the compression of the cochlea by bone conduction,™ but compressional mechanisms of

bone conduction don’t really become important till higher frequencies,”” whereas the borne
conduction enhancement occurs mostly at low frequencies.

In amodel such as this, a 3rd window on the scala tympani side should not have any effect on the
hearing thresholds, as there is no change in the trans-BM pressure differential from fluid
dissipation through here, asit is part of the normal pressure and fluid flow pathway anyway.

It is not clear why some patients present primarily with auditory symptoms, some with vestibular

symptoms, and some with both. One study™ suggests that larger dehiscences present with both
auditory and vestibular symptoms, whereas smaller ones presented with one or the other.

Vestibular stimulation may also occur, because the acoustic energy takes an aberrant path, so that
more is directed towards vestibular structures than normally would be. For instance in SCD, the
OW inward displacement, such as from positive pressure in the EAC or sound, resultsin fluid flow
through the bony ampulla of the superior canal, past the endolymphatic ampulla, which would
result in stimulation of the SCC, since cupular deflection away from the utricle (ampullofugal) is
stimulatory in the vertical canals. This stimulates the superior semicircular canal, and so would
cause an in-torsion and upward slow phase eye movement from Ewald’ sfirst law which states that
the direction of the elicited eye movement is the plane of the stimulated canal. The resetting eye
movement when pressure is released, is then downbeat and ex-torsion. Sometimes a purely vertical
movement only is seen. For a negative pressure in the EAC or for avalsalvawhich pushes on the
dehiscence, the opposite movement would be seen. Figure 4 shows the typical eye movement on
pressurization of the external ear canal.
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Figure 4A (top) and 4B (bottom). Typical eye movement with pressurization of the external ear
canal. This represents the left eye, and positive pressurization of the left ear (Figure A) resultsin an
upward and nasally directed (in-torsion) torsional eye movement. The resetting on release of
pressure will be the opposite, i.e. out-torsion and a downbeat eye movement, which may be easier
to see. Negative pressure or valsalva (Figure 4B) results in the opposite movement. SCC = superior
semicircular canal; +ve represents an increase in firing rate as cupula moves ampullogual; and —ve
adecrease in firing rate as cupula moves ampullopetal. OW = oval window, EAC= external ear
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canal.

From Ewalds second law, positive pressure in the EAC dlicits alarger response (cupular nerve
excitation) than negative pressure in the EAC (cupular nerve inhibition).

Symptoms

Patients with SCD can present with a variety of confusing symptoms. Often, they are as perplexed
about their symptoms, and some symptoms such as hearing their eyes moving seem so bizarre to
them, indeed they may think they are suffering from an obscure psychiatric disorder. It can be a
great relief to them when they are finally given a diagnosis.

Typical symptoms and signs are those related to their autophony, and to the vestibular symptoms
(Table 1).

Table 1. Typical History
1. Autophony

¢ Own voice echoing in ear

¢ Hear eyes moving or blinking

Hear footsteps loudly in ear

Hear body sounds such as neck vertebrae clicking
Pulsatile tinnitus

2. Vestibular symptoms

e Dizziness on straining
¢ Dizziness with loud sounds
e Dizzinessif pressurizes own ear

Typical Findings

o Weber materiaizesto affected ear

e Tuning fork held on ankle is heard in affected ear (128 Hz)

¢ Positive pressurein ear canal causes upward and intorsion of eye
e Straining causes opposite eye movement

The heightened awareness of body sounds is attributed to the hyper-sensitivity to bone conduction,
although the pulsatile tinnitusis likely from the direct access brain pulsations have to the inner ear
through the SCD. Hearing the voice echoing in the ear is a common symptom (autophony), and
this gets better on lying down, similar to patulous eustachian tube. This may possibly occur
because the brain swelling from lying down as venous return increases may plug the SCD.
Patulous eustachian and SCD can be hard to tease apart. Patients may hear their eyes moving in a
guiet room, but more often in my experience, can hear themselves blinking. They may also
complain that when they walk on hard surfaces, or jog, their footsteps pound in their ears. Some
patients can also hear normal body sounds such as neck vertebrae clicks and pops, or even bowel
sounds.

The other major group of symptoms arises from abnormal stimulation of the vestibular system. It is
not uncommon for patients to complain of non-specific lightheadedness, fogginess, or dizziness.
More specifically, they may complain of Tulio’s phenomenon and loud sounds such as ambulance
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siren or a child crying may make them very unsteady. Straining, either in the bathroom or when
lifting something heavy, or on coughing may also make them dizzy. A few patients have a habit of
putting their fingersin their ear to clean their ear, and may “autofistulatest,” and find that this
pressurization makes them dizzy. In severe cases, they the visual environment may move in time
with their heartbeat, as brain pulsations stimulate the inner ear, and cause eye movements (pulsatile
oscillopscia).

Signs

Sig%sfound on examination can help confirm the diagnosis. Tuning fork tests may strongly
lateralize to the affected ear, unless thereis bilateral disease. A tuning fork held on the ankle may
travel up the body, and be heard in the affected ear. Thisis generally best tested with a 128 Hz
tuning fork, in my own experience.

The pathognomonic test is looking for eye movements induced by fistulatesting, i.e. on
pressurization of the external ear canal. In this case (see Figure 4), due to stimulation of the
superior canal, thereis an in-torsional (away from the pressurized ear) and upward eye movement.

Straining may show the reverse eye movement, although thisis less commonly seen easily. It may
be difficult to see the eye movement, and VNG glasses are recommended. Alternatively the patient
can be asked to look at a bright sharply defined object, such as an LED light, and asked if the light
moves on pressurization of the external ear canal. Many patients who are symptomatic don’t
exhibit this finding on visual inspection. It is possible that more sensitive tests such as scleral
search coilsor VNG may pick this eye movement up more often. Another useful way to enhance
sensitivity isto look at the eye under the microscope (without shining the light directly in the eye!).

Various other disorders may also cause a positive fistula test, although the eye movements
described above are specific to SCD. Theseinclude alateral canal fistula from cholesteatoma,
perilymphatic fistula (a controversial diagnosis except in clear trauma), and syphilis.

Investigations

Radiologic

CT scanning is the imaging modality of choice for SCD. Coronal cuts can be adequate, but
reconstruction in the plane of the canal (Porshl’s plane) or at 90 degreesto the canal (Stenver’s
plane) can help with the sensitivity (Figure 5). CT scans should be collimated to 0.5 mm if
possible. Very thin bone cover (0.1mm or less) over the SCC may be confusing and difficult to

interpret.” Figure 5 shows atypical coronal CT scan, showing the dehiscence on both sides.
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Figure 5. Coronal CT scan showing bilateral SCD, highlighted by arrows.

Audiogram

Typically, SCD causes alow frequency conductive loss. Most often, the conductive lossis mild,
and in the low frequencies only. Figure 6 shows atypical audiogram in SCD. Whether this can
ever be large enough to be confused with atrue otosclerotic type hearing loss is controversial. In
temporal bone experiments, even when the SCD was open to air, losses were only below 1 kHz,

and when covered with dura, the losses were minimal .

125 250 500 1k 2k 3k 4k 6k B8k

20

30

40

30

&0

70

20

Figure 6, typical audiogram in SCD, showing low frequency conductive hearing
loss, and supranormal bone conduction thresholds for bone conduction in the
lowest frequencies.
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Some red flagsin the audiogram are listed in Table 2.

Table2.“Red Flags’ for a 3rd Window L esion on an Audiogram

Low frequency conductive hearing loss with otherwise normal hearing
Bone conduction better than 0 dB HL in low frequencies

Presence of stapedial reflex despite conductive hearing loss

Dizziness on pressurization for tympanometry

Dizziness on loud sound presentation for acoustic reflex testing
Weber strongly materializing despite little asymmetry in hearing test

ok wdpE

Other intriguing findings reported have been a small increase in the tympanometric compliance in
affected ears compared to the contralateral ear, particularly in the presence of alarge conductive

hearing loss.*® This would be in keeping with the reduced input impedance of the ear as measured

with umbo laser doppler vibrometry recordings.”’

VEMPS
One of the most commonly used diagnostic tests for SCD are VEMPs. These have been shown to

have alowered threshold in SCD, both for air conduction and bone conduction.* It is postul ated
that the fluid flow past the saccule towards the 3rd window stimulates this structure. VEMPS can
be of two types, cervical, or cVEMPS (collected from atonically contracted sternocleidomastoid
muscle asit is an inhibitory response) or ocular, or oVEMPS, collected from the extra ocular
muscles by an electrode below the eye. It is thought the oVEMPS are more dominated by the

utricle and the cVEMPS more by the saccule, but both contribute to the responses,™ but this
remains unclear, and the different otolith organs may also be differentially stimulated by different

frequencies of stimulation.”

Both responses occur both ipsilaterally and contralaterally, with the cVEMPS ipsilaterally being
characterized by p13n23 responses, and for the oVEMPS ipsilateral n13 responses. These early
peaks are the only ones that are thought to be of vestibular origin.

Typical settings for VEMPS include either low frequency tone bursts or clicks at 5 Hz positive
polarity, and tones of 500 Hz positive polarity with rise/fall times of 1msand 2 msec plateau. The
bandpass filtering is typically set to 2072000 Hz, and traces are averaged about 100 times. Figure 7
shows typical VEMP responses from a subject with SCD in the |eft ear, with responses down to 65
dB sound presentation level.
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Figure 7. cVEMPsin a subject with bilateral SCD, right more symptomatic than
left. The VEMP response can be seen to persist down to stimulation levels as low
as 65 dB HL ontheright side, whilst lost past 75 dB on the right.

Some studies have aso reported increased SP/AP ratio in ECochG similar to Meniere’ s Diseasein
SCD 21,22

Differential Diagnosis
Several disorders can cause similar symptoms to SCD. Of particular note, as mentioned earlier,

another common cause of autophony is patul ous eustachian tube, and this may mimic SCD very
closely, in that it also gets better with lying down, and gives amost identical autophony symptoms,
although in more severe cases patul ous eustachian tube subjects will also hear their breathing.
There are several other causes of conductive hearing loss with do not arise from the middle ear.
These are listed in 3rd windows in the inner ear, some of which arelisted in Table 3.

Table 3. Non-middle Ear Causes of Conductive Hearing L oss

X-linked Stapes linked stapes gusher syndrome (DFN-3)

Inner ear abnormalities such asEVAS

Calibration error

Collapsing canals.

Non-organic hearing l0oss

-All of the above also will result in present stapedial reflexes in the presence of a conductive
hearing loss. A middle ear condition that will also cause reflexes to be present in the presence of
aconductive hearing loss is:

RSN
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6. Stapedial crurafracture proximal to insertion of the stapedius tendon.

Other 3rd window etiologies

Posterior canal dehiscence™**

Lateral canal dehiscence - usually by cholesteatoma, so difficult to determine cause of conductive
hearing loss

Enlarged vestibular agueduct

X-linked stapes gusher (DFN-3)

NP

Cochlea carotid fistula®
Fallopian canal cochlear fistula®™

Pagets disease of bone™
Inner ear abnormalities in which the scala vestibuli opensinto the IAC

© N o g o

Treatment
Treatments can be divided into conservative and surgical. For many patients, an explanation is all

that is required for them to continue comfortably with their symptoms. For some, who have
pressure induced symptoms, such as driving over a hill or whileriding in elevators, a
tympanostomy tube may help alleviate these pressure symptoms by limiting TM excursions during
pressure changes. For others, with predominately pulsatile tinnitus type or autophony symptoms, a
diuretic may reduce intracranial pressure enough to alleviate their symptomsto alivable level.

Surgical treatments have mainly been focused on either resurfacing or plugging the SCC. There are
anumber of approaches to these methods, the SCC can be approached through a middle fossa
craniotomy, and exposed from above by lifting up the temporal lobe. This gives good exposure of
the canal, and this exposure can be used to resurface or plug the canal accurately. Usually plugging

is performed for both the anterior and posterior limbs of the canal.”” The risks of this kind of
approach include the small but real risks of intracrania violation, such as a CSF leak, infection and
meningitis, and asmall risk of seizure.

A second approach is through the mastoid itself, an approach familiar to most otologists. The SCC
Is exposed and outlined, and often there is a defect in the tegmen already present at the site of

dehiscence. Through this approach, the SCC can also be plugged. Myself and others’®* have
described an approach to resurface the SCC though the mastoid as well. Figure 8 shows an
intraoperative photograph from a SCD resurfacing performed transmastoid, the dehiscent canal can
be seen in the mirror held above it, holding the dura up away from it. In general, while the
resurfacing approaches are theoretically more physiologic in that they don’t defunction the canal,
it's possible that some resurfacing works by accidently plugging the canal. Plugging, theoretically
has a greater risk of hearing loss as well, because it is a greater violation of the otic capsule. There
isareal risk of hearing loss after SCD repair, which varies quite widely from series to series but is
in the order of 10715% for primary cases, and higher for revisions. In the middle fossa approaches,
plugging has been found to be more stable over time than resurfacing.
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Figure 8. Intraoperative photo of dura being held away from SCC by a small
mirror, and the dehiscence is seen in the mirror reflection (in outlined oval).

More recently, RW (and sometime OW) plugging have been described as treatments for SCD.*
This has the effect of stiffening the compliance of the inner ear. Theoretically this should increase
the input impedance from of the inner ear as seen from the middle fossa, and so decrease pulsatile
tinnitus, but it has been reported to also help autophony and Tulio’s.

Summary

SCD isan increasingly recognized condition, and one that every audiologist ought to be aware of.
The symptoms can be subtle and easily missed in some patients. They can also overlap with other
disorders such as hyperaccusis, patulous Eustachian tube or traumatic perilymphatic fistula. There
are cues that the audiologist may detect in the audiogram that may be the first signs pointing
towards this diagnosis. SCD is an important disorder to detect, asit is potentially repairable, and
the patient’ s quality of life dramatically improved. Referral to an interested otolaryngologist is
recommended for symptomatic patients.
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