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Abstract
Etiopathogenesis and Increased Cochlear Responsiveness in Superior
Canal Dehiscence: A Novel Hypothesis
Joo Hyun Park
Otorhinolaryngology, College of Medicine
Seoul National University

Introduction: Superior canal dehiscence (SCD) causes cochleovestibular hyperresponsiveness due to the presence of a third window in the superior canal (SC).
The etiology of SCD is controversial. An embryological perspective suggests that
SCD may occur through failure of postnatal bone formation over the SC, whereas
an acquired theory suggests that trauma or pressure from the overlying temporal
lobe could break or gradually thin the SC. For the diagnosis of SCD syndrome, it is
important to obtain physiologic confirmation of SCD in addition to demonstrate
anatomical SCD. Few studies have addressed electrocochleographic findings in
SCD. This study infers the etiology of SCD by analyzing temporal bone CT, and
evaluates electrocochleographic findings of patients with SCD syndrome and
determines their diagnostic value.
Material and methods: Fourteen SCD syndrome patients were recruited. High
resolution temporal bone CT scans of 12 SCD syndrome patients (13 SCD ears and
11 normal ears) and those of 34 age-matched controls (68 ears) were used for CT
analysis. The control group was subdivided into an aerated group (18 ears) and a
i

non-aerated group (50 ears), as defined by the presence of air cells above the SC.
The thickness of the SC, horizontal canal (HC) and posterior canal (PC) of
unaffected ear of SCD patients were compared with that of controls to evaluate
SCD etiology from an embryological perspective. An acquired factor that affects
the bone thinning was explored through a comparison of SC thickness in an aerated
group and a non-aerated group. Pure tone audiometry, cervical vestibular evoked
myogenic potentials (cVEMP) and extratympanic electrocochleography (ECoG)
were performed in 13 SCD patients. Summating potential (SP) to action potential
(AP) ratio was evaluated. Bone conduction (BC) thresholds and air-bone gaps
(ABG) at low frequency (250, 500, 1000 Hz) were analyzed. Relationships
between SP to AP ratios, as measured by ECoG, and other audiometric parameters
were evaluated. Sensitivity analysis of SP/AP ratios was performed by using data
of SCD syndrome patients and 19 age-matched healthy volunteers.
Results: The SC of unaffected side in the SCD patients (0.41 ± 0.23 mm) was
significantly thinner than that in the control group (0.64 ± 0.21 mm, p = 0.002).
The HC and the PC were also thinner in the SCD patients (0.58 ± 0.11, 1.39 ± 0.31
mm) than in the control (0.70 ± 0.08 mm, 1.61 ± 0.32 mm; p < 0.0001, p = 0.005,
respectively). Within the control group, the SC was significantly thicker in the
aerated group (0.73 ± 0.14 mm) than in the non-aerated group (0.60 ± 0.23; p =
0.046); however, no significant difference was observed for HC and PC thickness
(aerated group, n = 18, 0.72 ± 0.07 mm, 1.67 ± 0.34; non-aerated group, n = 50,
0.70 ± 0.09, 1.59 ± 0.34 mm; p = 0.350, p = 0.428, respectively). Mean SP/AP ratio
of SCD ears was significantly higher than that of unaffected ears (0.52 versus 0.25,
ii

p < 0.001) and SPs were significantly elevated in affected ears (p = 0.011), whereas
APs were similar for affected and unaffected ears. SP/AP ratio showed a sensitivity
of 92.3% and a specificity of 94.0% for distinguishing SCD syndrome patients
given the inclusion criteria applied (symptoms, TBCT, cVEMP threshold) at a
cutoff value of 0.34 (p < 0.001). SP/AP ratio was not correlated with SCD size or
cVEMP threshold in affected ears. Negative absolute values of bone conduction at
low frequency tended to increase with SP/AP ratio.
Conclusion: The bony otic capsule is significantly thinner in SCD patients than in
controls. However, even within unaffected individuals, SCs lacking overlying air
cells are also thinner than those with overlying air cells. These results suggest that
both embryological and acquired factors affect the occurrence of SCD. SP/AP ratio
in ECoG appears to be a valuable diagnostic adjunct for functional demonstration
of the third window in the otic capsule with high sensitivity and specificity, and
thus, can support a clinical diagnosis of SCD when used in conjunction with
clinical and radiological findings.

Keywords: Superior canal dehiscence, pathophysiology, electrocochleography,
vertigo
Student number: 2013-31140

iii

목차

영문초록 ------------------------------------------------------------------------------------- i
목차 ------------------------------------------------------------------------------------------ iv
List of tables --------------------------------------------------------------------------------- v
List of figures ------------------------------------------------------------------------------- vi
List of abbreviations and symbols -------------------------------------------------------vii

서론 -------------------------------------------------------------------------------------------1
연구재료 및 방법 -------------------------------------------------------------------------6
연구결과 ------------------------------------------------------------------------------------13
고찰 ------------------------------------------------------------------------------------------18
결론 ------------------------------------------------------------------------------------------33
참고문헌 ------------------------------------------------------------------------------------34
Tables ----------------------------------------------------------------------------------------42
Figures ---------------------------------------------------------------------------------------44
국문초록-------------------------------------------------------------------------------------55

iv

List of tables
Table 1. Demographics of superior canal dehiscence syndrome patients and
controls for temporal bone CT analysis -------------------------------------------------42
Table 2. Demographics and clinical assessment of 14 patients with superior canal
dehiscence syndrome -----------------------------------------------------------------------43

v

List of figures

Figure 1. Reconstructed oblique images from high resolution–temporal bone
computed tomography (HR-TBCT) in the plane of superior canal (SC) ------------44
Figure 2. Measurement of the semicircular canal thickness --------------------------45
Figure 3. The distance between the lumen of the posterior canal (PC) and the
posterior fossa in the axial section depending on mastoid pneumatization ---------46
Figure 4. Electrocochleography recordings to clicks stimuli -------------------------47
Figure 5. Comparison of SC, horizontal canal (HC) and PC thickness in superior
canal dehiscence (SCD) patients and healthy controls --------------------------------48
Figure 6. The cervical vestibular evoked myogenic potential (cVEMP) threshold
and summating potential (SP) / action potential (AP) ratios of affected and
unaffected ears of SCD syndrome patients ----------------------------------------------49
Figure 7. SP and the AP values of affected and unaffected ears of SCD syndrome
patients ---------------------------------------------------------------------------------------50
Figure 8. Receiver-operator characteristic curve (ROC) of SP/AP ratios for the
diagnosis of SCD syndrome ---------------------------------------------------------------51
Figure 9. SP/AP ratios of SCD syndrome patients and definite Meniere’s disease
patients ---------------------------------------------------------------------------------------52
Figure 10. Relationships between bone conduction (BC) thresholds at 250, 500 and
1000 Hz and SP/AP ratio as determined by electrocochleography in SCD syndrome
patients ---------------------------------------------------------------------------------------53
Figure 11. Relationships between air-bone gaps at 250, 500 and 1000 Hz and
SP/AP ratios as determined by electrocochleography in SCD syndrome patients -54

vi

List of abbreviations and symbols
Air-bone gap (ABG)
Air conduction (AC)
Action potential (AP)
Bone conduction (BC)
Cervical vestibular evoked myogenic potential (cVEMP)
Cochlear microphonics (CM)
Direct current (DC)
Electrocochleography (ECoG)
Horizontal canal (HC)
High resolution–temporal bone computed tomography (HR-TBCT)
Superior canal (SC)
Superior canal dehiscence (SCD)
Ocular vestibular evoked myogenic potential (oVEMP)
Posterior canal (PC)
Receiver-operator characteristic curve (ROC)
Summating potential (SP)
Magnetic resonance imaging (MRI)

vii

Introduction
Superior

canal

dehiscence

(SCD)

causes

cochleovestibular

hyper-

responsiveness to various stimuli due to the presence of a third labyrinthine
window in the superior semicircular canal (SC) (Aw et al., 2006; Brantberg et al.,
2006; Minor, 1998; Minor et al., 2005). Patients with SCD syndrome present with
auditory and vestibular symptoms, including autophony, hyperacusis, oscillopsia,
and vertigo induced by loud sounds or pressure (Brantberg et al., 2006; Minor et al.,
1998; Minor et al., 2001; Minor, 2005; Streubel et al., 2001; Zhou et al., 2007).
SCD syndrome was described only in the late 20th century [Minor et al., 1998]
and is rarely diagnosed. Accordingly, few data exist regarding its prevalence. In
cadaver studies, ~0.5% of specimens demonstrated SCD (Carey et al., 2000;
Tsunoda and Terasaki, 2002), while an additional 1.4% of specimens showed
markedly thin bone (< than 0.1 mm) covering the SC (Carey et al., 2000). In
addition to these cadaver studies, it may be possible to gain insight into SCD
through radiological evaluation of living subjects (Cloutier et al., 2008; Nadgir et
al., 2011; Watson et al., 2000).
SCD is located most frequently on the arcuate eminence facing middle fossa
dura and also occurred at the superior petrosal sinus (Carey et al., 2000; Koo et al.,
2010). However, the etiology of SCD still remains controversial. Embryological
mechanisms have been suggested including an embryonic developmental defect by
malposition of the primitive otocyst (Tsunoda and Terasaki, 2002), postnatal
failure of bone formation over the SC (Carey et al., 2000; Teixido et al., 2012) or
１

prenatal defect in bone reorganization (Crovetto de la Torre et al., 2005). From an
acquired perspective, trauma or pressure from the overlying temporal lobe may
gradually disrupt SC and cause dehiscence (Minor, 2005; Ogutha et al., 2009).
Formation of the bony labyrinth is already complete in the prenatal period, whereas
the majority of patients experiencing SCD are adults; this suggests that SCD may
be an acquired defect that occurs during the course of temporal bone
pneumatization and brain development (Carey et al., 2000; Minor et al., 2001;
Suryanarayanan and Lesser, 2010; Watson et al., 2000).
Previous work has also shown the occurrence of a dumbbell-shaped defect over
the SC (Minor, 2000) caused by the middle fossa dura hanging down, which
appears to be congenital. If the otocyst was situated close to the developing brain
during the formation of the bony otic capsule, it may come into direct, continuous
contact with the dura mater and lead to SCD (Carey et al., 2000; Tsunoda and
Terasaki, 2002). However, later study showed that dehiscent SCs were not more
cephalically placed nor oriented vertically compared to those of controls
(Potyagaylo et al., 2005). Despite the presence of thin or dehiscent bone, many
patients are asymptomatic. However, extra force, in the form of direct trauma,
barotrauma, or sudden change of intracranial pressure, may breach the thin bone,
leading to the development of secondary SCD syndrome (Carey et al., 2000; Minor,
2000).
There have been a few studies to explore the etiopathogenic cause of SCD
through TBCT analysis (Gracia-Tello et al., 2013; Hirvonen et al., 2003). Hirvonen
et al. evaluated the thickness of bone overlying the SC and reported that SCD
２

patients had thinner bony thickness on the intact side than that noted in the controls,
and the thickness of the bone overlying the SC on one side correlated with that on
the other side in the controls. They suggest that a developmental anomaly affecting
formation of the bone overlying the SC underlies the SCD syndrome. Similarly
other authors analyzed the thickness of the posterior canal (PC) in addition to SC in
unaffected side of patients and reported SCD is associated with bone thinning in
the SC on the opposite side, but not with the PC (Gracia-Tello et al., 2013).
Recently, some authors suggested that the mastoid pneumatization is closely
related to the generation of SCD (Cho et al., 2014; Shim et al., 2012).
SCD may be suspected in patients presenting with typical symptoms and signs
and can be confirmed by visible dehiscence on high resolution temporal bone
computed tomography (HR-TBCT). It is important to demonstrate not only
anatomical SCD by HR-TBCT, but also to obtain physiologic confirmation of
cochleovestibular hyper-responsiveness using certain laboratory tests, because of
the possibilities of asymptomatic radiographically apparent dehiscence or false
positive radiologic findings (Carey et al., 2007; Cloutier et al., 2008; Crane et al.,
2008; Hirvonen et al., 2003; Park et al., 2014).
Audiometric findings associated with SCD syndrome include air-bone gap
(ABG), a negative bone conduction (BC) threshold at a frequency lower than 2
kHz by pure tone audiometry (Cox et al., 2003; Minor, 2005; Zhou et al., 2007),
low cervical vestibular-evoked myogenic potential (cVEMP) thresholds (Brantberg
et al., 1999; Streubel et al., 2001) and elevated ocular VEMP (oVEMP) peak to
peak amplitude (Rosengren et al., 2008). Recently, abnormal eletrocochleographic
３

findings have been documented in patients with SCD (Adams et al., 2011; Arts et
al., 2009).
Electrocochleography (ECoG) is tested in patients having episodic vertigo to
diagnose Meniere’s disease, and elevated summating potential (SP) to action
potential (AP) ratios may reflect the presence of endolymphatic hydrops in the
inner ear, though the sensitivity is low (Adams et al., 2010; Dornhoffer et al., 1993;
Gibson et al., 1977; Moon et al., 2012; Morrison et al., 1980). SP to AP ratio was
also elevated in patients with SCD (Adams et al., 2011; Arts et al., 2009). In these
previous studies, ECoG monitoring showed that ears with SCD had significantly
higher SP/AP ratios and these ratios decreased after surgical correction (Adams et
al., 2011; Arts et al., 2009). However, few studies have addressed ECoG findings
in SCD, and those that were conducted included relatively large numbers of
bilateral SCD cases. Furthermore, the ECoG findings of SCD syndrome patients
have not been compared to those of normal controls for diagnostic sensitivity
analysis or other audiometric results.
To infer the etiology of SCD, the thickness of horizontal canal (HC) and PC
were compared between SCD patients and controls to evaluate inherent possibility
of bony otic capsule thinning, and the thickness of SC in controls depending on the
aeration above the SC was also measured in an attempt to clarify whether the
pressure from the overlying temporal lobe may influence on the thickness of SC.
Electrocochleographic findings in patients with SCD syndrome were evaluated to
determine the diagnostic value of ECoG in SCD. I also analyzed relationships
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between ECoG findings and other audiometric parameters to evaluate its role as an
indicator of the cochlear hyper-responsiveness in SCD.

５

Subjects and Methods
Subjects
Fourteen patients with symptomatic SCD were diagnosed at a tertiary referral
hospital from March 2005 to November 2013. Diagnosis of SCD syndrome was
based on: (1) symptoms related to increased cochleovestibular responsiveness
presenting as autophony and hyperacusis, the Tullio phenomenon, the Hennebert
sign, or disequilibrium; (2) visible SCD upon HR-TBCT; (3) an intact stapedial
reflex; (4) a decrease ≥ 15 dB in the cervical vestibular evoked myogenic potential
(cVEMP) threshold on the affected side compared to the healthy side; and (5)
exclusion of central pathologies via neurological examination and brain magnetic
resonance imaging (MRI). The SCD participants included six men and eight
women with ages ranging from 37–67 years old. Thirteen patients had unilateral
SCD (six right ears; seven left ears) and one had bilateral SCD.

For HR-TBCT analysis, 12 patients of SCD syndrome patients in whom
dehiscence occurred at the top of the SC facing the middle cranial fossa dura were
included in the study; 2 patients with SCD by the superior petrosal sinus were
excluded. Thirty-four individuals without SCD (68 ears) who underwent HRTBCT for the evaluation of sensorineural hearing loss without history of chronic
otitis media were matched to the SCD cases based on gender and age (table 1). The
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control group was further subdivided into the aerated and non-aerated groups based
on the presence of the air cells above the SC (fig. 1).

For evaluating electrocochleographic findings, 13 of 14 SCD syndrome patients
who performed ECoG were recruited. One female patient with right SCD was
excluded. Thirty-eight ECoG data from 19 healthy volunteers were obtained in our
laboratory previously and were used for control in this study (5 males and 14
females; mean age of SCD group and controls are 43.7± 7.9, 47.2 ± 15.5,
respectively p = 0.495). The volunteers showed normal tympanic membranes and
hearing thresholds and had no history of hearing loss or vertigo. Additionally,
ECoG data of 30 patients with definite Meniere’s disease were used to compare
SP/AP ratios with those of SCD patients. Diagnosis of “definite Meniere’s disease”
was based on the guideline of American Academy of Otolaryngology-Head and
Neck Surgery (Committee on Hearing and Equilibrium, 1995).

This study was approved by the Institutional Review Board of Seoul National
University Bundang Hospital (IRB No: B-1210-174-104) and was conducted
according to the tenets of the Declaration of Helsinki.

Radiologic evaluation
Measurement of SC, HC and PC thickness
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HR-TBCT was performed using a MX8000-IDT (Phillips Medical Systems,
Best, the Netherlands) with the following parameters: collimation, 4×0.75 mm;
slice thickness, 0.625 mm, section increase 0.3 mm; mode, high resolution; and
250 mA and 120 kVp per slice; matrix, 512 × 512; field of view, 200 mm; D filter;
reconstruction thickness, 0.625 mm; reconstruction increase, 0.3mm). The images
were displayed on an INFINITT PACS system version 3.0.9.1BN9 (INFINITT
Healthcare, Seoul, Korea), and three-dimensional multiplanar reconstruction was
subsequently used to obtain an oblique coronal reformation image parallel to the
SC (fig. 1, fig. 2a). The measurement was performed under the same magnification.
Length of the arc of dehiscence (SCD size) was measured on a reformatted image
in the plane of the SC (Park et al., 2014). SC thickness was measured at the
thinnest part of the bone on a reformatted image in the plane of the SC (fig. 2a).
For comparison, HC thickness was measured at the thinnest part of the bone next to
the meso- or epitympanum on the axial plane (fig. 2b). The PC thickness was
measured at the thinnest part of the lateral side of PC next to the mastoid aeration
in the coronal sections (fig 2c). I did not consider the distance from PC to the
posterior fossa in the axial sections as the thickness of PC (Gracia-Tello et al., 2013)
since the thickness of PC is quite variable depending on the status of aeration
between PC and posterior fossa, and I wanted to see if the actual otic capsule
thickness of PC is different in SCD (fig 3). The measurements were performed
three times and averaged. Tester was blinded to the patients’ diagnosis (SCD
versus control) while measuring distances. SC, HC and PC thicknesses were
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compared between the unaffected side in the SCD group and the control group, as
well as between the aerated and non-aerated sub-groups in the control group.

Audiological evaluation
Audiometry

Hearing levels were determined by pure-tone and speech audiometry. Pure-tone
thresholds of bone conduction (BC) and air conduction (AC) at 250, 500, 1000,
2000, 3000, 4000 and 8000 Hz were recorded using standard audiometric testing
procedures (ANSI, 1978, New York). Masking was used with air conduction test if
necessary and was employed routinely with bone conduction test in the
contralateral ear. BC thresholds and air-bone gaps (ABG) at low frequency (250,
500, 1000 Hz) were analyzed.

Cervical Vestibular Evoked Myogenic Potential

VEMPs were recorded with surface electrodes on the ipsilateral
sternocleidomastoid muscle during contralateral neck rotation in the supine
position. Alternating tone bursts (500 Hz; rate: 2.1/s; rise-fall time: 2 ms,
respectively; plateau time; 3 ms; 128 repetitions; Navigation Pro; Biologic Systems,
Mundelein, Illinois) were provided to each ear. Thresholds were determined by
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lowering the sound stimulus from 93 dB nHL (normalized hearing level) in 5 dB
decrement.

Electrocochleography

Extratympanic ECoG was recorded. Subjects were tested in an electrically and
acoustically shielded room in supine position. ECoG recordings were obtained
using a commercial acoustic evoked potentials unit (Navigation Pro running
software version 7.0.0; Biologic Systems, Mundelein, USA). ER3-26B gold
Tiptrodes (Etymotic Research Inc., Elk Grove, IL, USA) were placed close to the
tympanic membrane in the external auditory canal. Stimuli consisted of alternating
polarity clicks (band pass filtered, 10-1,500 Hz) of 100 μs duration, which were
presented at an intensity of 90 dB nHL. Two replications of averaged responses
elicited by 1000-1500 clicks presented at a rate of 7.1 per second were obtained.
All recordings were plotted using an x-y plotter interfaced to the computer. A
clinical audiologist (an expert in the interpretation of ECoG data but not involved
in this study) confirmed wave forms again to ensure objectivity during the wave
form analysis. Amplitudes were measured from the prestimulus baseline to SP or
AP peaks and SP/AP ratios were calculated (Fig. 4). ECoG was performed in 13 of
the 14 SCD patients (affected 14 ears, unaffected 12 ears).

Surgical repair of SCD
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Surgical SCD repair was performed in 5 of the 14 patients with intolerable
symptoms. Two underwent surgical repair for purely autophony and three for
audiovestibular discomfort, especially for disequilibrium and vertigo. In all cases,
the SC was occluded using soft tissue, bone wax, and bone pate via a middle
cranial fossa approach. Postoperative functional evaluations were performed during
follow-up. Among these patients, change of audiometry, cVEMP threshold and
SP/AP ratio after surgical repair were evaluated.

Statistical analysis
The Mann–Whitney U-test was used to analyze differences in SC, HC and PC
thicknesses between the healthy side in the SCD group (11 ears) and the control
group (68 ears), as well as between the aerated (18 ears) vs. non-aerated subgroups (50 ears). Analysis of ECoG findings and other audiologic results was
performed only in 13 patients SCD syndrome patients who performed ECoG.
VEMP thresholds and the SP/AP ratios of affected (14 ears) and unaffected (12
ears) sides in SCD syndrome patients were also compared using the Mann-Whitney
U test. SP/AP ratio of definite Meniere’s patients was also compared with those of
SCD syndrome patients and control group by using the Mann-Whiney U test.
Spearman’s correlation analysis was used to analyze the correlation between BC
thresholds or ABG values at 250, 500, or 1000 Hz (determined by pure tone
audiometry) and SP/AP ratios, and to evaluate the correlation between SCD sizes
１１

and SP/AP ratios. Sensitivity analysis was performed by plotting receiver operating
characteristic (ROC) curves for SP/AP ratio for affected and unaffected ears (14
affected and 50 unaffected ears). Same analysis was also performed using only 19
right or left ears of healthy volunteers (14 affected ears and 19 unilateral ears of
healthy volunteers) to eliminate any bias from including both ears of each control.
Areas under ROC curves were calculated to determine the optimal SP/AP ratio cutoff level that predicted the presence of SCD. All data are presented as means ±
standard deviation, and all statistical analyses were performed using SPSS for
Windows version 18.0. The criterion for statistical significance was set at p < 0.05.
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Results
Radiologic evaluation
Size of superior canal dehiscence

The average size of SCD in the reformatted SC plane was 3.7 ± 1.4 mm (range
1.5 to 6.4 mm). SCDs were located at the arcuate eminence in 12 patients (13 ears)
and at the level of the superior petrosal sinus in 2 patients. HR-TBCT analysis was
performed in 12 patients in whom dehiscence occurred at the top of the SC facing
the middle cranial fossa dura except 2 patients with SCD by the superior petrosal
sinus.

SC, HC and PC thicknesses in SCD patients relative to healthy controls

SCD was associated with a significantly thinner bony labyrinth in both the SC
and HC in the non-affected ears of SCD patients. In the SCD group (n = 11), the
mean SC thickness on the unaffected side was 0.41 ± 0.23 mm, which was
significantly thinner compared to that of the control group (0.64 ± 0.21 mm, n = 68;
p = 0.002; fig. 5a). Similarly, the mean thickness of the HC in the SCD group was
0.58 ± 0.11 mm, compared to 0.70 ± 0.08 mm in the healthy control subjects (p <
0.0001, fig. 5b). The mean thickness of PC in SCD group was also thinner than that
of controls (1.39 ± 0.31 mm vs 1.61 ± 0.32 mm, p = 0.005, fig. 5c).
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Influence of pneumatization on bony otic capsule thickness of the SC,
HC and PC among healthy individuals

Among the healthy control subjects, pneumatization appeared to be related to
otic capsule thickness in the region of the SC, but not in the region of the HC. In
the aerated group (18 ears), which was characterized by the presence of air cells
above the SC, the mean SC thickness was 0.73 ± 0.14 mm compared to 0.60 ± 0.23
mm in the non-aerated group (50 ears, p = 0.046, fig. 5d). Mean HC thickness was
0.72 ± 0.07 mm in the aerated group and 0.70 ± 0.09 mm in the non-aerated group
(p = 0.350, fig. 5e). There was no difference in PC thickness between the two
groups (1.67 ± 0.34 mm in the aerated group vs 1.59 ± 0.34 mm in the non-aerated
group, p = 0.428, fig. 5f).

Audiological evaluation
Auditory symptoms and audiometry

All fourteen patients presented with typical auditory symptoms, such as,
tinnitus, earfullness, autophony, hearing loss and hyperacusis with or without
vestibular symptoms or signs. Auditory symptoms included tinnitus (93%),
autophony (80%), ear fullness (80%), hearing loss (33%) and hyperacusis (7%).
Two unilateral patients presented with sudden hearing loss at initial visit and their
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BC/AC pure tone hearing thresholds (calculated by averaging thresholds of 0.5, 1,
2, and 4 kHz) were 45 dB/75 dB (reverse ski-slope type) in one patient and scaled
out/110 dB in the other. ABGs were observed in all patients at 250 Hz and in 12
patients (13 ears, 87%) at 500 Hz and ranged from 5 to 45 dB by pure tone
audiometry. Eleven of 13 affected ears (85 %), except two ears with sudden
hearing loss, demonstrated negative BC at 250 Hz (Table 2).

Cervical Vestibular Evoked Myogenic Potentials

cVEMP thresholds were significantly lower for affected ears (59.3 ± 13.9) than
patients’ unaffected ears (81.1 ± 6.8) (p < 0.001, Fig. 6a) in SCD patients. One
patient with bilateral SCD exhibited low cVEMP thresholds of 68 dB in the right
ear and 58 dB in the left.

Elctrocochleography

Thirteen patients who performed ECoG were included in analysis of ECoG and
other audiologic results. In SCD, the mean SP/AP ratio of affected ears (0.52 ±
0.15) was significantly higher than that of unaffected ears (0.25 ± 0.12) (p < 0.001,
Fig. 6b). Mean SP was significantly elevated in affected ears (p = 0.011). On the
other hand, APs were not different between affected and unaffected ears (p = 0.733,
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Fig. 7). When the SP/AP ratios of patients and normal controls were compared,
affected ears had higher values than control ears (0.24 ± 0.06, p < 0.001). However,
the SP/AP ratios of the unaffected ears of patients and normal were not different
(Fig. 6b). The patient with bilateral SCD showed SP/AP elevation in both ears with
values 0.54 and 0.82, respectively. ECoG was not detected in one affected ear with
sudden profound hearing loss (BC-PTA: scaled out, AC-PTA: 110 dB) (Patient No.
10) and showed normal SP/AP ratio (0.24) in the other sudden hearing loss patients
(BC-PTA: 55 dB, AC-PTA: 79 dB) (Patient No. 2).

SP/AP ratio showed 92.3% sensitivity and 94.0% specificity for distinguishing
SCD syndrome patients at a cut-off value of 0.34. The calculated area under the
ROC curve was 0.949 (Fig. 4a, p < 0.001). Of the 14 affected ears, 12 ears had a
higher SP/AP ratio than the cutoff value of 0.34. The result of ROC curve analysis
using the SP/AP data from only one ear of normal volunteers (n =19) as controls
was comparable with the result using both ears (Fig. 4b, 4c).

When comparing definite Meniere’s patients and normal control, there was no
difference in SP/AP ratio between Meniere’s disease patients’ affected ears and
normal ears (p = 0.665), while affected ears in SCD syndrome patients showed
significantly higher SP/AP ratios than normal control ears (Fig. 9). Only 8 ear
among 30 Meniere’s ears exhibited increased SP/AP ratio of > 0.34 and 4 ears of
unaffected 30 ear also showed more than 0.34.
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SP/AP ratio was not correlated with SCD size (p = 0.964). However, a greater
negative absolute value of BC at 250 Hz appeared to be associated with a higher
SP/AP ratio (Fig. 10), though the correlation was not statistically significant (p =
0.073) because BC plateaued at -10 dB due to technical limitation. There was no
significant correlation between SP/AP ratios and ABGs in low frequency (250, 500,
1000 Hz; p = 0.088, 0.366, 0.092, respectively) (Fig. 11).

Of 13 patients, 5 that underwent surgical repair experienced symptomatic
improvement. All patients exhibited resolution of autophony and/or hyperacusis.
Postoperative sensorineural hearing loss occurred in one patient (case 1). Lowered
cVEMP thresholds and elevated SP/AP ratios normalized or improved after
occlusion (Table 2).
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Discussion
Since the first description on SCD syndrome (Minor et al., 1998), numerous
studies have examined the pathophysiology, diagnosis, and treatment of this
syndrome. However, whether the bony dehiscence is congenital/developmental or
acquired remains controversial.

Histological and imaging studies of temporal bone suggest that SCD is the
result of a developmental bone defect (Carey et al., 2000; Hirvonen et al., 2003;
Minor, 2005). The vast majority of patients with SCD are diagnosed in adulthood,
typically around the age of 40 years (Carey et al., 2000; Koo et al., 2010; Minor,
2005), and the striking lack of pediatric patients has raised questions as to whether
SCD derives from an embryological defect, or whether it arises from a post-natal
developmental defect that remains asymptomatic until adulthood. From
histological studies of temporal bone from cadavers, Carey et al. (Carey et al., 2000)
demonstrated the bilateral nature of SCD, and furthermore showed that the
temporal bone is uniformly thin over the SC in the middle fossa at birth, with
gradual thickening until 3 years of age. This suggests that SCD arises from some
failure in postnatal bone development, in which thin, weak areas over the SC leave
the individual predisposed to disruption by trauma or sudden change in intracranial
pressure; accordingly, symptomatic SCD may not develop until later in life (Carey
et al., 2000). In one previous study, four SCDs were identified among 244
cadaveric and dried temporal bone specimens (Tsunoda and Terasaki, 2002).
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Computer simulation models suggested that only one of these four cases was
spontaneous, and that such a defect could have arisen from an inappropriately
located otocyst during fetal development. Similarly, Zhou et al. (Zhou et al., 2007)
reported a pediatric patient who presented with multiple structural anomalies
including craniofacial abnormalities, malformed ossicles, bony covering of the
facial nerves, as well as SCD; together, these anomalies suggest that SCD arose as
a developmental defect. Some authors suggested the possibility that SCD formation
was closely related to abnormalities in other areas of the temporal bone. Friedland
et al. evaluated the cranial thickness in two patients who had delayed failure of
SCD resurfacing surgery by morphometric measurements of the calvarium. They
demonstrated that the squamous part of the temporal bone is thinner in patients
with SCD as compared with controls. This suggests that there may be
extratemporal factors leading to the development of a dehiscence (Friedland and
Michel, 2006). Nadaraja et al. evaluated tegmen defect in SCD patients and
controls, and reported a strong radiologic association between SCD and tegmen
defect, suggesting a similar etiologic process. They showed that the SCD patients
had a greater incidence of tegmen dehiscence compared to the controls (Nadaraja et
al., 2012).

In contrast to these studies, recent evidence from 306 consecutive temporal
bone CT examinations demonstrated the increased radiological prevalence of SCD
in older age groups, suggesting that SCD may in fact be an acquired rather than
congenital or developmental condition (Nadgir et al., 2011). Several studies
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suggested the relationship between the mastoid pneumatization and SCD (Cho et
al., 2014; Shim et al., 2012). Sim et al. compared the calculated mastoid air-cell
volume by 3D reconstruction software between SCD patients and age- and sexmatched controls. They reported air-cell volume in SCD patients was significantly
smaller than that of controls. Similarly, Cho et al. described that the prevalence of
definite SCD in ears with chronic otitis media was significantly higher than that in
normal ears.

In this study, SC thickness on the unaffected side of SCD patients was thinner
compared to the healthy controls. These results are consistent with previous studies
on cadavers (Carey et al., 2000) and TBCT based studies (Gracia-Tello et al., 2013;
Hirvonen et al., 2003) and provide further evidence that thinning occurs bilaterally,
regardless of whether SCD is congenital or acquired. HC and PC thickness was
also significantly thinner in SCD patients than in the healthy controls, which leads
us to infer that thinning of the otic capsular bone in SCD patients is congenital.
Recent study that analyzed the thickness of SC and PC in SCD patients
demonstrated that contralateral SC of the patients was also significantly thinner
than that of the controls, but the mean thickness of PC of the patients was not
different from that of the controls (Gracia-Tello et al., 2013). They measured the
distance between the PC and the posterior fossa in the axial sections of the CT scan
and concluded that the thickness of PC was not different in SCD patients. However,
this thickness of PC is quite variable depending on the pneumatization between PC
and posterior fossa (Fig. 3). Since I tried to figure out if the actual thickness of
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other otic capsules are also thinner in SCD patients, the thickness of HC was
measured in the axial plane and that of PC in the coronal plane (Fig. 2c). And the
mean thickness of both HC and PC in SCD group was thinner than that of controls.

The healthy control subjects were subdivided according to the presence of air
cells over the SC. When comparing the aerated versus non-aerated subgroups, I
found no significant difference in HC thickness. However, the well-aerated group
exhibited thicker otic capsular bone in the SC compared to the non-aerated group,
and these findings are consistent with those of previous studies (Cho et al., 2014;
Shim et al., 2012). This suggests that overlying air cells may act as a buffer against
temporary or persistent pressure from the middle fossa, and lack of this buffer may
ultimately result in SCD. Or, arrested development of SC also may affect aeration.
It would be more accurate to compare the results from unaffected side of SCD
patients just with those from non-aerated subgroup in controls. The mean thickness
of SC was 0.60 ± 0.23 in only non-aerated controls while that in SCD patients was
0.41 ± 0.23. There was still a statistically significant difference when comparing
SCD to non-aerated controls (p = 0.01). Similarly, the HC was also significantly
thinner in SCD patients (0.58 ± 0.11) than that in non-aerated group only (0.70 ±
0.09, p = 0.02), while PC thickness of SCD patients (1.42 ± 0.30) was smaller than
that of non-aerated control group (1.60 ± 0.34), but could not reach the statistical
significance (p = 0.135).

SCD syndrome is a low-prevalence disease, and many cases of thinning of the
SC or asymptomatic SCD may go unnoticed, making it difficult to enroll sufficient
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numbers of patients in studies such as ours. Since this study enrolled only a small
series of symptomatic SCD patients who were confirmed by both HR-TBCT and
cVEMP, additional significant findings could not be drawn.

Comparing the thickness of HCs and PCs between affected and unaffected side
in SCD patients, there was no difference in thickness of HC (affected side: 0.57 ±
0.10, unaffected side: 0.60 ± 0.12, p = 0.530) and PC (affected side: 1.37 ± 0.32,
unaffected side: 1.43 ± 0.30, p = 0.464). In the control group, the thickness of otic
capsule of one side was significantly correlated with that of the other side (SC: r =
0.698, p < 0.0001; HC: r = 0.580, p < 0.0001; PC: r = 0.727, p < 0.0001) and the
thickness of SC and HC on same side also had a signification correlation (r = 0.361,
p = 0.002). However, the thickness of PC was not correlated with that of ipsilateral
SC statistically (p = 0.807). There was no correlation between age and the
thickness of SC and HC (p = 0.298, 0.953).

ECoG responses consists of the cochlear microphonics (CM), the SP, and the
compound AP. The SP is defined as a direct current (DC) component of the CM
response, and is considered to primarily represent the sum of the DC components
of each hair cell receptor potential. These DC components are thought to reflect the
nonlinear properties of cochlear hydrodynamics, basilar membrane mechanics and
primarily, the hair cell electrical responses (Arenberg et al., 1993). Both inner and
outer hair cells likely contribute to the production of the SP (Durrant et al., 1998),
which have the same polarity as the APs of cochlear nerves. AP is the sum of the
individual APs of synchronously firing auditory nerve fibers and is equivalent to
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Wave I of the auditory brainstem response. Abnormalities of SP/AP ratio have
previously been identified in inner ear disorders, such as, in Meniere’s disease and
perilymphatic fistula.

I tested ECoG using non-invasive extratympanic electrode with ER3-26B gold
Tiptrodes. More invasive transtympanic and surface electrodes over the tympanic
membrane have been introduced to acquire stronger and specific waveforms to
various stimulus conditions (Coats, 1986; Levine et al., 1992; Mori et al., 1982).
And Arts et al. used a hydrogel-tipped tympanic membrane electrode and stabilized
it by the foam tip of the insert audio transducer (Arts et al, 2009). Though these
methods using transtympanic or surface electrodes may have benefits in terms of
signal acquisition, thus good for research purposes, it is invasive and also difficult
to get commercially available electrodes in most clinical audiology laboratories.
Then, Ward et al. utilized gold foil tiptrodes that is a more wildly available and
allow reproducible ECoG recordings as in our study (Ward et al., 2013). Noninvasive extratympanic ECoG recording seems to be a more feasible standard
method to provide stable and reproducible results with minimum patients’
discomfort.

ECoG has emerged as one of useful tools in the evaluation and monitoring of
Meniere’s disease. A previous study suggested that the distension of the basilar
membrane into the scala tympani caused an increase in the normal asymmetry of
its vibration in cases of endolymphatic hydrops. This large response leads to an
increased SP, although the amplitude of the AP remains unchanged in ECoG
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(Gibson et al., 1977). Coats and Alford reported a pathologic enlargement of the SP
recorded from external auditory meatus (Coats, 1981), and SP amplitudes
decreased after glycerol administration among the ears with Meniere’s disease,
while no change was observed among the ears without Meniere’s disease (Coats
and Alford, 1981). This is based on the observed variability in the amplitude of the
SP, considering variables such as recording technique and electrode placement.
The SP/AP ratio has been used to reduce the variability, resulting in a more linear
response (Coats, 1986; Gibson and Prasher, 1983). Until now, many studies have
focused on the role of ECoG in the diagnosis and management of Meniere’s
disease, however it is not a definitive test with low sensitivity, and ratios are
associated with the degree of endolymphatic hydrops as well as the degree of
hearing loss (Adams et al., 2010; Dornhoffer et al., 1993; Ge and Shea, 2002;
Gibson et al., 1977; Moon et al., 2012; Morrison et al., 1980; Yamamoto et al.,
2010). Predictive value of SP/AP for determining endolymphatic hydrops in
Meniere’s disease varies ranging from 0.3 to 0.5 (Campbell and Harker, 1992;
Coats, 1986; Gibson et al., 1983; Goin et al., 1982). Recently, an elevated SP/AP
ratio has been reported in patients with SCD (Adams et al., 2011; Arts et al., 2009).
However, few studies have addressed ECoG findings in patients with SCD
syndrome and its diagnostic value has not compared to that of Meniere’s disease.

In the present study, SP/AP ratio was elevated higher than 0.4 in 11 ears, and
0.34 in 12 of 14 affected ears. Sudden hearing loss was accompanied in the
remaining 2 ears. ECoG could not be measured in one affected ear with sudden
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profound hearing loss (Patient No. 10). However, in the other patient (No. 2),
ECoG was measured and his SP/AP ratio was 0.24. Though it is within normal
range, it is an unusual observation to measure ECoG in this severe hearing loss.
The presence of ECoG in profound hearing loss may reflect hyper-responsiveness
of the inner ear due to SCD.

The mean SP/AP ratio of affected ears was significantly higher than that of
unaffected ears, which was consistent with previous reports on ECoG in SCD
syndrome (Adams et al., 2011; Arts et al., 2009). They also demonstrated
intraoperative recovery of an elevated SP/AP ratio during surgical repair in SCD
(Adams et al., 2011; Arts et al., 2009).

The amplitudes of AP and SP of affected ear were compared with those of
unaffected ear in 11 patients of unilateral SCD. SP was significantly elevated in
affected ears (p = 0.002) while the AP was not different between ears (p = 0.628).
Arts et al. also reported the greater effect of the decrease in SP amplitude on a
reduction in SP/AP ratio after canal occlusion. They proposed normalization of
SP/AP ratio occurs due an increase in the AP and a large decrease in SP (Arts et al.,
2009). They considered that the surgical redirection of acoustic energy
preoperatively shunted through SCD may have increased AP. Ward et al. observed
a trend toward increased AP amplitude after occlusion and proposed that the
diversion of acoustic energy to the third mobile window could alter either or both
SP and compound AP and lead to an elevated SP/AP ratio that normalizes after
closing this compliant window (Ward et al., 2013).
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There was no statistically significant correlation between SP/AP of unaffected
side and that of affected side in SCD syndrome patients (p = 0.158, Spearman’s
correlation analysis). When the mean value of SP/AP of unaffected side of patients
was compared with that of control group, there was no difference between two
groups (p = 0.585, Mann-Whitney U test). So I included the unaffected ears of
patient in the analysis as they are equivalent to the unaffected ears of control group.
The SCD can be asymptomatic and the healthy volunteers in the control group may
have an asymptomatic dehiscence since TBCT was not taken in our control group.
This would be the limitation of our study in which ROC curve analysis is adopted.
Though it would be difficult to estimate the actual incidence of SCDS in general
population, the incidence of SCD was 0.5% and the incidence of the thickness of
SC within 0.1 mm was 1.4% based on temporal bone histopathologic study (Carey
et al., 2000). And also supposing the radiologic prevalence of SCD regardless of
symptoms (Cho et al., 2014; Cloutier et al, 2007; Strupp et al, 2000; Williamson et
al, 2003), the chance of our controls (38 ears) having a SCD would be very low
(0.19-0.53 ears) based on previous studies. Therefore, the potential inclusion of
asymptomatic SCD in our control subjects, if any, doesn’t look like to affect on the
results of our ROC curve analysis. Furthermore, SCD syndrome patients in our
study included symptomatic, radiologically and physiologically confirmed subjects,
not just radiologic SCD. In the present study, SP/AP ratio showed more than 90%
sensitivity and specificity for distinguishing SCD syndrome patients at a cutoff
value of 0.34. Elevated SP/AP in SCD seems a consistent finding according to
recent reports including our results, and has a potential diagnostic value
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considering its sensitivity in Meniere’s disease could not exceed 60% (Kim et al.,
2005). In this study, I observed that SP/AP ratio of patients with Meniere’s disease
was not different compared to normal ears and showed low sensitivity (less than
30%) and specificity to diagnose definite Meniere’s disease. SP/AP ratios have
been known to be associated with the degree of endolymphatic hydrops as well as
the degree of hearing loss in Meniere’s disease.

Although the pathophysiologic mechanisms underlying an elevated SP/AP
ratio as determined by ECoG in SCD remain unclear, several authors have
suggested it might be similar to that of diseases associated with endolymphatic
hydrops, such as, Meniere’s disease and perilymph fistula, which can cause a
relative increase in SP versus AP amplitude (Adams et al., 2011). In endolymphatic
hydrops, a relative increase in endolymphatic fluid pressure causes
hydromechanical changes within the scala media and subsequent displacement of
the basilar membrane toward the scala tympani. SP elevation is known to reflect
these changes (Arenberg et al., 1993; Durrant et al., 1975; Ferraro et al., 1985). In
addition, perilymph fistula is also thought to have the same mechanism as
secondary endolymphatic hydrops, and exhibits endolymphatic hydrops
histologically and increased SP/AP in animal models (Campbell et al., 1992) and in
man (Arenberg et al., 1988). Arts et al. speculate that a SCD may cause a bias in
the basilar membrane (Arts et al., 2009). Adams et al. hypothesized that a SCD
may induce hydrostatic changes similar to those observed in endolymphatic
hydrops (Adams et al., 2011). They speculated that SCD as a third-mobile window
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may reduce pressure in the scala vestibuli and scala tympani and result in a relative
increase in endolymphatic pressure.

However, correlation of SP/AP elevation in SCD has not been well
demonstrated with other clinical parameters, though several authors have suggested
SP/AP ratio elevation may be related to physiological activities. Adams et al.
reported that more symptomatic ears had higher SP/AP values in patients with
bilateral SCD (Adams et al., 2011). In the present study, one patient with bilateral
SCD showed bilateral SP/AP ratio elevation, with values of 0.54 and 0.82 in right
and left ears, respectively, and the right ear showed larger dehiscence (6.4 mm)
than the left (4.7 mm). ABGs at 250 and 500 Hz were 40-45 dB and there was no
difference between sides. cVEMP thresholds were 68 dB and 58 dB for right and
left sides. The patient reported similar degrees of same symptoms for the two ears.

An elevated SP/AP ratio and an ABG at low frequencies seem to be a
consistent finding in SCD syndrome and normalize after surgical correction. Based
on our findings, a lower BC threshold may be related to SP/AP elevation, although
definite conclusions cannot be drawn regarding relationships between audiometric
parameters. Considering the majority of BC thresholds of SCD ear ranged around 5 to -10 dB HL, the limit of BC threshold measurement beyond -10 dB HL can be a
reasonable speculation. A negative BC was more frequently observed in SCD
syndrome patients compared to normal volunteers and it was statistically
significant. Ten and 5 of 12 affected ears exhibited negative BC at 250 Hz and 500
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Hz respectively, while no ear and 1 ear of 38 controls showed negative BC at 250
Hz and 500 Hz, respectively.

With regard to the diagnosis of SCD syndrome, the importance of
demonstrating physiologic alterations as well as anatomical demonstration by HRTBCT have been previously emphasized (Crane et al., 2008). ECoG have some
advantages compare to other adjunctive tests to evaluate the SCD. Firstly, unlike
VEMP, pure tone audiometry, and sound- or pressure evoked nystagmus, ECoG
can also be tested regardless of patient’s consciousness under general anesthesia as
in intraoperative monitoring (Adams et al., 2011; Arts et al., 2009). Secondly, the
SP/AP ratio of SCD side (mean: 0.52) was nearly twice larger than that of
unaffected side (mean: 0.25), whereas difference between the cVEMP thresholds of
affected and unaffected ears was about 20 dB. Accordingly, ECoG can be a useful
complement of HR-TBCT for the diagnosis of SCD syndrome.

Results of TBCT analysis suggest that acquired factor as well as congenital or
developmental factor affect the occurrence of SCD. This means that patient with
unilateral SCD may have a chance to be suffered from bilateral SCD in progress of
time due to the congenital or developmental predisposition. Previous study
demonstrated bilaterality of SCD (Carey et al., 2000). Carey et al. have examined
thinning or dehiscence of SC by microscopic study using temporal bone specimen
and reported in half of abnormality, SCD or SC thinning, was found on both sides.
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They suggested that such individuals may be predisposed to development of the
syndrome if trauma disrupts thin bone or stable dura over the canal, particularly at
the middle fossa . Studies with a relatively larger number of SCD patients included
substantial portion of bilateral SCD cases (Adams et al., 2011; Arts et al., 2008 ).A
study dealing with SCD prevalence according to age reported that unilateral SCD
patients tended to show contralateral thinning of SC, although it was not
statistically significant (Nadgir et al., 2011). In this study, two unilateral SCD
patients (case No. 1 and 14) exhibited contralateral thinning of SCD, but there was
no symptom on contralateral ears and they did show neither elevated SP/AP ratio
in ECoG nor decreased cVEMP threshold. Two unilateral SCD syndrome patients
(case No. 4 and 12) also showed elevated SP/AP on contralateral unaffected side
(Table 2). When comparing their bony thickness above the contralateral SC (mean
0.49) and those of patients with normal contralateral SP/AP ratio, it was not thinner
than the others with normal SP/AP value (mean: 0.40).

I additionally evaluated relationship between the SC thickness of unaffected
side in SCD patients and other audiometric parameters that could be possible
indicators of SCD activity. Result of TBCT analysis implies susceptibility of
bilateral occurrence of SCD, and several audiometric parameters such as SP/AP
ratio and BC threshold in low frequency seems to correlate with cochlear hyperresponsiveness. From these findings, I could assume that gradual thinning of otic
capsule may affect the cochlear responsiveness and alter related audiometric
parameters if thinned bone acted as pre-SCD condition. However, the SC thickness
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of unaffected side in SCD patients was not correlated with SP/AP ratios, BC
threshold at 250, 500 and 1 kHz (p = 0.559, 0.442, 0.217 and 0.570, respectively).
ABGs of unaffected side were also not related with the bony thickness of SC (p =
0.974 0.991 and 0.921, respectively). Of course, all patients with unilateral SCD
did not show any cochleovestibular symptom in unaffected ears. These suggest that
audiometric change as well as SCD symptoms may occur only after maximal
thinning or dehiscence finally occur.

In summary, the bony otic capsule is significantly thinner in SCD syndrome
patients than that in age-matched healthy subjects. SCs without overlying air cells
also showed thinning compared to those with overlying air cells. From these results,
I assumed that both congenital/developmental factor in the bony labyrinth and
acquired factors such as direct pressure of temporal lobe can affect the occurrence
of SCD. And abnormal SP/AP elevation was observed in most of patients with
SCD syndrome, and an elevated SP/AP ratio was found to be an additional
electrophysiological indicator of the presence of SCD, especially at a cutoff value
of 0.34. Moreover, SP/AP ratio tended to be associated with increase with the
absolute value of negative BC at 250 Hz. However, SP/AP ratio was not found to
be correlated with size of dehiscence. Furthermore, elevated SP/AP ratio
normalized after the surgical correction of dehiscence like other associated
audiometric and electrophysiological abnormalities.

Based on our findings, I suggest 1) both embryological and acquired factors
affect the occurrence of SCD, 2) SCD syndrome be included in the differential
３１

diagnosis of an elevated SP/AP, 3) degree of SP/AP elevation seems to have a
potential correlation with the negative BC as determined by audiometry, and 4) that
SP/AP elevation may reflect the physiological activity of SCD.
Electrocochleography appears to be a valuable diagnostic tool for functional
demonstration of the third window in the otic capsule with high sensitivity and
specificity, and thus, can support a clinical diagnosis of SCD when used in
conjunction with clinical and radiological findings.

３２

Conclusion
The bony otic capsule in SCD patients is significantly thinner than that
in age-matched healthy subjects. SCs without overlying air cells also
showed thinning compared to those with overlying air cells. As was noted in
earlier studies, these results support the notion that both
congenital/developmental thinning of the bony labyrinth and acquired
factors, such as pressure of the middle fossa, can affect the occurrence of
SCD. ECoG appears to be a valuable diagnostic adjunct for functional
demonstration of the third window in the otic capsule with high sensitivity
and specificity, and thus, can support a clinical diagnosis of SCD when used
in conjunction with clinical and radiological findings.
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Table 1. Demographics of SCD patients and controls for TBCT analysis.
SCD group
(n = 12)

Control group
Aerated
(n = 9)

Non-aerated
(n = 25)

Gender (M:F)
7:5
3:6
12:13
Age (year)
42.8 ± 10.7
40.7 ± 8.2
46.3 ± 5.1
SCD side (Right : left: both)
3:8:1
Data expressed as mean ± standard deviation. SCD, superior canal dehiscence; Aerated,
presence of air cell above the superior canal; Non-aerated, absence of air cell above the
superior canal.
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Table 2. Demographics and clinical assessment of 14 patients with superior canal dehiscence syndrome.
Imaging

Audiologic assessment

Case
No.

Sex/
Age,
years

SCD
side

SCD
size
(mm)

BC
250 Hz
(dB)

BC
500 Hz
(dB)

ABG
250 Hz
(dB)

ABG
500 Hz
(dB)

1*

F/ 37

L

4.7

-10

-5

5

5

Initial
58/ 78

2†

M/ 42

R

4.7

35

40

55

50

68/ NR

3
4*
5
6
7*
8

F/ 67
M/ 45
F/ 37
F/ 39
M/ 38
F/ 48

L
L
L
R
R
L

4.2
4.1
4.0
3.8
3.7
3.5

0
-10
5
-10
-10
-5

0
-10
10
-10
0
0

20
30
5
15
25
15

15
25
0
15
20
10

68/ NR
58/ 78
63/ 83
63/ 93
58/ 78
53/ 73

9*‡

F/ 47

L

2.1

-5

0

25

15

58/ 78

10†

M/ 43

R

1.8

45

Scale out

55

Scale out

63/ 83

11*
12
13
14

M/ 41
F/ 39
F/ 50
M/ 45

L
R
R
R/L

1.7
1.5
4.2
6.4/4.7

-10
-5
-10
-10/-10

0
5
-10
-5/-5

20
10
35
45/40

10
0
20
40/45

13/ 73
73/ 93
68/ 83
68/ 58

cVEMP threshold
(affected/ unaffected ear)
Postop
88/ 83

ECoG SP/AP ratio
(affected/ unaffected ear)
Initial
0.54/ 0.14

Postop
NR/ 0.16

0.24/ 0.28
83/ 83

78/ 73
78/ 78

0.45/ 0.14
0.57/ 0.47
0.44/ 0.19
0.42/ 0.20
0.52/ 0.22
0.35/ 0.13
0.51/ 0.22

0.45/ 0.34

0.26/ 0.27
0.18/ 0.34

NR/ 0.25
68/ 73

0.75/ 0.25
0.55/ 0.48
not tested
0.54/ 0.82

0.25/ 0.24

SCD, superior canal dehiscence; BC, bone conduction; ABG, air-bone gap; cVEMP, cervical vestibular evoked myogenic potentials; ECoG,
electrocochleography; SP. summating potential; AP, action potential; NR, no response; *:five patients received surgical SCD repair; †: two
patients exhibited sudden deafness at initial visit; ‡: SCD syndrome by superior petrosal sinus (Koo et al., 2010)
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Figure 1. Reconstructed oblique images from HR-TBCT in the plane of SC. (a)
Healthy subjects from the aerated group, showing an air cell (arrow) above the SC.
(b) Member of the non-aerated control group with no air cell above the SC.
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Figure 2. Measurement of the semicircular canal thickness. (a) The SC thickness
(black solid line) was measured at the thinnest part of the bone on a reconstructed
oblique image from temporal bone CT in the plane of the SC. (b) The HC thickness
(black dotted line) was measured at the thinnest part of the bone next to the mesoor epitympanum the axial CT scan. (c) The PC thickness was measured at the
thinnest part of the bone next to the mastoid aeration in the coronal sections of the
CT scan.
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Figure 3. The distance between the lumen of the PC and the posterior fossa in the
axial section. The distance is quite variable between subjects depending on mastoid
pneumatization. (a) PC and bone overlying posterior fossa (0.36 mm), (b) PC, air
space and bone overlying posterior fossa (0.78 mm), (c) PC only (0.21 mm).
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Figure 4. Electrocochleography recordings to clicks stimuli. The affected side (left)
shows a magnitude enlarged SP, and SP/AP ratio (a), and SP/AP of the unaffected
side (right) is within normal limit (case No.11). BSL: baseline, x axis: time, 2
ms/division. y axis: amplitude, 0.2 μV/division.
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Figure 5. Comparison of SC and HC thickness in SCD patients and healthy
controls. (a) The SC in the non-affected ears of SCD patients was thinner than that
in healthy controls. (b) The HC and (c) the PC were also thinner in the non-affected
ears of SCD patients than in healthy controls. (d) Within the control group, the SC
was significantly thinner in the aerated group than the non-aerated group, whereas
no difference in HC and PC thickness was observed (e, f). Significant differences
were calculated using the Mann–Whitney U-test. *, **, and *** indicate
significance at 0.05, 0.01, and 0.001, respectively. The box represents a median
(horizontal line within each box) and 10th and 90th percentiles, the whiskers are
the minimum and maximum, and pluses indicate mean value.
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Figure 6. The cVEMP threshold (a) and SP/AP ratios (b) of affected and unaffected
ears of SCD syndrome patients. Affected ears had significantly lower cVEMP
thresholds and higher SP/AP ratios. The SP/AP ratios of affected ears were
significantly higher than those of normal control ears and there was no difference
in SP/AP ratio between patients’ unaffected ears and normal control ears. ***p <
0.001. The box represents a median (horizontal line within each box) and 10th and
90th percentiles, the whiskers are the minimum and maximum, and pluses indicate
mean value.
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Figure 7. SP and the AP values of affected and unaffected ears of SCD syndrome
patients. SP values of affected ears were significantly higher than those of
unaffected ears, however AP values of affected and unaffected ears were similar.
*p < 0.05. The box represents a median (horizontal line within each box) and 10th
and 90th percentiles, the whiskers are the minimum and maximum, and pluses
indicate mean value.
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Figure 8. Receiver-operator characteristic curve of SP/AP ratios for the diagnosis
of SCD syndrome. The area under the curve is 0.949 (p < 0.001) and cutoff value
for the SP/AP ratio is 0.34 (a). The results using the SP/AP data from only right ear
(b) or left ear (c) of controls were comparable with that using both ears.

51

Figure 9. SP/AP ratios of SCD syndrome and definite Meniere’s disease patients.
There was no difference in SP/AP ratio between Meniere’s disease patients’
affected ears and normal control ears (p =0.665), while the SP/AP ratios of affected
ears in SCD syndrome patients were significantly higher than those of normal
control ears. The box represents a median (horizontal line within each box) and
10th and 90th percentiles, the whiskers are the minimum and maximum, and pluses
indicate mean value.
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Figure 10. Relationships between BC thresholds at 250, 500 and 1000 Hz and
SP/AP ratio as determined by electrocochleography in SCD syndrome patients.
SP/AP ratios and BC thresholds at 250, 500 and 1000 Hz are shown.
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Figure 11. Relationships between air-bone gaps at 250, 500 and 1000 Hz and
SP/AP ratios as determined by electrocochleography in SCD syndrome patients.
SP/AP ratios and the air-bone gaps at 250, 500 and 1000 Hz are shown.
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국문 초록
서론:

상반고리관피열(superior

canal

dehiscence,

SCD)

증후군은

상반고리관(superior canal, SC)의 골미로가 피열되어 다양한 자극에
전정와우 증상을 일으키는 증상복합군을 칭한다. SCD 병인에 대해 여러
가지 가설이 있지만 여전히 논란이 있다. 발생학적 관점에서는 SCD 가
출생 후 SC 위의 골 형성 부전으로 생길 수 있다고 가정하는 반면,
후천적인 관점에서는 SC 위 측두엽의 지속적인 압력이나 외상 등이
SC 를 점차 얇아지게 하거나 피열을 유발할 수 있다고 생각한다. SCD
진단을 위해서는 임상 증상 및 피열의 영상학적 확인 뿐 만 아니라
전정와우 과반응을 증명하는 생리학적 지표 확인이 중요하다. 와우
과반응의 지표가 될 수 있는 전기와우도가 SCD 환자에서 어떤 특징을
보이는지에 대해 보고된 바가 매우 드물다. 이에 고해상도 측두골 CT 를
분석하여 SCD 의 병인을 추정해보고, SCD 증후군에서 전기와우도를
분석하여 진단적 가치 및 와우 과반응의 메커니즘을 규명하고자 한다.

대상 및 연구 방법: 14명의 SCD 증후군 환자를 모집하였다. SCD 병인
추정을 위해 SCD 증후군 환자 12명(13 SCD귀와 11 정상귀) 과 비슷한
연령의 정상 대조군 34명(68귀)의 고해상도 측두골 CT를 분석하였다.
정상 대조군은 SC 위 측두골의 함기화 여부에 따라 함기화군(18귀)과
비함기화군(50귀)으로 구분하였다. 발생학적인 관점에서 SCD의 병인을
평가하기 위해 SCD 증후군의 건측과 정상귀에서 SC, 수평반고리관
(hosizontal canal, HC), 후반고리관(posterior canal, PC)의 골미로 두께
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를 비교하였다. 후천적 원인이 골미로 두께 및 피열 발생 미칠 수 있는
영향을 추정해 보기 위해 정상귀에서 함기화군과 비함기화군의 SC 골미
로 두께를 비교하였다.
SCD 증후군 환자 13 명에서 환측과 건측 귀에 각각 순음청력검사,
경부전정유발전위 검사(cervical vestibular evoked myogenic potential,
cVEMP), 전기와우도 검사(electrocochleography, ECoG)를 시행하였다.
ECoG

에서

summating

potential(SP)과

action

potential(AP)을

측정하였다. 순음청력검사에서 저주파(250, 500, 1000 Hz)의 골도 청력
역치와 기도-골도 차를 측정하였다. ECoG 는 고막외유도법을 이용하여
고막에 전극을 90dB 의 alternating polarity click(10-1,500Hz) 자극을
이용해 측정한다. ECoG 에서 측정된 SP/AP 비율과 다른 청각학적
지표들과의 관계를 평가하였다. 비슷한 연령의 19 명 건청인에서 ECoG
를 측정하여 SCD 증후군에서 ECoG 특성을 분석하고 SCD 진단에
있어서 ECoG 민감도 분석을 시행하였다.
결과: SCD 증후군 환자의 건측 SC 골미로 두께(0.41 ± 0.23 mm)가
정상대조군의 SC 두께(0.64 ± 0.21 mm)보다 유의하게 얇았다(p =
0.002). HC 과 PC 도 환자군의 건측(0.58 ± 0.11, 1.39 ± 0.31 mm)이
정상대조군(0.70 ± 0.08 mm, 1.61 ± 0.32 mm )보다 얇았다(p < 0.0001,

p = 0.005). 정상인에서 함기화군의 SC 두께(0.73 ± 0.14 mm) 가
비함기화군(0.60 ± 0.23)보다 유의하게 두꺼웠다(p = 0.046). HC 와
PC 의 두께는 차이가 없었다(함기화군, n = 18, 0.72 ± 0.07, 1.67 ±
0.34 mm; 비함기화군, n = 50, 0.70 ± 0.09, 1.59 ± 0.34 mm; p = 0.350,
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p = 0.428). SCD 귀의 평균 SP/AP 비율은 건측보다 유의하게 높았고
(0.52 versus 0.25, p < 0.001), AP 는 건측과 환측이 비슷한 반면 SP 가
환측에서 건측에 비해 유의하게 증가되어 있었다. SP/AP 비율은 SCD
진단(진단기준: 증상, 측두골 CT, cVEMP 역치)에 있어서 cutoff 값
0.34 를 기준으로 민감도 92.3%, 특이도 94.0% 를 보였다(p < 0.001).
SP/AP

비율은

SCD

크기와

cVEMP

역치와는

관계가

없었다.

저주파에서 골도 청력 역치의 음의 절대값은 SP/AP 가 증가 할수록
높은 경향이 있었다.
결론: SCD 증후군 환자가 정상인보다 유의하게 골미로 두께가 얇았고,
또한 SC 위 함기화가 되지 않은 군이 함기화가 된 군 보다 골미로가
얇았다. SCD 의 형성은 발생학적인 요인, 후천적 요인 모두가 SCD 의
형성에

관여함을

추정할

수

있다.

SCD

증후군

환자와

정상인의

ECoG 의 SP/AP 비율은 골미로의 제 3 의 창을 기능적으로 규명하는데
높은 민감도와 특이도를 보이며 SCD 진단에서 있어서 높은 진단적
가치가 있었다. ECoG 이상이 SCD 로 인한 와우 과반응을 대변할 수
있는 추가적인 기능적인 진단 기준이 될 수 있을 것이며, ECoG 이상의
감별진단의 하나로써 SCD 증후군을 고려해 볼 수 있는 근거가 될
것이다.
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