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Introduction

The angular vestibulo-ocular reflex (aVOR) maintains images on the fovea of the retina
during head movement. When the aVOR is impaired, images slip off the fovea of the retina
resulting in gaze instability during head motion. In superior canal dehiscence syndrome
(SCDS), surgical plugging and/or resurfacing of the superior canal (SC) is the primary
treatment when symptoms become debilitating. Common symptoms associated with SCDS
include autophony (abnormal loudness perception of one’s own voice), dizziness in response
to loud sounds and/or pressure changes, disequilibrium, conductive hyperacusis, pulsatile
tinnitus and conductive hearing loss (1;2). While surgical treatment of SCDS improves
autophony, disequilibrium, hearing, and dizziness in response to sound and/or pressure (1-
4), surgical plugging is expected to result in reduced aVOR in the plane of the affected SC,
which has been confirmed with scleral search coils during head impulse testing (5;6). While
reduced aVOR function temporarily impairs balance (7), the long-term effect of SC
plugging on gaze stabilization is unknown.

The dynamic visual acuity (DVA) test is a clinical assessment of gaze stability and the
functional aVOR. DVA is the difference in visual acuity between head stationary (static)
and moving (dynamic) conditions (8). During DVA testing, subjects view an optotype, (e.g.
the letter “E”), which becomes progressively smaller. While visual acuity is minimally
degraded during head motion in healthy subjects, this decrement becomes significant in
vestibular hypofunction (8-11).

DVA is measured actively or passively. During active DVA, subjects move their own head
(typically horizontally, as if saying “no”), which is a predictable rotation. During passive
DVA, the examiner moves the patient’s head unpredictably. Canal plane DVA using
transient, unpredictable head thrusts (htDVA) measures gaze stability separately in the plane
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of each semicircular canal (5). Improvement in active and passive htDVA has been
documented in individuals with unilateral or bilateral vestibular loss who participate in gaze
stability exercises, with little change in control groups given placebo exercises (9;10;12).
Improvement in passive DVA is attributed to an increase in the number of preprogrammed
compensatory saccades, while improvement in active DVA also was due to improved VOR
gain (12). Horizontal, active DVA has not been reported in the SCDS population. However,
in a small number of SCDS cases (n = 6) abnormal passive canal plane htDVA has been
documented in the plane of the plugged SC (5). Although balance function normalizes over
time following SCDS surgical repair (7), it is unknown if gaze stability, measured by active
or passive canal plane htDVA also normalizes over time. The purpose of the present
investigation was to: 1) characterize normal, horizontal, active DVA and passive canal plane
htDVA across ages to establish control data, and 2) to determine if horizontal active DVA
and passive canal plane htDVA are significantly different in individuals with SCDS before,
immediately after surgical repair (acute phase, within 10 days), and greater than 6 weeks
after surgical repair (hon-acute phase). We hypothesized that horizontal active DVA and
passive htDVA in the plane of the affected SC would be abnormal in the acute stage
following surgical repair. We further hypothesized that active DVA would normalize over
time but that htDVA in the plane of the plugged SC would remain permanently abnormal.

Materials and Methods

Study Population

Thirty-two patients with SCDS (mean age 48 years, range 23 — 61) and 51 normal control
subjects (~ 10 subjects per decade) participated in the study. By case history, normal control
subjects denied hearing loss or history of balance, dizziness, or neurologic complaints.
Normal control subjects were separated into age categories:

e Age 20 - 29 years (mean 23 £ 3.1, n = 10)
e Age 30-39years (mean 35+ 3.1, n=11)
o Age 40 - 49 years (mean 45 £ 3.8, n = 10)
e Age 50 - 59 years (mean 55 + 3.1, n = 10)
e Age 60+ years (mean 66 + 5.4, n = 10, range: 61 — 78)

SCDS was diagnosed on case history, visualization of a dehiscent SC on high resolution CT
with multi-planar reconstructions of the SC, and clinical assessments, including cervical and
ocular VEMPs, bedside assessments consisting of head impulses in each canal plane,
examination for Tullio phenomenon and Hennebert sign, and air- and bone-conduction
audiometry. Minimal criteria for SCDS diagnosis were (1) visualization of SCD on CT and
(2) at least one physiologic finding consistent with a third mobile window in the affected ear
(i.e., nystagmus in the plane of the affected SC elicited by loud tones or external auditory
canal pressure, abnormal VEMP testing, or negative bone conduction thresholds). All
subjects gave informed consent for testing approved by the Institutional Review Board at the
Johns Hopkins University School of Medicine.

Otol Neurotol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Janky et al.

Page 3

Surgical Technique

Surgical techniques for plugging the dehiscent SC have been described previously (2;7). Of
the 32 patients diagnosed with SCDS, 27 elected to have the affected SC surgically plugged.
The remaining 5 patients are represented in the “pre-surgery” group although they did not
choose to pursue surgery. During the surgical procedure, image guidance was used to
confirm the location of the dehiscent SC. Size of the dehiscence was measured by a small
scale, in millimeters, laid next to the dehiscence. With the use of magnification, dehiscence
length and width were measured to calculate area. The SC was then plugged with fascia and
bone paté, filling the perilymphatic space and thus compressing the membranous canal
without disruption. Since 2009, following plugging of the canal, a layer of Hydroset Bone
Cement (Stryker Corporation) several millimeters thick was additionally placed over the
repair and allowed to set until palpably firm. Finally, a fascia graft was overlaid and sealed
in place with fibrin glue.

Dynamic Visual Acuity

the DVA test protocol has been described previously (5;8;13). In brief, subjects were seated
2 meters from a high resolution 18.1-viewable-inch monitor with a refresh rate of 85 Hz.
Subjects who normally wore glasses or contact lenses were instructed to wear them during
all testing. Static visual acuity (SVA), active DVA, and passive htDVA were measured. For
all testing, subjects viewed five optotypes per acuity level, with optotype size decrementing
in steps equivalent to a visual acuity change of 0.1 LogMAR (logypX, where X = the
minimum angle resolved, in arcmin, with 1 arcmin = 1/60°) (14). The optotype, the letter
‘E’, randomly rotated each trial by 0, 90, 180, or 270°. Visual acuity testing took
approximately 30 minutes to complete.

Static Acuity

Active DVA

SVA was determined first with the subject’s head comfortably fixed in space. SVA was the
LogMAR score where the subject failed to correctly identify five optotypes at the same
acuity level or reached the LogMAR value of 0.000 (equivalent to 20/20 on the Snellen
chart).

For active DVA, a single-axis Watson rate sensor (Micromedical Technologies, Inc.,
Chatham, IL, USA) was positioned on the subject’s head so the sensor’s axis of maximum
sensitivity approximately aligned with the horizontal canal. Subjects were instructed to
actively shake their head (“no™). Two trials were completed. During one trial, the optotype
flashed in response to rightward head movements and in the other trial the optotype flashed
in response to leftward head movements. During each trial, the optotype “E” was displayed
on the monitor only when the rate sensor detected head velocity between 120-180 degrees/s
for more than 40 ms. The optotype flashed for no longer than 85 ms, during which the head
would have rotated 9 — 13.5 degrees. The subject was allowed to view each optotype a
maximum of three times, at which point the computer no longer displayed the letter and the
subject was required to guess the orientation (i.e., a forced choice of one of four possible
orientations). Once the subject indicated a response, the next trial started. Testing was
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terminated once the subject incorrectly identified all five optotype presentations at one
acuity level (e.g., 20/40) or reached the LogMAR value of 0.000. The difference was
calucated between the SVA LogMAR score and the active DVA LogMAR score.

Passive Canal Plane htDVA

For htDVA, the rate sensor was positioned on the subject’s head so that the sensor’s axis of
maximum sensitivity approximately aligned with the canal being tested (i.e., horizontal,
superior, or posterior canal). For example, when testing the left superior and right posterior
canal pair, the sensor was placed at 45° right (subject’s perspective) off the mid-sagittal line
bisecting the skull. For htDVA, the examiner stood behind the participant and performed
head impulses in the plane of each canal while the participant identified the direction of the
optotype. One practice trial for horizontal htDVA was completed before starting. Scoring for
htDVA was identical to that described above for active DVA. For consistency, all htDVA
stimuli were primarily delivered by either MCS or KLJ.

Statistical Analysis

Results

Statistical analyses were completed using SPSS (version 18, Chicago, IL). Pearson product-
moment correlation was used to calculate the relationship between visual acuity outcomes
and age. Analysis of Variance (ANOVA) was used to compare means between groups. Post-
hoc pairwise comparisons were performed when significant. An alpha <0.05 was used to
determine statistical significance.

Normal Control Group

Fifty-one normal control subjects (mean: 44.78 years, range 19 — 78) completed SVA, active
DVA and htDVA (Table 1). A significant relationship was found between age and all visual
acuity outcomes with the exception of htDVA in the right SC (Table 1), consistent with the
decline of both static and dynamic visual acuity with age. A within-groups ANOVA across
all normal subjects failed to reveal significant mean differences between right versus left
active DVA [F (1, 50) = 0.829, p = 0.367]; therefore, mean active DVA is reported. There
were also no significant mean differences between individual canal htDVA [F (5, 250) =
1.103, p = 0.359] across all normal subjects.

SCDS Group — Demographics

Of the 32 patients with SCDS, visual acuity testing was completed at varying time periods:
pre-SCDS surgical repair (n = 16), post-SCDS surgery acute (n = 12) and post-SCDS
surgery non-acute (n = 21). Not all patients could be tested at each time period, mainly
because many patients traveled from distances for surgery and could not make all follow-up
appointments. Of the patients, 9 were tested both pre-SCDS surgery and post-SCDS surgery
non-acute, 1 was tested both pre-SCDS surgery and post-SCDS surgery acute, and 9 were
tested both post-SCDS surgery acute and post-SCDS surgery non-acute. Because not all
patients completed testing during all time periods, a within-group ANOVA could not be
completed; therefore, subject groups were trimmed to eliminate overlap in participation
groups and a between-group ANOVA was used to compare visual acuity performance
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between SCDS and normal control subjects. Due to the relationship between age and visual
acuity performance in normal control subjects, patients in the SCDS group (age range 32 —
61) were compared to an age-matched subset of the normal control subjects by decade.
Subject groups were:

e Pre-SCDS surgical repair (n = 11, mean: 47 years, range 33 — 60)
e Post-SCDS surgery acute (n = 10, mean: 48 years, range 32 — 61)
»  Post-SCDS surgery non-acute (n = 11, mean: 48 years, range 33 — 56)
»  Age-matched, normal controls (n = 33, mean: 46 years, range 32 — 61)

Of the 32 patients diagnosed with SCDS, 7 were diagnosed with left SCDS, 12 with right
SCDS, and 13 with bilateral SCDS. Of the 13 bilateral SCDS patients, the more
symptomatic ear underwent surgical repair. Results from tests of this ear were used for all
groups.

SCDS Group — Visual Acuity Outcomes

There was no mean difference in SVA between any of the groups [1-way ANOVA F (3, 61)
= 0.603, p = 0.616)]. For the SCDS group, active DVA towards the affected SCDS-side was
compared to mean active DVA in the normal control group and there was no mean
difference between groups [1-way ANOVA F (3, 61) = 2.222, p = 0.095)].

A mixed groups factorial ANOVA was completed to investigate mean differences in canal
plane htDVA following surgical repair of SCDS, with group (Pre-SCDS surgical repair,
Post-SCDS surgery acute, Post-SCDS surgery non-acute, and Age-matched, normal
controls) as the between-subjects factor and htDVA for each semicircular canal (6 canals) as
the within-subjects factor. For those with SCDS, htDVA towards the affected SCDS-side
was compared to the right side of normal control subjects, and the contralateral, unaffected
(or less symptomatic)-SCDS side was compared to the left side of normal control subjects
(Table 2). Figure 1 shows mean visual acuity parameters (SVA, active DVA, and htDVA)
across groups. There was a main effect of canal plane [F (5, 300) = 12.96, p < 0.001]. Post
hoc analyses indicated that htDVA performance for the SC (SCDS affected and normal
control right ear) was significantly worse than performance in remaining canal planes. There
was also a main effect of group [F (1, 60) = 197.767, p < 0.001] with post-SCDS surgery
acute and non-acute demonstrating significantly worse performance when compared to both
normal control subjects and pre-SCDS surgical repair groups. Notably, there was no
significant difference between the post-SCDS surgery acute and non-acute groups. Finally,
there was a significant interaction with htDVA and group [F (15, 300) = 5.757, p < 0.001,
MSe = 0.002]. The interaction indicates that performance on htDVA was not consistent
between groups and across canals. Figure 1 demonstrates DVA performance was worse for
the affected SC in both the post-SCDS surgery acute and non-acute groups, but that
performance in all remaining canals across all groups was normal. SC htDVA across groups,
Figure 2, show that all but 1 post-SCDS surgery subject has htDVA above (worse than) the
mean for age-matched normal controls (solid line).
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Clinical Features

Pearson product-moment correlation was used to determine if SCDS size in the surgical
group (n = 21, mean area = 3.34 mm?2) was related to post-surgical visual acuity outcomes.
Dehiscence area was inversely associated with htDVA for the affected SC (r = —-0.813, p <
0.001), indicating worse htDVA in the surgically-repaired SC as dehiscence area decreased.

To determine if visual acuity outcomes improved over time following surgery, the
relationship between visual acuity outcomes and duration (in days) from surgery-date was
calculated. Duration was positively correlated with SVA (r = 0.628, p = 0.002), indicating
that static acuity (head stable) steadily improved over time. However, there was no
correlation between duration after surgery and either active DVA (r = —0.276, p = 0.226) or
htDVA in any canal plane (p = 0.153 — 0.693), indicating the permanency of the effect of
canal plugging on htDVA in the plugged SC.

Discussion

Our study showed that all visual acuity outcomes (SVA, active DVA, and passive htDVA)
in the control population significantly worsened with age. This finding was expected as (1)
visual acuity is known to decline with age, and (2) vestibular function outcomes have shown
a similar decline with aging (15-17). Age has previously been related to poorer active DVA
in individuals regardless of degree of vestibular loss (i.e., normal, unilateral or bilateral
peripheral vestibular involvement) (8;11;13;18). Likewise, Viciana et al. (19) also
demonstrated that htDVA significantly worsens with age. Schubert et al. (5) originally
proposed that htDVA scores falling outside 0.158 LogMAR (mean + 2 SD in normal
controls, n = 19) be considered the cut off for pathologically abnormal htDVA. However,
this htDVA cutoff is likely inappropriate for normal individuals over the age of 60 as the
95t percentile reference value projected by Viciana et al. (19) ranges from 0.230 — 0.330
LogMAR. Our findings continue to support that visual acuity performance is dependent on
age, and that age-based normative data are necessary for determining a diagnostic cutoff,
particularly for individuals greater than 60 years of age.

The use of htDVA in diagnosing peripheral vestibular disorders has achieved mixed results.
For diagnosing vestibular neuritis, htDVA has a low sensitivity and high specificity in the
horizontal canal (19); however, Vital et al (11) report excellent sensitivity for htDVA in
diagnosing both unilateral and bilateral vestibular involvement. In SCDS, the hydrodynamic
function of the SC is usually only impaired with a large dehiscence (>5 mm length) (20);
therefore, htDVA was not predicted to be abnormal sufficiently often to be used as a
screening tool for diagnosis. Our results agree, in that visual acuity outcomes are not
significantly affected with a patent dehiscence (i.e., in Pre-SCDS surgical repair patients). In
fact, SVA and active DVA - products of inputs from the horizontal canals - remain
relatively stable as expected following surgical repair of the dehiscent SC. However,
reduced htDVA in the surgically plugged SC occurs in most patients and appears to persist
beyond the acute stage postoperatively. Similarly, Schubert et al. (5) reported normal
htDVA in SCDS patients (n = 5) pre-surgery, with worse htDVA in the affected SC post-
surgery. The present findings are in agreement, demonstrating that htDVA is not helpful in
diagnosing SCDS; however, post-surgically htDVA is significantly reduced in the plane of
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the affected SC, and this reduction persists beyond 6 weeks. Thus, our data indicate that this
should be explained to patients as a permanent effect of surgical plugging.

The relatively stable active-DVA and htDVA in remaining canals suggest that function of
the residual labyrinth remains intact following surgical plugging of the dehiscent SC. Using
search coils, aVOR gain is similar between canals prior to surgical repair; however, post-
surgically a significant reduction in canal gain in the affected SC (44%) and contralateral
posterior canal (10%) was found, with no significant change in the remaining canals (6).
These findings are consistent with the present perceptual findings of normal visual acuity
performance in the pre-surgery group, with the only abnormality following surgical repair
being decreased htDVA in the affected SC. While mild aVOR gain reductions have been
noted in either ipsilateral or contralateral posterior canals (6;21), post hoc analyses of our
data indicate only htDVA from the affected SC was significantly worse.

Reduced htDVA in the surgically-repaired SC was related to dehiscence size, with a smaller
dehiscence being related to greater reductions in htDVA. Prior to surgical repair, weak
correlations between aVOR gain and dehiscence length have been noted (6), particularly
when the SCD diameter was greater than 5 mm (20). This size-related reduction in function
of the dehiscent SC was presumed to reflect hydrodynamic dampening of endolymph
motion as a result of dural herniation into the canal (“auto-plugging”) and size-related
increases in the degree of compression of the membranous canal. Because the odds of
vestibular loss have been shown to increase with increased dehiscence size (21), our present
finding that post-operative htDVA was degraded more with smaller dehiscences is
intriguing. Our present findings in a larger group show that degradation of htDVA function
is greater for smaller SCD size (and thus shorter plugging length) even when htDVA for the
other canals is not degraded. For example, patients with larger dehiscences and some degree
of auto-plugging pre-operatively may have the benefit of better compensation for decreased
SC function, which might manifest itself as better post-operative htDVA in the plane of the
plugged SC.

One might expect that plugging a canal to any degree would cause a large reduction in
hydrodynamic sensitivity, but the frequency of the head impulse stimulus must be
considered. Yakushin et al (22) found only small aVOR gain reductions for high-frequency
head rotations in macaques after complete disruption and plugging of open segments of the
semicircular canals. They concluded that canal plugs acted as “high-pass filters,” suggesting
hydrodynamic action on the cupula must still occur for high-frequency head movements
despite the disruption of the circular continuity of the canal (22). Although the disruption of
the circular fluid path in the SC has a greater effect on cupular dynamics for low-frequency
head rotations, it is also true that low frequency rotations are less likely to cause inhibitory
saturation of the contralateral posterior canal. For these frequencies, the aVOR can be
derived from the inhibitory signal from the contralateral posterior canal. Thus, across a
broad spectrum of head rotations, plugging one canal in a coplanar pair appears to have
modest effects on visual stabilization.

Since its first description, reports regarding SCDS have primarily centered on the sensitivity
of diagnosing SCDS and the effects of surgical intervention. Improvement in patient
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symptoms of autophony, disequilibrium, hearing, and dizziness in response to sound and/or
pressure have been documented (1-4). However, few studies have documented the
functional ramifications of surgical intervention. Previous studies by our group indicate that
while functional balance is reduced in the acute stage following surgical repair, overall fall
risk normalizes after 6 weeks post-operatively (7). This persistent reduction of htDVA in the
SC is not speculated to have a gross impact on functional balance. However, further research
is needed to determine the long term direct impact and implications of reduced VOR
function in the isolated SC.

One shortcoming of the current study is that not all patients were able to be tested at each
time interval, eliminating the opportunity to examine true longitudinal data within subjects,
and resulting in analysis of between group data at different time periods. Despite this
shortcoming, findings in the between-group analysis are felt to be representative of post-
operative outcomes.

Age-based normative data are necessary for dynamic visual acuity testing and should be
accounted for in populations with both normal and abnormal vestibular function (11;23). In
populations with SCDS, SVA and active-DVA are unaffected by surgical intervention.
Average htDVA performance for the SC in SCDS is normal before surgery, but afterwards
performance is reduced, and that reduction is likely permanent. Patients with larger
dehiscences may actually have better htDVA performance after surgery, but all patients
should be counseled about the permanency of mildly reduced visual acuity for specific rapid
head movements in the plane of the plugged SC.
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Visual Acuity Across Groups

SVA Active DVA Horizontal  Horizontal Superior Superior
Ipsilateral Contralateral Ipsilateral Contralateral
htDVA htDVA htDVA htDVA

m Normal

oOPRE-SCDS
mPost-SCDS Acute

g Post-SCDS Non-acute

Posterior Posterior
Ipsilateral Contralateral
htDVA htDVA

Figure 1.

Visual acuity outcomes across all groups. Significant mean differences between groups are
noted by asterisks (*). Ipsilateral refers to canals on the same side as superior canal plugging

and contralateral refers to canals opposite to the surgical side.
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Figure 2.
Affected Superior Canal htDVA across Groups. Group 1 = Age- matched normal control,

right superior canal, 2 = Pre-SCD surgical repair, 3 = Post-SCD Surgery Acute, 4 = Post-
SCD Surgery Non-acute. Mean (solid line) = 0.0755, +1 standard deviation = 0.142 and +2
standard deviation = 0.208 (hashed lines) from age-matched normal control group, right
superior canal, superimposed for direct comparison.
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