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Editorial on the Research Topic
Functional Testing of Vestibular Function

The vestibular ocular reflex is responsible for stabilizing the eyes in space (known as gaze stability)
and the body in space (postural and gait stability) during head motion. This is achieved initially
by generating exceptionally short latency vestibular oculomotor reflexes (~10ms) of the same
magnitude and velocity, but in the opposite direction of the sensed head motion. The head motion
signal also descends via the vestibulo-spinal system for postural and gait stability. Knowledge of this
reflexive function has spawned the development of tests and measures that assay the behavioral
relevance of vestibular sensation, without measuring the physiologic performance (i.e., measure
gaze stability without recording the movement of the eyes). The focus of this special topic is on the
diagnostic accuracy and rehabilitative efforts using novel tests and measures of vestibular behavior.

Millar et al. illustrate that vestibular rehabilitation improves gaze stability and other functional
outcome measures, but that such recovery correlates with residual otolith function not change in
semicircular canal function. Similarly, Allum et al. report that balance rehabilitation can restore
normal balance 3 months after acute bilateral semicircular canal loss as long as otolith function
is spared.

Using the novel functional head impulse test (fHIT), Romano et al. report that athletes of
different sports have different gaze stabilization performances when tested at the highest head
angular accelerations. van Dooren et al. compared the fHIT with dynamic visual acuity during
gait on a treadmill and quantify the oscillopsia in patients with bilateral vestibular hypofunction to
report that the fHIT correlates with experienced oscillopsia as measured by the Oscillopsia Severity
Questionnaire. Sjogren et al. investigated nine patients with total unilateral vestibular loss using
passive and active head impulses and the fHIT. They report normal VOR performance toward the
affected side during active head impulses and that visual acuity as measured by the fHIT correlated
with the latency of covert saccades.

Ramaioli et al. compared dynamic visual acuity during translational and angular head motion in
a group of normal subjects and report that the well-known under-compensatory translational VOR
gains are correlated with worse DVA scores during translational head motion.

Figtree and Migliaccio propose an interesting low-cost motion tracking system for
posturography based on a stereo vision system that tracks a body-fixed pattern of markers. Coupled
to a force plate it represents an affordable alternative for functional assessment of balance abilities.

Dasgupta and Ratnayake conducted a retrospective review of superior canal dehiscence (SCD)
in children and correlated functional (audiometry), behavioral (eye movements), and anatomical
(computed tomography scan) findings to reveal that children with SCD show phenotypes different
from those reported in adults.

Fu et al. studied the high acceleration VOR in a set of 47 patients with acute vestibular neuritis
using the video head impulse test and the dizziness handicap inventory (DHI). At 6 months
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follow-up, the patients had significant reduction in compensatory
saccades (overt and covert), but also that the patients with normal
to mild DHI scores (DHI < 30) had higher VOR gain and lower
number of covert saccades.

Taken together, this collection of papers underlines the
importance of functional testing for quantifying the ecological
ability of patients with vestibular hypofunction, and reveals the
importance of how errant vestibular information impacts quality
of life. Functional testing appears especially useful for assessing
the effectiveness of rehabilitation programs, where the functional
ability of the patient is more concerning and may be more
informative than the objective measurement per se (e.g., VOR
gain). The plasticity of our nervous system indeed is challenged
by vestibular failure. The brain expends a fascinating repertoire
of mechanisms to ensure functional navigation of everyday life,
be it via recalibration or substitution.
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An Inexpensive 6D Motion Tracking
System for Posturography
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Computerized posturography is most often performed with a force plate measuring
center-of-pressure (COP). COP is related to postural control actions but does not monitor
the outcome of those actions, i.e., center-of-mass (COM) stability. For a more complete
analysis of postural control COM should also be measured; however, existing motion
tracking technology is prohibitively expensive and overcomplicated for routine use. The
objective of this work was to create and validate an inexpensive and convenient stereo
vision system which measured a trunk-fixed target’'s 3D position and orientation relating
to COM. The stereo vision system would be complementary to typical force plate
methods providing precise 6D position measurements under laboratory conditions. The
developed system’s measurement accuracy was worst in the inferior-superior axis (depth)
and pitch coordinates with accuracy measures 1.1 mm and 0.8°, respectively. The
system’s precision was worst in the depth and roll coordinates with values 0.1 mm and
0.15°, respectively. Computer modeling successfully predicted this precision with 11.3%
mean error. Correlation between in vivo target position (TP) and COP was above 0.73 with
COP generally demonstrating larger excursions oscillating around TP. Power spectral
analysis of TP revealed 99% of the signal was bound below 1.1 Hz matching expectations
for COM. The new complementary measurement method enables identification of
postural control strategies and as a result more complete analysis. Stereo vision is
a useful complement to typical force plate equipment. The system presented here is
inexpensive and convenient demonstrating potential for routine use in clinic and research.
In order to use this system in clinic, future work is required in interpretation of this system’s
data and normal reference values must be established across gender and age in a healthy
population followed by values from patients with different pathologies.

Keywords: posturography, sway, stereo vision, center-of-pressure, center-of-mass

INTRODUCTION

The assessment of human postural control is an important outcome in clinic and research for
evaluation of falls risk and identification of specific balance disorders (1). During quiet standing
tasks, maintenance of a stable center-of-mass (COM) within a limit of stability is achieved by
shifting the body’s center-of-pressure (COP) based on multisensory input from visual, vestibular,
and proprioceptive systems among others (2, 3). While there are mechanisms within the central
nervous system to compensate for irregular sensory function, well-established methodology,
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such as the Romberg test, can identify abnormal systems by
stressing the postural control systems (4). Thus, posturography
can be used to differentiate the contribution of the visual,
vestibular, and proprioceptive systems to a patient’s balance.
Posturography when coupled with a platform with apliable (e.g.,
foam) surface or a moveable platform can provide a functional
test of vestibular function alone. For example, when the platform
has a foam surface or sways to take away proprioception and the
subject has their eyes closed, or when the platform sways and
the visual surround moves with it so that proprioception and
visual cues should be ignored. Although posturography cannot be
used to localize a vestibular lesion there is a correlation between
COP/sway and gaze velocity (a measure of visual stability
mediated by the vestibulo-ocular reflex), i.e., COP/sway and
gaze velocity is greater in patients with vestibular hypofunction
compared to control subjects (5-7). Also, studies measuring gaze
stability during balance perturbations delivered directly to the
body show an inverse correlation between gaze fixation (larger
is better) and latency to step (shorter is better, implying better
postural stability) (8).

Computerization of these posturographic tests became
prominent in the 1980s and employed a variety of technologies
including: EMG, force plates, potentiometers, computer vision,
wearable inertial sensors (accelerometers and gyroscopes), and
electromagnetic trackers (1, 4, 9). To date postural control is
most often evaluated using force plate measured COP as this
methodology is sensitive to small changes in the subject’s ability
to balance, produces real-time results, and is both inexpensive
and convenient (4, 10, 11). COP is a 2D variable, related to
ankle torque, which provides insight into the subject’s postural
control mechanisms; however, it does not directly measure
COM stability, the actual outcome of those mechanisms (12).
While there are many successful methods for estimation of
COM based on COP they are not widely adopted as they
can be prone to error (10). It would instead be preferable
to have a direct measure of sway trajectory complementary
to COP which is convenient for measurement in routine
practice.

The goal of this work is to create a system which captures
the complete 6D motion of a body for posturographic testing.
This system should be both inexpensive and convenient to
implement and use. Stereo vision systems offer an appropriate
solution; in fact, they are already well established in the study
of gait and posture (13-16). However, their implementation
often suffers from a lack of specialization, instead making use
of expensive, one-size-fits-all commercial systems which need to
be customized. They also frequently require the placement of
many markers on the body which is time consuming and not
ideal for routine use (4). There is a huge variety of affordable
camera technology and code libraries specifically for calibration
and implementation of computer stereo vision (17). In this work
we take advantage of these resources to implement and validate a
stereo vision system specifically for static posturography which
is easy to use and, when used in complement to force plate
measures, provides a more complete analysis of postural control.
We present this implementation step-by-step from theoretical
foundations to equipment validation. To date we are unaware of

any other publication which covers these topics in such detail for
static posturography.

MATERIALS AND METHODS
Theory

We developed a stereo vision system able to track a rigid body’s
6D motion. The rigid body (or target) comprises three markers.
Two cameras whose relative position and orientation are known,
observe the same marker. By locating the marker’s centroid in
each 2D image plane the marker’s 3D position centroid may be
calculated relative to a predefined coordinate system. By tracking
the three markers attached to the rigid body, the bodys 6D
position and orientation may be calculated by determining the
linear transform which aligns the paired marker centroids from
one frame to the next.

Marker Centroid Calculation

We begin with a classic camera model which maps a 3D
point onto a 2D image plane using homogeneous coordinates.
Homogenous coordinates allow operations such as rotation,
translation, and perspective projection to be combined into a
single matrix multiply operation (18); their use here greatly
simplifies the mathematics involved. The mapping between
R® Cartesian coordinates and R* homogenous coordinates is
[x ¥ z] < [x SwWy - wz - ww] where w is a scaling factor. The
classic pinhole camera model follows:

x
: y
11/ =C-E-w . (1)
1
Where:
E= [R| T] (2)
fu Sk Pu
C= 10 f, p» (3)
0 0 1

Cartesian coordinates: x, y, and z are mapped to image plane
coordinates: u and v by first transforming them to homogeneous
coordinates with scaling factor w. Next the cameras extrinsic
matrix E brings the coordinate frame to that of the camera’s point
of view, requiring the augmentation of a rotation (matrix R) and a
translation (vector T') (19). Finally the camera’s intrinsic matrix C
projects the marker’s homogeneous coordinates onto the camera’s
image plane. C’s elements are: horizontal and vertical focal length
fu and f,, respectively; horizontal and vertical principal point
(focal center) coordinates p, and p,, respectively; and camera
skewness s (19).

A stereo vision system uses two such camera models observing
the same 3D point, for instance, a marker centroid. Assuming the
system is calibrated each cameras intrinsic and extrinsic matrix
is known leaving a system of six equations with five unknowns,
solvable for the observed centroid’s coordinates.

A typical solution applies image rectification, a process which
reprojects captured images onto a common image plane. As
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part of this process virtual camera models are defined such that:
intrinsic skewness is zero; both horizontal and vertical focal
lengths are equal and the same across cameras (f); the cameras’
principle axes are aligned; and, assuming a horizontal stereo
configuration, their optical center is offset only horizontally,
i.e,, along the baseline (Ty). Operating in this new, virtual
image plane, the camera models may be written as follows.
Numeric subscripts 1 and 2 designate the left and right camera,
respectively; the left camera is used as reference.

ui f 0 ul 0 x
vil=|0Ffp 0 g (4)
1 0 0 1 0
1
X
uz fOPuZ Tx'f y
n|=|0sfp o ||’ ©
1 00 1 0 1

The solution to Equations (4) and (5) for centroid position (x,
¥, 2) is Equation (6) below where horizontal disparity (1 — u;)
is mapped to the homogeneous coordinates of the viewed 3D
position by reprojection matrix (or Q-matrix) Q (20).

X ui
V| _ V1
wlo|=Q - uy (6)
1 1
Where:

10 0 —pu
01 0 —py
0 0 _TLX Pul’;xpuz

Application of Equation (6) requires a calibrated system whose
image rectification transforms and Q-matrix are known. In
practice this information is gathered in a single calibration
process where the stereo vision system is presented with multiple
views of a known calibration pattern, typically a checkerboard
or grid of dots. Since the pattern geometry (planar pattern, grid
interval, size, etc.) is known a robust solution for each camera’s
intrinsic and extrinsic matrices as well as any non-linear image
distortion can be estimated from the captured images. There are
multiple algorithms available which perform this estimation, a
good summary of which is provided by Dubrofsky (21). From
this individual camera information, rectification transforms, and
their corresponding Q-matrix can be calculated (20).

Target Position and Orientation Estimation

A minimum of three non-collinear points are required to
determine the orientation of a 3D rigid body. The change in
position of these three points from one frame to the next is used
to calculate the change in both position and orientation of the
rigid body. We use a rigid body consisting of an L shaped marker

pattern where a marker is placed in the bend (M2) and at each
end point (M1 and M3) of the L (see Figure 1B).

We define target position (TP) as the translation of marker 2
from an initial reference frame to the current frame:

P=M — MZref (8)

In order to calculate the orientation of the target a minimum of
three non-planar vectors are required to form a basis. As the rigid
body rotates, so does the basis. We defined the basis vectors:

X4, Marker I’s position vector subtracted by Marker 2’s
position vector;

Xp, Marker 3’s position vector subtracted by Marker 2’s
position vector; and

XC =X A X XB.

By defining marker 2 as the origin we isolate the rotational
component of the motion.

The orientation of the object can then simply be defined as the
rotation matrix which rotates the initial basis to the current basis
(22):

R=[X4 X Xc]-[Xa Xz Xc],ef )

We decompose this rotation into a set of Fick Euler angles
(rotation sequence: roll—y, pitch—¢, and yaw—6) using
the following conversion formula where numeric subscripts
designate individual elements of rotation matrix R (23).

R3; Rs3
v atan2 (cos(— asin (R31)) * cos(—asin (R31)) >
6| = — asin (R31) (10)
0 Ry Ry
atan2 (cos(— asin (Rs1)) > cos(—asin (Rs1)) >

Implementation

Our stereo vision system consists of two monochrome cameras
(BFLY-PGE-13E4M-CS, PointGrey, Canada) externally triggered
with a microcontroller (MK20DX256, NXP Semiconductors,
Netherlands) to capture simultaneous 640 x 512 pixel resolution
frames at 100 Hz. Each camera has a lens (12VM412ASIR,
Tamron, Japan) adjusted to a focal length of 6.9 mm with an
IR low pass filter (R5000212478-15188, Edmund Optics, USA)
mounted externally. These cameras are ceiling mounted at a
height of 2,275 mm with a baseline of 870 mm and a vergence
angle of 54°. This configuration views the specified measurement
volume, see Table 1 and Figure 1C.

The target consists of a 3D printed, ABS plastic body which
has a compartment for some minor electronics and a 55mm L
shaped pattern on top with recesses for each marker. A spherical
marker is fixed at the bend and each endpoint of the L pattern
(Figure 1B). These markers are white, semi-opaque, 12 mm
diameter, Acetal plastic ball bearings (BL-01200-AC, Miniature
Bearings Australia, Australia). Markers are backlit with IR LEDs
(TSHF6410, 890 nm, Vishay Semiconductors, USA). This choice
of spherical marker and backlighting produces bright circular
disks in the image plane which are easily tracked and whose
COM corresponds to the same 3D marker centroid in both
image planes. The target is mounted on a stiff pivot joint and
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FIGURE 1 | System implementation. (A) A subject wearing a shoulder brace with incorporated stereo vision target attached by a stiff pivot joint. The system’s two
cameras are mounted above the subject’s left shoulder. The coordinate frame is aligned such that: the z axis is vertical, the x axis is horizontal and aligned with the
stereo vision baseline, and the y axis is perpendicular to x and z. The subject is positioned with their anterior, left lateral, and superior directions aligned with the x, y,
and z axes, respectively. (B) Top view of the stereo vision target. Markers M1, M2, and M3 are affixed in an L pattern on the target’s top surface with 55 mm spacing.

1,370 mm. It is a sub-volume of the viewable volume.

Vector Xy is the difference between the position of M2 and M1. Similarly vector Xg is the difference between the position of M2 and M3. Vector X is the cross
product of X4 and Xg. (C) The volume viewable by both of the system’s cameras in the yz plane (left diagram) and the xz plane (right diagram). Posturographic
measurements are taken from the labeled measurement volume which is a cube with 400 mm sides aligned with the system’s axes and centered at a height of

incorporated into a shoulder brace (538CP Shoulder Support, LP
Support, USA). The brace is strapped firmly around the subject’s
upper arm and torso so that it moves rigidly with the subject, see
Figure 1A. The pivot joint allows an operator to adjust the target
to approximately face the stereo vision system.

Our stereo vision system is controlled through a custom
user interface written using NI LabVIEW 2014 SP1 f3 and

NI Vision Development Module 2014 SP1. Calibration was
performed using LabVIEW’s stereo calibration example program.
The calibration pattern used was a flat grid of 15 x 12 black
dots on a white background with 26.4mm dot spacing and
13.5 mm dot diameter. This provided: intrinsic, C, and extrinsic,
E, camera matrices as well as the reprojection matrix, Q, and
image rectification transforms. Captured images were rectified as
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TABLE 1 | System specifications.

Parameter Specification Source

Bandwidth 0.01-10Hz Expected bandwidth of posturographic

motion (24)
100Hz Recommended rate based on the
degradation of typical posturographic

parameters when subsampling signals (24)

Sampling
frequency

400 mm cube at
1,370 mm height

Measurement
volume

This cube encompasses the 95th male
percentile and 5th female percentile
shoulder height, 1,525 and 1,215 mm,
respectively, and is centered between the
two (25). The cube is wide enough to
encompass the typical limit of stability
(LOS), 196 mm, observed in young healthy
male subjects [LOS = 1525 mm*
tan(7.34°) = 196 mm] (26)

This position resolution is equal to the
standard deviation of the absolute values
of the test-retest difference of COP range
over 10 sessions and 10 subjects. Data is
collected from healthy subjects standing
on a solid surface (27). Such resolution
should minimally impact measurement
noise

Position 4.2mm

resolution

0.2° This orientation resolution is calculated
from the position resolution by assuming
an inverted pendulum sway model and
worst case (minimum) subject height equal
to 1,215 mm (5th female percentile
shoulder height). [Orientation Resolution =

(180°* 4.2 mm)/(* 1,215 mm) = 0.2°]

Orientation
Resolution

per calibration; such that Equation (6) could be used to calculate
the position of marker centroids. Captured images were then
low pass filtered (each pixel’s intensity was set to the average of
the surrounding eight pixels) to reduce the random noise arising
from the image sensor electronics.

Markers were identified in each image by searching for their
key defining features, specifically markers are: bright, of a certain
size, round, and slow moving. After low pass filtering, images
were intensity thresholded to keep only the brightest image
segments; this separated the markers from their background
and reduced the complexity of further image processing. The
resulting, bright image segments were then filtered by their: area
(number of pixels) keeping only those segments which were the
expected size of a marker; and their Heywood circularity (28),
keeping only those segments which were sufficiently round to be a
marker. The remaining segments’ centroids were then calculated
using a COM algorithm (28). Finally, segments were identified
as markers in one of two ways. First-time execution identified
markers by looking for the target’s known L-shaped pattern; an
operator could repeat this first-time execution whenever they
deemed the images to be suitable for such identification (i.e.,
when there were few artifacts or cluttering segments). Subsequent
execution identified markers by finding the segments which
would result in the smallest marker movement; each permutation
of paired segments and last known marker centroids were
compared and the permutation with the lowest cost (defined

as the summed straight-line distances between current potential
marker centroids and the known prior marker centroids) was
selected.

Having identified the marker centroids in each image plane
the 3D marker positions were calculated using Equation (6) and
stored as the current basis. The reference basis was manually
selected from some prior time. Given the reference basis and the
current basis the target’s position (Equation 8) and orientation
(Equation 10) were calculated for each frame and saved to disk.
Prior to analysis the target’s position and orientation signals
were low pass filtered with a 10Hz, 10th order, zero-phase,
Butterworth filter keeping the signal’s bandwidth as per Table 1
and reducing high frequency noise.

System Modeling

The stereo vision system was developed and tested in a
temporary environment. A key aspect of its development was
modeling the expected measurement precision. Such modeling
gave confidence in system performance prior to installation and
in-place validation. All modeling was performed using MATLAB
R2016b.

The law of error propagation maps the uncertainty of
independent variables to the uncertainty of dependent variables
(29). It forms the foundation of our modeling approach and can
be written as follows for a linear system approximation (30).

Ap=]() - As - J®T (11)
Here: A, and Ap are the covariance matrices of independent
variables and dependent variables, respectively; X is the system
model defining the relationship between independent and
dependent variables; and J (x) is the Jacobian of x with partial
derivatives taken with respect to the independent variables.

Application of the model requires quantification of the
uncertainty on the model’s inputs, and repeated calculation of
the expected uncertainty of the system’s outputs given the variety
of situations we reasonably expect. We performed modeling
as a two-step process first simulating the precision of the
measurement of a single marker’s position (equivalent to the
target’s position) and then secondly simulating the precision of
the measurement of the target’s orientation.

When simulating position measurement the model (x) is
Equation (6). This has independent variables: u;, u;, and v
comprising the centroids of a marker in rectified image space;
and dependent variables: x, y, and z. The uncertainty in marker
centroids is typically dominated by quantization uncertainty
and in the absence of further details is often estimated as a
standard deviation equal to 0.5 pixels (30). Other application
specific estimates can be found in literature, for instance
for fiducial localization (31, 32) or edge detection (33, 34).
We bypassed such estimates and measured input uncertainty
directly in order to produce a more accurate system model. We
measured the centroid of one marker over 10s at the closest,
central, and furthest distances expected for our application
(700, 900, and 1,100 mm, respectively). The average centroid
variance was 0.001819 pixels?. Assuming no covariance between
centroid coordinates we substituted this variance into A, and
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determined an expression for A using MATLAB’s symbolic
expressions. This expression is dependent upon marker centroid
coordinates which can be determined for any marker position
using Equations (4) and (5). The estimated uncertainty of x,
¥, and z was then calculated for each marker position in a 3D
grid matching the measurement volume (Table 1) with 100 mm
spacing.

When simulating orientation measurement the model (x) is
Equation (10). This has nine independent variables: the x, y, and z
coordinates of the three target markers; and dependent variables:
¥, ¢, and 0. The expected uncertainty of the marker position
coordinates can be substituted directly from the prior position
measurement simulation. Assuming no covariance between these
coordinates we substituted into A, and determined an expression
for Ar using MATLAB’s symbolic expressions. The expression
is dependent upon the 3D marker positions which can be
determined by rotating a horizontal reference model matching
the target’s dimensions. The estimated uncertainty of ¥, ¢, and
0 was then calculated for each target orientation in a polar grid
with range £20° in each axis and 10° spacing.

System Validation

The goal of system validation is to provide accuracy and
precision statistics regarding the measurement of TP and
orientation. Although precision is easily quantified through
repeated measures, accuracy can only be obtained by comparing
measurements to a reference. We used equipment that manually
controlled the position and orientation of the target to provide
this reference. Horizontal TP was controlled using a grid with
1 mm increments. This grid was mounted on a vertical sliding
axis for depth control. Target orientation was controlled using a
manual 3D gimbal with 1° increments.

The accuracy, trueness, and precision of the system’s
measurement of TP were evaluated by translating the target using
the sliding grid. The target was sequentially fixed at points in
the grid pattern matching the system’s measurement volume, a
400 mm cube centered along the baseline at a depth of 900 mm.
Using 100 mm grid spacing 125 fixation points were defined.
Each position was held for 1s providing 100 observations per
position. Prior to evaluation a reference target was measured at
the center of the cube to define the coordinate frame from which
relative translations were measured. This was orthogonalized
using the Gram-Schmidt process and aligned to the coordinate
frame with a slight rotation. Errors for each xyz component
of position were defined for each observation as the difference
between the grid location and measured marker position. The xyz
accuracy of each observation was defined as the absolute value of
the errors. The accuracy, trueness, and precision of each fixation
point were then defined as the mean accuracy, mean error,
and error standard deviation, respectively, of all observations
corresponding to that fixation point. Finally the typical accuracy,
trueness, and precision of any subset of the measurement volume
were defined as the median accuracy, trueness, and precision of
the fixation points within that subset. Subsets taken included:
all fixations, to provide a measure of typical performance; and
horizontal grid levels, to provide a performance trend with
increasing depth.

The accuracy, trueness, and precision of the system’s
measurement of target orientation were evaluated by manually
rotating the target using a gimbal. The target was fixed in a 3D
polar grid pattern which spanned 420° about each axis and used
a spacing interval of 10°. The gimbal was translated vertically
to the closest, central, and furthest depths in the measurement
volume (700, 900, and 1,100 mm, respectively). Evaluating the
polar grid pattern at each of these depths defined a total of
375 orientations. Each orientation was held for 1s providing
100 observations per orientation. Prior to evaluation of each
polar grid pattern a reference target orientation was defined
from which relative orientations could be determined. This
reference target was centered along the baseline and oriented
such that its markers lay in a horizontal plane facing the system’s
cameras. For each observation the 3D rotation (difference
rotation) between the measured orientation and the polar grid
orientation was determined. Errors for each observation were
defined as the Euler Fick angles of this difference rotation. The
P @B accuracy of each observation was calculated as the absolute
value of the errors. The accuracy, trueness, and precision of
each orientation were calculated as the mean accuracy, mean
error, and error standard deviation, respectively, of the 100
observations corresponding to each orientation. Finally the
typical accuracy, trueness, and precision of any subset of these
orientations were defined as the median accuracy, trueness, and
precision of that subset. Subsets taken included: all orientations,
to provide a measure of typical performance; all orientations
at each depth, to provide a performance trend with increasing
depth; and orientations pooled by rotation purely about each axis,
to provide a performance trend with changing target orientation.

In Vivo Validation

Participation in this study was voluntary and informed written
consent was obtained as approved by the University of New
South Wales Human Ethics Committee.

To provide insight into the benefits of a complementary stereo
vision—force plate system an in vivo validation was performed.
A custom z-axis force plate was used to capture vertical ground
reaction forces at 100 Hz. The force plate consisted of a 450 x
450 mm steel plate supported by load cells in each corner (Xtran
SIW 750N, Applied Measurement Australia, Australia). From
these ground reaction forces the subject’s instantaneous COP was
calculated (35). COP was then filtered to match the stereo vision
system with a low pass 10 Hz, 10th order, zero-phase, Butterworth
filter.

One subject (male, age 69) with left sided superior vestibular
neuritis (onset 8 months prior to assessment in this study), as
confirmed by a Neurologist (clinical assessment upon referral
included: Romberg test positive on foam, video head impulse
test on horizontal canals [right canal gain = 0.76, left canal
gain = 0.5 with a volley of overt refixation saccades 120-150 ms
after head impulse onset], no observed spontaneous or positional
nystagmus, no observed gait difficulty), was simultaneously
recorded with the force plate and the stereo vision system.
Recordings included capture of a shared external trigger which
was used to synchronize each data time series. The subject stood
on a foam surface (to limit proprioceptive input and increase the
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balance challenge) with their feet together and arms crossed for a
period of 20 s under two conditions. The first condition required
the subject’s eyes to be open (predominantly visual and vestibular
input) and the second required them to be closed (predominantly
vestibular input).

Stereo vision was compared to COP by extracting the stereo
vision target’s x and y position data. System correlation was
assessed using Spearman’s correlation coefficient. In the time
domain, data was assessed using traditional posturographic
parameters: path length, the total distance traveled by a point; and
the range of x and y position. Frequency content was assessed by
computation of the power spectral density (PSD) of each signal by
Welch’s method followed by calculation of the frequency below
which 99% of the power spectrum is contained (referred to as
199) (36).

RESULTS

System Performance

Typical performance was estimated by summary statistics of
trueness, accuracy, and precision of position and orientation
measures calculated from the complete 375 validated positions
and orientations. Performance mean and standard deviation
is presented in Table 2. Performance five number summaries
(median, 1st, and 3rd quartiles, maxima, and minima) are
presented as box plots in Figure 2. These box plots provide
a detailed view of typical performance and the spread of that
performance across the measurement volume. We use the
median as a measure of performance rather than mean because
it is more robust to outliers.

Median measurement trueness is within 0.4 mm and 0.23°
for each coordinate; however, a wide interquartile range
demonstrates a large spread of measurement trueness across
possible target positions and orientations. Measurement accuracy
thus better demonstrates the typical error expected on a given
datum with median accuracy <l.Ilmm and <0.8° for each
coordinate. Accuracy positive skew is due to its calculation as
the absolute value of errors. Measurement precision is a good
estimate of noise and possible measurement resolution, median
precision is <0.10 mm and <0.14° for each coordinate.

System modeling gave an estimate of system performance
prior to installation and validation. modeling was performed
across 375 TP s and orientations matching the validation
procedure and the measurement volume. Modeling results
were summarized by: mean and standard deviation presented
in Table2; and median presented in Figure2. The mean
difference between modeled and validated precision was 11.3%
with modeling always underestimating the validated result. The
minimum 1.7%, and maximum 18.5%, differences occurred in
the y and z coordinates, respectively.

Effect of Target Depth

The effect of target depth on measurement precision was
investigated by calculating the mean and 95% confidence interval
of precision data pooled by test depth. At each depth there were
a total 75 positions and 125 orientations. Precision trends plotted
against depth are presented in Figure 3. Measurement precision

of z, ¥, ¢, and 0 demonstrated the strongest linear trends (R?
> 0.97) with precision worsening with increasing depth. The z
coordinate had the most pronounced depth trend of the position
coordinates with slope equal to 0.00014 mm/mm. Trends for x
and y also had a strong linear fit (R> = 0.82 and R? = 0.735,
respectively) but had near zero slope i.e., <0.00004 mm/mm. The
¥ and ¢ coordinates have the most pronounced depth trend of
the orientation coordinates with equal slope 0.00026°/mm. The
0 coordinate is affected by depth approximately half as much as
Y and ¢ with slope equal to 0.00011°/mm.

Effect of Target Orientation

The effect of target orientation on orientation measurement
trueness was investigated by calculating the mean and 95%
confidence interval of trueness data pooled by orientation
displacement. Only target orientations due purely to rotation
about a single axis were considered, other data was discarded.
At each orientation a total of three measures contributed from
each of the three tested depths. Orientation trueness trends
are presented in Figure 4. For clarity, only the data regarding
measurement of the changing coordinate is shown.

Changing v most affected the measurement trueness of v (R?
=0.90, Trueness = 0.055 + 0.043v/), ¢ and 6 were comparatively
unaffected (R* < 0.52, slope < 0.010°/°). Changing ¢ most
affected the measurement trueness of ¢ (R> = 0.95, Trueness =
0.244-0.046¢); although, both ¥ and @ were also affected (R?
= 0.79, and R? = 0.58, respectively; slope < 0.03°/°). Changing
0 did not significantly affect trueness in any coordinate, most
affected was ¢ (R*> = 0.76, Trueness = —0.070-0.0120), other
coordinates exhibited almost no effect (R*? < 0.42, slope <
0.009°/°).

Orientation error measured as a percentage of actual target
orientation can be extracted from the slopes of these linear
regression fits. Regarding the data belonging to the changing
coordinate, orientation error was: 4.3% in ¥, 4.6% in ¢, and 0.9%
in @; although, the fit for 6 is poor (R* = 0.417).

In Vivo Methods Comparison

A single subject’s force plate measured COP and stereo vision
measured x and y (TP) were collected over 20 s while standing on
a foam surface under two conditions: eyes open, and eyes closed
(Figure 5). The two system’s time series data were well correlated
under both conditions (Spearman’s, p; = 0.87 and p, = 0.73).
COP contained a broader power spectrum (f99; = 3.42 Hz, {99,
= 3.52Hz) compared to TP (f99; = 1.07 Hz, {99, = 0.97 Hz).
The broader power spectrum contributed to a longer path length
in COP (path; = 832 mm, path, = 3,176 mm) compared to TP
(path; = 350 mm, path, = 1,778 mm). Each system’s position
range was similar during the eyes open condition (rangecop
= [43 mm, 47 mm], rangeTp [44 mm, 43 mm]) but differed
significantly during the eyes closed condition (rangecop
[128 mm, 189 mm], rangerp = [303 mm, 327 mm]). There is a
clear change in behavior during the 6.5 to 10s interval in the
eyes closed condition. Removing this interval, the eyes closed
condition no longer shows such a significant difference between
system’s position range (rangecop = [109 mm, 149 mm], rangerp
= [144 mm, 122 mm]). Both systems demonstrated an increase
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TABLE 2 | Typical performance results of target position and orientation measurement from validation and modeling.

Performance measure Position (mm) Orientation (°)

X y z v ¢ 0
Trueness —0.3710 &+ 0.3494 0.0682 + 0.7404 —0.3483 + 1.3883 0.1623 + 1.2318 0.1412 £ 0.7750 —0.2342 + 0.8711
Accuracy 0.4244 + 0.2821 0.6017 + 0.4361 11778 £0.8114 0.7418 £ 0.7657 0.9747 £ 0.5111 0.6277 £ 0.8711
Precision 0.0449 + 0.0141 0.0567 + 0.0206 0.0955 + 0.0338 0.1492 + 0.0559 0.1412 £ 0.0306 0.0918 + 0.0566
Modeled precision 0.0384 + 0.0062 0.0530 + 0.0084 0.0779 £ 0.0239 0.1182 + 0.0048 0.1155 £ 0.0030 0.0783 + 0.0023

Typical performance measures are presented as mean =+ standard deviation data across all tested positions and orientations.
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FIGURE 2 | Results of validation and modeling evaluated over the whole measurement volume. The top and bottom rows plot measurement trueness (left column),
accuracy (middle column), and precision (right column) for position and orientation, respectively. Validation data of each coordinate are represented as a box plot. The
central line of each box plot indicates the median of its data, the top and bottom edges indicate the 1st and 3rd quartiles, respectively, and the whiskers represent the
minimum and maximum datum excluding outliers. Outliers (datum further than 1.5 times the inter quartile range from the 1st and 3rd quartiles) are drawn as open
circles. Median modeled precision is overlayed on each box plot as a filled square.
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FIGURE 3 | Precision depth trends. The left figure plots position measurement precision against target depth. The right figure plots orientation measurement precision
against target depth. Error bars represent the 95% confidence interval of each datum. Linear trend lines are plotted for each data series.
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FIGURE 4 | Orientation trueness plotted against target orientation. Pure rotations about the roll axis (left figure), pitch axis (middle figure), and yaw axis (right figure) are
shown. Error bars represent the 95% confidence interval of each datum. Trend lines are plotted for the measurement trueness corresponding to each figure’s primary

in task difficulty from the eyes open to the eyes closed condition
with an order of magnitude increase in the path length and
position range parameters.

The change in behavior during the 6.5-10s interval reflects
a change in balance strategy due to sudden imbalance. In the
x (anterior-posterior) direction at 6.5s the subject pressed hard
with the front of their foot as shown by the COP data. This
shifted their COM back such that COP was directed through
the subject’s heel, shown by the flat oscillation between 7.5 and
9s in COP data. While the subject’s COP was directed through
their heel the subject’s trunk continued backwards until they were
able to regain postural control by pivoting forwards at their hips
during the 8-9 s period as shown by the TP data. This backward
and then forward trunk motion and inferred hip pivot response
was captured by the complementary stereo vision—force plate
system. It would have been missed had either of these systems
not been present.

In the same period of instability a change in balance strategy
is also observed in the y (mediolateral) direction. Ordinarily
the subject’s body acts approximately as an inverted pendulum
since their feet are together. However, at 8s the subject loads
their left foot heavily, unloading their right foot (as seen in the
leftwards COP data) and simultaneously shifts their shoulder
rightwards (as seen in the TP data). As a result the subject acts
as a double inverted pendulum and they are able to control their
COM by applying torque both with their ankles and hips. Again
this change in posture and control strategy would not have been
captured without the complementary system.

DISCUSSION

The developed stereo vision system is able to measure target
position and orientation within the specifications required for
posturography. Position measures are, at worst, precise to 0.1
+ 0.04mm and orientation measures are, at worst, precise
to 0.15 + 0.06°. However, there is systematic inaccuracy
which, depending on the coordinate, typically contributes 0.4-
1.1 mm position error and 0.5-0.8° orientation error. Modeling

closely predicted system precision (mean error = 11.3%) but
did not model systematic error. In vivo comparison between
force plate measured COP and stereo vision measured xy TP
demonstrates good correlation (Spearman’s, p > 0.73) in the
time series data. Comparable in vivo parameters show similar
changes between conditions for both systems. During periods
of instability the complementary stereo vision—force plate
system provided additional insight to the subjects posture and
control.

We followed an affordable approach to stereo vision and in
keeping with this methodology we used manual equipment for
validation rather than expensive, highly accurate robotic (37),
or vision systems (38). As such we expect that a significant
portion of the quoted positional inaccuracy is contributed
by the validation equipment and is not actually inherent
to the stereo vision system. Equipment gradation creates an
imperfect reference contributing an unpredictable bias to each
measured error. The sliding grid's 1 mm position gradation
and the gimbal’s 1° orientation gradation are expected to have
contributed up to 0.5mm position error and 0.5° orientation
error in each coordinate. Had a more accurate reference
been used in validation remaining systematic error could
have been corrected by a model. Nevertheless the reported
inaccuracy is small as compared to force plate errors which
have been reported up to £30 mm (35). Therefore, we consider
the affordable approach taken here to be suitable for this
application.

The trend of position measurement precision worsening with
increasing depth is a well-known phenomenon of stereo vision
systems as is the fast rate of precision decline in the depth
measurement itself (39). It follows that any orientation measure
based on such position measurements would also have worsening
precision due to error propagation and it is unsurprising that the
orientation coordinates most dependent on a depth measure ()
and ¢ would be the most affected.

It is surprising that there is a strong relationship between
target orientation error and target orientation. This effect is not
significantly observed in pure 0 rotations but contributes up to
5% error in the ¥ and ¢ coordinates. This is due to the target
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FIGURE 5 | /n vivo method results for one subject tested while standing on a foam surface under two conditions: eyes open (top half), and eyes closed (bottom half).
Force plate recorded COP results and stereo vision recorded target position (TP) results are rendered in gray and black, respectively. Time series (left column) for each
condition are split into x (top graph) and y (bottom graph) coordinates. Power spectrums (right column) estimate the distribution of power among the time series’
frequency components; each time series’ f99 parameter (the frequency below which 99% of the signal’s power is contained) is overlayed as a vertical dashed line.

design. The intention of the target’s spherical markers was to
produce circular image segments whose centroids corresponded
to the markers exact 3D centers. However, due to the beam
pattern of the infra-red backlighting, it was observed that instead
elliptical image segments were produced when the target was
tilted away from each cameras optical axis. These elliptical
segments became increasingly eccentric the further the target
was tilted. This contributed error in two ways: first, given each
camera had a separate point of view, their image segment
centroids no longer corresponded to the same 3D location which
produced a mismatch and violated the assumptions made for
accurate position estimation; second, since this elliptical pattern
changed with tilt, the same 3D point is not necessarily tracked
between frames which resulted in under or overestimation of
target movement. This suggests the more common passive target
design utilizing reflective markers and global lighting would be
more accurate at large target angles. However, external lighting
can create complicated scenes in the presence of unanticipated
reflective objects which increases measurement setup complexity
and time. Our approach prioritizes easy setup and the observed
backlighting effect could be minimized with an improved
target design. Such a design would reduce the directionality
of the LEDs and position them at the center of the spherical
markers.

While considering system design it is worth exploring the
possibility of including redundant markers on the target and

also the trade-offs between the simple solution presented here
and other more complex solutions for target position and
orientation estimation. The approach presented here is by far
the simplest, three markers is the minimum required for 3D
orientation calculation, and a minimum of one marker (M2)
is used to define 3D TP. However, this minimal approach
does cause problems when markers are occluded; when any
marker is obscured orientation information is lost, similarly if
M2 is obscured position information is lost. Without altering
hardware design a marginally more robust solution for TP
may be defined as the mean marker position. Then given any
combination of visible markers a TP is defined. Unfortunately the
mean position changes depending on the set of visible markers
creating discontinuities and confusing data. Another method
of position estimation is the calculation of the instantaneous
center of rotation (COR) of the target using all three markers
(40). In a rigid body the COR is unambiguous avoiding the
confusion created by the mean position option. It also removes
the influence of rotation on the position estimate, i.e., markers
can translate during pure target rotations (41). With only
three markers COR is a less robust solution; however, with
additional redundant markers COR can be calculated from any
set of three markers protecting from data loss as a result of
occlusion. In fact with more than three available markers the
most representative COR can be selected or solved by least
squares giving the system an inherent robustness to noise and
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outlying estimates (42). Target orientation estimation would
similarly benefit from the addition of redundant markers as a
best fit solution could be chosen from multiple three marker
estimates. However, in this application COR does have some
important flaws: in the presence of small rotations, as is the
case in static posturography, COR is extremely susceptible
to noise (43); in this case we also expect COR to simply
correspond the position of the subject’s ankles and not their
COM since, assuming they have adopted an ankle strategy, this
is the position they are rotating about. For these reasons COR
was not used for this application. Multiple markers were also
determined to be unnecessary as they were rarely occluded,
nevertheless in more challenging environments they would be a
good addition.

It has been shown that during quiet standing tasks, points
affixed to a subjects body have proportional movement (16).
Considering a subject's COM as such a point it is expected
that stereo vision measured TP would be proportional to
COM when the target is affixed to the subject’s shoulder. Our
in vivo results indicate that this is the case. In the quiet
standing task COP must oscillate about COM to maintain
balance (3); our data demonstrated COP oscillation about
TP. In gross movements COP must shift in the direction of
COM movement to counteract the body’s momentum; our data
demonstrated this with a good positive correlation between
COP and TP in both the x and y coordinates (Spearman’s,
p > 0.73). Finally COM is composed of frequencies below
1Hz since the human body acts as a mechanical low pass
filter (44); we measured the TPs power spectrum which
matched this frequency range (f99 < 1.1Hz). Stereo vision
measured TP can therefore be used as a reasonable estimate
of scaled COM in quiet standing tasks when stability is
maintained.

Both stereo vision and force plate systems were able to detect
the increased task difficulty between the eyes open and the eyes
closed conditions. This challenge was demonstrated by the order
of magnitude increase in traditional posturographic parameters:
path length, and position range. However, a more complete
analysis of the subject’s postural control could be determined by
considering the data captured by both systems in complement.
During the easier eyes open condition, COP (captured by the
force plate) simply oscillated about TP (captured by the stereo
vision system) which indicated that the subject was able to
maintain balance by using an ankle strategy. In contrast the
harder eyes closed condition necessitated a combined hip-ankle
strategy after the subject became unstable. Having reached their
limit of stability (as identified by the force plate) the subject
pivoted at their hips (as identified by the stereo vision system)
to maintain stability. This insight into employed strategy could
not be identified without the data from both the force plate
and the stereo vision system. Further parametric analysis could
therefore be based on adopted strategy rather than some assumed
strategy.

This study presents preliminary results for the developed
stereo vision system and its use in complement with a force
plate. In order to validate the use of this system in a clinical
setting further work is required to standardize the interpretation

of the measured sway including identification of postural
strategies, and parameterization of COM control for balance
assessment. Future work must also establish normal reference
values across gender and age in a healthy population followed
by an analysis of deviation from these reference values given
populations which different pathologies. Correlation was shown
between the developed stereo vision system and a force plate
in static posturography. This stereo vision system can be used
to measure sway while subjects stand on a platform with a
foam surface or a moving platform. With this configuration
the contribution of proprioception and vision to the vestibulo-
spinal response can be minimized to isolate the vestibular
contribution. COP/sway and latency to step during a balance
perturbation, via the platform or directly to the body, also
provide functional test measures of vestibular function. For
further clinical validation future work should correlate these
measures with other established optical systems followed by other
technologies including dynamic force platforms, inertial sensors,
and electromagnetic trackers.

CONCLUSIONS

A stereo vision system was developed to directly measure
6D human sway for static posturography. This approach was
inexpensive and made accessible by the abundant resources
available for stereo vision development. Preliminary results
show 3D position and orientation measures were precise to,
at worst, 0.1 + 0.04mm and 0.15 % 0.06°, respectively.
Computer modeling was able to predict this precision with
11.3% mean error. 3D position and orientation measures
were typically accurate to 1.1 mm and 0.8° in the worst case
coordinates: depth and pitch. In vivo comparison between
stereo vision measured position and force plate measured COP
demonstrated good correlation and both systems were able to
discern task difficulty. However, when used in complement,
balance strategy could be identified which could inform
further parametric analysis. Balance strategy could not be
identified with the data from only one system. This stereo
vision system coupled to a foam platform or a balance
perturbation system can be used to provide a functional
test of vestibular function. For clinical use, future work
must standardize balance assessment parameters, establish
normal reference values across gender and age in healthy and
pathologic populations, and investigate correlation with existing
systems.
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Functional Head Impulse Testing
Might Be Useful for Assessing
Vestibular Compensation After
Unilateral Vestibular Loss

Julia Sjégren*, Per-Anders Fransson, Mikael Karlberg, Mans Magnusson and
Fredrik Tjernstrém

Department of Clinical Sciences Lund, Faculty of Medicine, Skane University Hospital, Lund University, Lund, Sweden

Background: Loss of the vestibulo-ocular reflex (VOR) affects visual acuity during head
movements. Previous studies have shown that compensatory eye-saccades improve
visual acuity and that the timing of the saccade is important. Most of the tests involved in
testing VOR are made with passive head movement, that do not necessarily reflect the
activities of daily living and thus not being proportionate to symptoms and distresses of
the patients.

Objective: To examine differences between active (self-generated) or passive (imposed
by the examiner) head rotations while trying to maintain visual focus on a target.

Method: Nine subjects with unilateral total vestibular loss were recruited (4 men and
5 women, mean age 47) and tested with video Head Impulse Test (vHIT) and Head
Impulse Testing Device-Functional Test (HITD-FT) during passive and active movements
while looking at a target. VOR gain, latencies of covert saccades, frequency of covert
saccades and visual acuity were measured and analyzed.

Results: Active head-impulses toward the lesioned side resulted in better visual acuity (o
=0.002) compared to conventional passive head-impulses and generated eye-saccades
with significantly shorter latencies (o = 0.004). Active movements to the lesioned side
generated dynamic visual acuities that were as good as when testing the intact side.

Conclusion: Actively generated head impulses resulted in normal dynamic visual acuity,
even when performed toward the side of total vestibular loss. This might be attributed to
the appearance of short-latency covert saccades. The results show a strong relationship
between self-generated movements, latencies of covert saccades and outcome in
HITD-FT, i.e., a better dynamic visual function with less retinal slip which is the main
function of the VOR. The method of active HITD-FT might be valuable in assessing
vestibular compensation and monitoring ongoing vestibular rehabilitation.

Keywords: vHIT, DVA, vestibulo-ocular reflex, vestibular loss, vestibular rehabilitation
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Active Functional Head Impulse Test

INTRODUCTION

The vestibulo-ocular reflex (VOR) has an important function
in stabilizing gaze, i.e., keeping the visual target on the fovea
during movements of the head to maintain visual acuity (1).
After a chronic unilateral vestibular loss (uVL), the reflex is
impaired and can clinically be tested with the head-impulse
test (HIT). This bedside test is quick and easy to perform
and consists of a quick low amplitude rotation of the patient’s
head, stimulating the semi-circular canals in the plane of the
movement. When performed toward the side of the vestibular
lesion, the eyes will lag due to reduced vestibular input. This
will cause the gaze to follow the direction of the head, instead
of being locked on the target. When perceived, a corrective
saccade is generated, disclosing the impairment (2). Due to
central vestibular compensation however, the corrective eye-
saccade does not always follow after the head movement but can
start while the head is still moving. Such a saccade is impossible
to detect by the observer (3) but can be recorded with search
coils or video-oculography (1, 4). A saccade that occurs while
the head is still moving is defined as a covert saccade and a
saccade that occurs after the head has stopped moving as an
overt saccade (1, 5). Although the mechanism of covert saccades
is unknown, there are studies that suggest that the low latency
of covert saccades is triggered either by retinal slip (i.e., when
the image on the retina moves away from the fovea and is
thus not in focus (6), by somatosensory cues from the cervical
segment (7), by possible residual labyrinthine function, by other
cues that the head is about to or has just begun to rotate (8)
or by generated internal models (i.e., preformed saccades that
are triggered by certain movements with little or no feedback
information) (9).

Peripheral vestibular semi-circular canal function is
conventionally tested, by measuring the gain of the angular
VOR (aVOR). A reduced gain together with a corrective eye-
saccade is universally accepted as a sign of VOR hypofunction
(10). Vestibular function can also be evaluated with so called
“functional testing,” i.e., how well the aVOR performs with
respect to its goal of stabilizing gaze in space (11). Those tests
measure how well a subject acquire visual information during a
head movement and reflects the combined effects of VOR and
catch-up saccades on dynamic reading ability (12, 13). Due to
their short-latencies, covert saccades may in particular reduce
blurred vision (oscillopsia) and improve visual performance
(14). The test however is generally performed with passive head
movements, i.e., an examiner rotates the subject’s head. Most
movements in everyday life consist of active voluntary self-
movements which are also encouraged by the general concept
of vestibular rehabilitation, that invariably consists of training
the brain to an absent VOR. Thus, the main aim of this study is
to assess how well patients manage to maintain visual fixation
during active head movements.

METHODS
Subjects

Nine subjects (4 men and 5 women) with a mean age of 47
years (range 40-50 years), were recruited for the study: eight

with unilateral vestibular loss after translabyrinthine surgery for
vestibular schwannoma, with a mean time since surgery of 8 years
(range 1-16 years) and one with congenital unilateral vestibular
loss, probably due to an intrauterine cytomegalovirus infection.
The total unilateral vestibular loss was confirmed by bi-thermal
caloric tests, video head-impulse test of all six semi-circular
canals and cervical vestibular evoked myogenic potentials.

Ethical Approval

The experiments were performed in accordance with the Helsinki
declaration and approved by the local ethical board (Dnr
2016/32, EPN, Lund University, Sweden). All subjects gave their
written and informed consent prior to participation.

Experimental Protocol

The ability to maintain focus on a visual reference point while
performing fast rotational accelerations and decelerations of the
head in the horizontal plane were assessed in all subjects using
two methods. (1) The ability to control the eye movements so the
focus did not deviate from a fixed visual reference point during
fast accelerations and decelerations of the head, was assessed
using an Interacoustics video-head impulse test (VHIT) system
(EyeSeeCam version 1.2) (9). (2) The reading performance
during fast rotational accelerations of the head was assessed with
the Head Impulse Testing Device-Functional Test (HITD-FT)
(15). All procedures were performed by the same examiner.

VHIT Testing

The subject sat in an arm-less chair 1.5m in front of a white
wall facing an attached 3 x 3 cm blue marker placed at eye level,
which served as visual focusing point during the head movement
tests. The subject was instructed to keep focusing on the visual
target on the wall at all times during the investigations. In all
tests the same examiner stood behind the subject, then started
to impose manual fast rotational horizontal head movements
with peak velocities exceeding 150°/s, accelerations/decelerations
chiefly within 3,000-8,000°/s> and a movement amplitude of
about 10-20°. The head movement testing continued until the
Interacoustics software had accepted the performance of at least
10 passive head movement recordings in each direction. After
the conventional passive head movement testing, the subject was
asked to perform active horizontal head movements of similar
velocity, acceleration, and amplitude as used when assessing the
performance during passive head movements. The subjects were
allowed to train a few times before the actual test. The head
movement testing continued during active head movements until
the Interacoustics software had accepted the performance of at
least 10 head movement recordings in each direction (i.e., the
head movement performance criteria imposed by the software
were identical during active and passive head movements). The
Interacoustics system record eye and head movements at a
sample frequency of 220 Hz, whilst the analyses of the recorded
data were based on signal-processed data elevated to the sampling
frequency of 1,000 Hz by the software.

HITD-FT Testing
The subjects were placed 1.5m from the HITD-FT computer
monitor. The patient was wearing a head mounted accelerometer.
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Static visual acuity was first evaluated using an eye chart displayed
on the monitor with letter sizes scaled according to the subject’s
viewing distance. The size of the visual stimuli used during the
test was then determined based on the assessed visual acuity
by increasing that of the smallest line seen by 0.8 log-MAR.
This stimulus size, which is eight lines bigger than the best
static visual acuity, would then remain constant during the test.
The examiner manually imposed horizontal head-impulses, a
minimum of 10 valid impulses in each direction. The HITD-FT
software had the same criteria for a valid head-impulse during
active and passive head movements, the impulses had to reach
an acceleration between 3,000 and 6,000°/s>. When the imposed
head angular acceleration exceeded a user-defined threshold, a

Landolt’s C optotype in one of eight possible orientations was
briefly displayed on the screen. The HITD-FT monitor was full
HD (1,920 x 1,080 resolution) with a maximum response time
of 5ms and a refresh rate of 60 Hz. The duration of the letter
display was set to two frames, this resulted in the optotype being
visual during about 33 ms with no delay (16) which results in the
visual display being visible around the time of maximum head
acceleration.

Data Analysis

The vHIT performance during passive and active head
movements were assessed by both the Interacoustics software and
a customized software. The Interacoustics software determined
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FIGURE 1 | (A) Eye and head velocity traces during a conventional, passive head-impulse test toward the ipsilesional side in one representative subject show low eye
velocity during the head movement and late covert saccade (after 135 ms) and an overt compensatory saccade. (B) Eye and head velocity traces in the same subject
during an active head rotation toward the ipsilesional side show a large early (after 60 ms) covert saccade that occurs during the head movement.
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TABLE 1 | Recorded performance during head-impulses in ipsilesional and contralesional directions.

HITD-FT VOR gain Saccade latency % Covert saccades
Mean (%) SEM Mean SEM Mean(s) SEM Mean (%) SEM
Ipsilesional Passive 64.4 8 0.34 0.02 0.134 0.015 77 12
Active 91.2 3.1 0.54 0.06 0.085 0.009 99 1
Contralesional Passive 93.7 3.5 0.92 0.03 0.233 0.031 27 13
Active 91.1 4.2 0.89 0.05 0.208 0.025 35 12

TABLE 2 | Repeated measures GLM-ANOVA analyses of HITD-FT scores, gain,
saccade latency and frequency of covert saccades, determining if the
performance depended on active/passive head impulses and on
ipsilesional/contralesional head movement directions.

Active/Passive
+ Ipsi/Contralesional

Active/ Ipsi/
Passive Contralesional

HITD-FT  p-value 0.021 0.008 0.005
F-value 8.1 121 156.2
VOR gain  p-value 0.006 <0.001 0.015
F-value 13.7 90.2 9.5
Saccade p-value 0.048 0.001 0.372
latency  FLyalue 5.4 235 0.9
% Covert p-value 0.104 0.001 0.725
saccades £ que 3.4 23.5 0.1

Bold statistics denote p-values < 0.05.

the average gain (i.e., the quotient between average eye
velocity and head velocity) during the head acceleration
phase (0-100 ms). The customized software determined whether
the eye movement recordings included saccades, and if so,
the time from when head movement started until the first
saccade reached peak velocity (denotes peak latency). The
software also determined if the saccade started while the
head still moved in the initial movement direction (Covert)
or after the head movement had stopped or had started
to move in the reverse direction (Overt). The start of the
head movement was defined to be when the head movement
velocity exceeded 30°/s. An eye movement was defined as a
saccade if the eye peak velocity exceeded 80°/s, if both the
acceleration and deceleration flanks exceed 3,000°/s> and if
the saccade duration was within 10-80 ms. The HITD-FT data
was calculated by the fHIT 1.0 system (16). The proportion of
head impulses that generated covert saccades was measures in
percentage.

Statistical Analysis

The parameters HITD-FT score, VHIT gain, saccade peak
latency, and the proportion of covert/overt saccades made,
were analyzed using repeated measures GLM ANOVA (General
Linear Model Analysis of Variance) (17). The main factors
and factor interactions analyzed were: “Active/Passive” (Active
vs. Passive head movements; d.f. 1); “Ipsi/contralesional”
(Ipsilesional vs. Contralesional head movement direction; d.f.

TABLE 3 | Repeated measures GLM-ANOVA analyses of the performance during
active vs. passive head-impulses when the head movements were performed in
ipsilesional and contralesional directions.

Active vs. Passive Contralesional Ipsilesional
p-value F-value p-value F-value
HITD-FT 0.638 0.2 0.002 19.6
VOR gain 0.370 0.9 0.005 14.4
Saccade latency 0.387 0.8 0.004 16.4
% Covert saccades 0.308 1.2 0.084 3.9

Bold statistics denote p-values < 0.05.

1). When analyses of some parameters revealed significant
main factor interactions, repeated measures GLM ANOVA
analyses were performed on all parameters with only
one main factor “Active/Passive” (Active vs. Passive head
movements; d.f. 1) individually on ipsilesional and contralesional
data.

The Wilcoxon matched-pairs signed-rank test (Exact sig. 2-
tailed) was used for within-group post-hoc comparisons, i.e.,
analyzing the difference between ipsilesional and contralesional
head movement responses during active and passive head
movements (17).

In all analyses, p-values < 0.05 were considered significant.
Non-parametric statistical tests were used in all statistical
evaluations since the Shapiro-Wilk test revealed that some data
sets were not normally distributed and normal distribution
could not be obtained by log-transformation. The repeated
measures GLM ANOVA analysis was used after ensuring
that all model residuals had normal or approximate normal
distribution (17).

Sample size analyses, using the statistical package G-power™,
were performed on the parameters used that were unaffected
by boundaries (i.e., the HITD-FT and the % Covert saccades
parameters could only assume values within the range of 0-100).
The sample size analysis of the VHIT gain parameter revealed
an effect size of 1.8, which shows that with the p-value set to
0.05 (2-tailed), our study would require n = 5 subjects to reach
a power value of 0.8 for this parameter. The sample size analysis
of the saccade peak latency parameter revealed an effect size of
2.2, which shows that with the p-value set to 0.05 (2-tailed), our
study would require n = 4 subjects to reach a power value of 0.8
for this parameter.

The statistical analyses were performed with SPSS version 24
and the power analysis was performed with GPower 3.1.
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RESULTS

Passive and active eye and head velocity traces from a subject
during conventional HIT toward the ipsilesional side are shown
in Figure 1. During passive HIT there are one late covert and one
overt saccade after the head movement (Figure 1A), but during
active HIT there is a large early covert saccade during the head
movement (Figure 1B).

Table 1 shows the mean HITD-FT-score, mean gain, mean
peak saccade latency, and the mean frequency of impulses that
generated a covert saccade for impulses toward the lesioned side
and toward the contralesional side.

The outcome in HITD-FT was influenced by whether the test
was active or passive (p = 0.021) and toward which side the
test was performed (p = 0.008; Table 2). The greatest increase
of HITD-FT score during active movements was toward the
lesioned side (p = 0.002, Table 3) as is demonstrated in Figure 2.
Figure 2 also shows that during active head movements, no
difference can be seen in performance regardless of whether
the head movement was executed toward the ipsilesional or
contralesional side.

The gain values increased significantly when the head
movements were active (p = 0.006; Table2) and separated
GLM ANOVA analyses show that for head movements
toward the ipsilesional side there was significant change
(p 0.005, Table3). Saccade latency was significantly
shorter (p = 0.048, Table2) when performing active head
movements, especially toward the ipsilesional side (p = 0.004,
Table 3).

The percentage of generated coverts during head movements
are shown in Table1. Although the frequency of coverts
increased during active movements, it was not statistically
significant (Tables 2, 3). Table4 shows post-hoc Wilcoxon
analyses of HITD-FT scores, gain, saccade latency, and frequency
of covert saccades.

90
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mActive
70

HITD-FT Score (%)
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FIGURE 2 | HITD-FT (%) rate of correct answers (%) in correlation to passive

(white) or active (black) head-impulses toward the ipsi and contralesional side.

Active head-impulses resulted in a better HITD-FT score (91.2%) compared to

passive head-impulses (64.4%) p = 0.002.

DISCUSSION

The dynamic visual acuity was found to be better during active
head impulses as compared to passive ones, and the main reason
seems to be a shorter latency of the first covert saccade. Actively
generated head movements in our subjects with long-standing
uVLs, yield similar HITD-FT scores toward the contralesional
and the ipsilesional side. This is consistent with previous
findings of less difference in dynamic visual acuity during self-
generated movements than passively imposed movements in
patients with uVL (18). It has been shown that covert saccades
are triggered earlier during active head turns (19, 20), and
that the latency correlates to dynamic visual acuity (21), but
the combination of active head movements and covert saccade
with regard to dynamic visual acuity has not been examined
before. Figure3 shows the saccade latencies plotted against
HITD-FT values during active and passive head movements.
Since most of the scores during active head movements
are close to 100%, statistical correlation analyses become
problematic.

Vestibular rehabilitation has been shown to increase dynamic
visual acuity during active movement (22), an effect attributed
to increased VOR gain. This is consistent with the results
of the present study but, depending on how the VOR
gain is calculated, the gain increase might be an artifact
generated by the covert saccades. Simplified, in the EyeSeeCam-
device the gain is derived from head and eye velocity
during the acceleration phase calculated with a regression
model including saccades (23). If the covert saccade in the
case of an active head movement is generated during the
acceleration phase, it would mean by itself a higher gain value
(Figures 1A,B). In the present study, however, we have not
focused on gain calculations and other studies have found
higher gain values during active than during passive movements
(9, 19).

It has also been shown that a higher percentage of generated
covert saccades are correlated with better visual acuity (13),
though that has not been examined with regards to saccade
latency. In the present study the percentage of covert saccades
did increase when performing active movements, but not
significantly so.

TABLE 4 | Post-hoc Wilcoxon analyses of HITD-FT scores, gain, saccade latency,
and frequency of covert saccades.

Ipsilesional/Contralesional

HITD-FT Passive 0.008
Active 1.0
VOR gain Passive 0.004
Active 0.012
Saccade latency Passive 0.004
Active 0.004
% Covert Saccades Passive 0.008
Active 0.016

Bold statistics denote p-values < 0.05.
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The main shortcoming of the present study is the relatively
small sample size, with a relatively small age-span. This makes
it difficult to do analyzes of subjective parameters as well
as to generalize the results to other populations, e.g., the
age-dependent presby-vestibulopathy that are also affected by
other factors relevant to vestibular compensation. However,
the results show a strong relationship between self-generated
movements, latencies of covert saccades and outcome in HITD-
FT, ie., a better dynamic visual function with less retinal slip,
which is the main function of the VOR. Most of vestibular
rehabilitation exercises are designed to challenge a deficient
VOR, in order to induce compensation (24). All patients in the
present study (except the one with congenital uVL) performed
our VOR exercises albeit some years previously. The group
comprised only well-compensated patients. We considered the
homogeneity of the group of importance in order to elucidate
whether active and passive head impulses differ, both in ocular
responses as well as in dynamic visual acuity. Future studies
will have to compare the full range from acute onset of
vestibular loss as well as fully compensated patients to establish
whether active head impulses generate a satisfactory measure
of compensation as well as could be used to monitor vestibular
rehabilitation.

The generation of covert saccades seems to be part of central
vestibular rehabilitation, and they are possibly related to better
compensation after suffering vestibular loss, though subjective
parameters seem to be difficult to correlate to HITD-FT results
(12). Our material is too small to estimate subjective outcome.
However, it could be argued that the active movements are
physiologically more similar to everyday head movements (25),
especially when moving actively as in walking. Our results
suggest that HITD-FT with actively imposed impulses may be a
better tool for assessing the effect of vestibular adaptation than

conventional passive head-impulses. To our knowledge this has
not been shown prior to this study. In addition to perhaps being
a tool for assessing compensation it is also instructive for patients
in the mechanism of gaze stabilization, further motivating
them to continue with vestibular rehabilitation exercises. More
prospective research is needed with larger cohorts in assessing
the course of active HITD-FT over time after uVL preferably
together with subjective estimates of vestibular function, such as
self-reports, e.g., the Dizziness Handicap Inventory and Vertigo
Symptom Scale.

The nature of the saccades generated in active vs. passive
movements is intriguing and raise still more questions. Obviously
in some cases both active and passive impulses triggered feed-
back reflexes since they have relative constant latencies. However,
some patients have saccades with active movements with close to
no latency at all, which could be interpreted as having cortical
origin (feed-forward mechanism). If the actively generated
saccades are of cortical origin, why do some impulses yield
saccades that have latencies at all? If they are triggered by the
same reflex action, a possible relay station would be the vestibular
nuclei. Another hypothetical explanation could be that when
performing an active head movement to one side the inhibitory
neurons of the saccadic system are in turn inhibited, thus making
the system as such “trigger-happy” for releasing any saccade.
Indeed, an elaborate mathematical model has been put forward
(9) and further studies are needed to further study the nature
and origin of saccades, as from a rehabilitation point of view they
seem to be a desirable trait to acquire.

CONCLUSION

Actively generated head impulses result in almost normal HITD-
FT values even when performed toward the side of total
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FIGURE 3 | Graphical illustration of HITD-FT scores vs. latencies of corrective saccades, triggered during passive and active ipsilesional head-impulses.
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vestibular loss in patients with chronic unilateral vestibular loss.
This might be attributed to the appearance of short-latency covert
saccades. The method of active HITD-FT' might be valuable
in assessing vestibular compensation and monitoring ongoing
vestibular rehabilitation.
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Objective: To explore the recovery pattern of the high-frequency acceleration
vestibulo-ocular reflex (VOR) function in unilateral vestibular neuritis (UVN).

Methods: Forty-seven consecutive patients with UVN were recruited within 10 days of
symptom onset for this study. The high-frequency acceleration horizontal VOR function
was assessed using the video head impulse test (vHIT). Patients returned for follow-up
evaluation at ~6 months after the onset of symptoms. According to the dizziness
handicap inventory questionnaire (DHI), the patients were classified into the normal to
mild dizziness group (DHI score <30) and moderate to severe dizziness group (DHI score
>30) at the follow-up. All the obtained horizontal VHIT gains and corrective saccades
parameters were analyzed.

Results: VHIT results showed a significantly horizontal VOR gain recovery in UVN
patients at the follow-up on the lesion side (p < 0.01). A significantly reduction in
the occurrence of corrective saccades (overt and covert) and velocity of corrective
saccades (overt and covert) were observed at the follow-up (o < 0.05). At the follow-up,
the normal to mild dizziness group (DHI score <30) had a significantly higher normal
rate of VOR gain, the mean vHIT gains and occurrence of isolated covert saccades
(P < 0.05). Furthermore, the occurrence of mixed saccades and the mean velocity of
covert saccades were significantly lower in normal to mild dizziness group (P < 0.05).

Conclusion: Apart from the recovery of the VOR gain, recovery pattern of corrective
saccades can play a key role in vestibular compensate.

Keywords: video head impulse test, saccades, covert saccades, vestibulo-ocular reflex, vestibular compensate,
vestibular function, horizontal semicircular canal

INTRODUCTION

Vestibular neuritis (VN) is a common disease causing acute attacks of vertigo. It is characterized
by sudden onset of prolonged vertigo with unidirectional spontaneous horizontal-torsional
nystagmus, absence of other auditory, or neurologic findings (1). And the vestibulo-ocular reflex
(VOR) hypofunction of VN can be identified by caloric irrigation test and head impulse test
(HIT) (2). HIT is a simple and valid means of evaluating VOR function in the high-frequency
range of 4-7 Hz (3). The subject maintains fixation on an static target while the operator applied
unpredictable, sudden, passive, head turns in the horizontal plane, and examiner looks for
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corrective saccades (4). If the VOR function is intact, the
subject can stabilize their gaze on a target during head rotations.
However, if the VOR function is deficient, the eyes fail to
fix on the target and the patient makes a corrective saccades
to refixate the target (4).There are two corrective saccades
types: overt saccades and covert saccades. HIT can detect overt
saccades, but covert saccades is invisible (5). Fortunately, the
video head impulse test (vHIT) can recognize covert saccades and
quantifying the VOR gain (eye velocity/head velocity) (6). Thus,
vHIT provides a tool that allowing analysis of VOR gain and the
corrective saccades, seems to offer new interesting perspectives.
In addition, VHIT is also a quantitative baseline to track
recovery of VOR dysfunction. In this study, we measured
the horizontal VOR gain and corrective saccades in unilateral
vestibular neuritis (UVN) patients from the acute stage to the
follow-up. And we also analyzed the correlation with parameters
of VHIT and chronic symptoms (dizziness handicap inventory
questionnaire) at the follow-up in order to determine which
parameters of vHIT are better to predict symptom recovery.

METHODS

Participants

We identified 47 consecutive patients with acute UVN from
the period between 2016 and 2018 (25 men, 22 women;
mean age 56.8 years; ranging from 19 to 71 years). The
diagnostic criteria for UVN included the following: a history of
sudden vertigo (more than 24 h) with unidirectional spontaneous
horizontal-torsional nystagmus, and caloric examine showing
a lack of unilateral caloric response (canal paresis >25%) (1).
Exclusion criteria: (1) History of neurologic disorders or auditory
disorders; (2) patients with tumors, traumatic and infection;
(3) magnetic resonance imaging (MRI) which revealed brain
lesions. All acute UVN patients were treated immediately with
corticosteroids (tapering over 2 weeks) and vitamin B12.

The 47 UVN patients were initially examined using vHIT
at the acute phase (within 10 days) after onset of vertigo and
then scheduled for follow-up examination ~6 months later. In
addition, all patients also were inquired the recovery condition
of symptom and completed the chinese version of the dizziness
handicap inventory (DHI) questionnaire at the follow-up (7).
And the patients were classified into the normal to mild dizziness
group (DHI score <30) and moderate to severe dizziness group
(DHI score >30) at the follow-up.

All subjects provided written informed consents to participate
in this study. The study was approved by the Institutional Review
Board of Xijing Hospital, Fourth Military Medical University.

VHIT

The vHIT was recorded in all subjects using the ICS Impulse
system (Otometrics, Denmark). The horizontal canals were
evaluated. The subject was instructed to gaze at a target that
was 1.2m away. First, calibration is performed. In each trial,
the examiner stood behind the patients and performed head
impulses by a small angle (~10-20°) and an appropriate
velocity (150-200°/s). And 20 impulses were recorded for each
direction. In our study, the horizontal vHIT were performed
with jaw hand position (8). The mean horizontal vHIT gains and

corrective saccades parameters (covert and overt) were measured.
Abnormal criteria is the horizontal vHIT gain values <0.8 and
corrective saccades peak velocity >100°/s (9, 10).

Statistical Analysis

Statistical comparisons of the horizontal vHIT gains, peak
head velocities, and corrective saccades parameters (velocity
of saccade and latency of saccade) at the acute stage and the
follow-up of UVN were made using the Student’s ¢-test, and
occurrence of saccades (overt and covert) at the acute stage and
the follow-up were compared with Chi-square test or Fisher
exact test. A Student’s ¢-test, Chi-square test, and Fisher exact
test also were used to investigate the relationship between two
DHI groups (DHI score <30 and DHI score >30) and vHIT
results at the follow-up. Spearman’s correlation test was used
to analyze the correlation between the DHI score and vHIT
gains or corrective saccades parameters. p < 0.05 was considered
statistically significant. Statistical analysis were done by using
SPSS software (version19, SPSS Inc., Chicago, IL, USA).

RESULTS

In 47 UVN patients, the mean peak head velocity on the lesion
side was 174.44 + 18.32°/s at the acute stage and 175.19 =+
17.49°/s at the follow-up, respectively. The mean peak head
velocity on the healthy side was 175.14 £ 16.10°/s at the acute
stage and 174.14 £ 15.85°/s at the follow-up, respectively. There
was no significant difference in the mean peak head velocity
(lesion side and healthy side) between the acute stage and the
follow-up (p > 0.05, Table 1).

TABLE 1 | vHIT results in unilateral vestibular neuritis patients at the acute stage
and the follow-up examination (n = 47).

Acute stage Follow-up p-value
PEAK HEAD VELOCITIES
Lesion-side mean head 174.44 +£18.32 17519 £ 17.49 >0.05%
velocity (°/s)
Healthy-side mean head 175.14 £ 16.10 17414 +£15.85 >0.05%
velocity (°/s)
VHIT Gain
Lesion-side mean gain 0.47 £0.15 0.69 £ 0.23 <0.018
Healthy-side mean gain 0.97 £0.12 1.00 £0.13 >0.052
OVERT SACCADE PARAMETERS
Occurrence of overt 100(47/47) 59.58(28/47) <0.01P
saccade (%)
Velocity of overt saccade 203.00 + 62.00 1562.46 £+ 29.70 <0.012
(°/s)
Latency of overt saccade 310.02 + 41.91 314.21 + 38.84 >0.05%
(ms)
COVERT SACCADE PARAMETERS
Occurrence of covert 100(47/47) 87.23(41/47) <0.05°
saccade (%)
Velocity of covert saccade 209.23 + 48.17 186.14 £+ 45.69 <0.052
(°/s)
Latency of covert saccade 130.30 £ 24.91 123.41 £ 24.47 >0.052
(ms)

at-test, PChi-square test. ¢Fisher exact test.
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vHIT Parameters at the Acute Stage and
the Follow-Up

The mean horizontal vHIT gains on the lesion side were 0.47
£ 0.15 at the acute stage and 0.69 £ 0.23 at the follow-up,
respectively, and the gains at the follow-up were significantly
higher than the gains at the acute stage (p < 0.01, Table 1). The
healthy side had the mean horizontal vHIT gains were 0.97 4= 0.12
and 1.00 =% 0.13 at the acute stage and the follow-up, respectively,
and this was not significantly different (p > 0.05, Table 1). The
occurrence of overt saccade were 100% at the acute stage and
59.58% at the follow-up, respectively, and the occurrence of overt
saccade showed a significant decrease at the follow-up (p < 0.01,
Table 1). The occurrence of covert saccade were 100% at the
acute stage and 87.23% at the follow-up, respectively, and the
occurrence of covert saccade showed a significant decrease at
the follow-up (p < 0.05, Table 1). The mean velocity of overt
saccades were 203.00 & 62.00°/s at the acute stage and 152.46
=+ 29.70°/s at the follow-up, respectively, and the mean velocity
of overt saccades showed a significant decrease at the follow-
up (p < 0.01, Table 1). The mean velocity of covert saccades
were 209.23 & 48.17°/s at the acute stage and 186.14 £ 45.69°/s
at the follow-up, respectively, and the mean velocity of covert
saccades also decreased significantly at the follow-up (p < 0.05,
Table 1). The mean latency of overt saccades were 310.02 £
41.91 ms at the acute stage and 314.21 & 38.84 ms at the follow-
up, respectively, and this was not significantly different (p > 0.05,
Table 1). The mean latency of covert saccades were 130.30 =+
24.91 ms at the acute stage and 123.41 &+ 24.47 ms at the follow-
up, respectively, and this also was not significantly different
(p > 0.05, Table 1).

VHIT Parameters and Symptoms in UVN
Patients at the Follow-Up

At the follow-up, the DHI score was equal to or <30 (normal to
mild dizziness group) in 28 UVN patients and >30 (moderate
to severe dizziness group) in 19 UVN patients. 57.14% UVN
patients in the normal to mild dizziness group and 21.05% UVN
patients in the moderate to severe dizziness group had a normal
vHIT gains at the follow-up. And the proportion of patients with
normal vHIT gains were significantly higher in the normal to
mild dizziness group (p < 0.05, Table 2, Figure 1). The mean
horizontal vHIT gains on the lesion side were 0.77 & 0.25 in the
normal to mild dizziness group and 0.62 £ 0.19 in the moderate
to severe dizziness group, respectively, and the mean gains in the
normal to mild dizziness group were significantly higher than the
moderate to severe dizziness group (p < 0.05, Table 2, Figure 2).
The DHI score was negatively correlated with lesion side vHIT
gains (R= —0.372, p = 0.009, Figure 3). 21.42% UVN patients in
the normal to mild dizziness group and 0% UVN patients in the
moderate to severe dizziness group had not a corrective saccades
at the follow-up, and this was not significantly different (p = 0.06,
Table 2). The proportion of patients with occurrence of isolated
covert saccades in the normal to mild dizziness group (39.29%)
were significantly higher than the moderate to severe dizziness
group (10.53%) (p < 0.05, Table 2, Figure 1). However, the
proportion of patients with occurrence of mixed saccades (overt

and covert) in the normal to mild dizziness group (39.29%) were
significantly lower than the moderate to severe dizziness group
(89.47%) (p < 0.01, Table 2, Figure 1). Furthermore, the mean
velocity of overt saccades were 155.10 £ 33.60°/s and 160.52
=+ 30.94°/s in normal to mild dizziness group and moderate to
severe dizziness group at the follow-up, respectively, and this
was not significantly different (p > 0.05, Table 2). The mean
velocity of covert saccades were 170.41 + 45.15°/s and 201.10
=+ 40.46°/s in normal to mild dizziness group and moderate to
severe dizziness group at the follow-up, respectively, and the
mean velocity of covert saccades in normal to mild dizziness
group were significantly lower than the moderate to severe
dizziness group (p < 0.05, Table 2, Figure 4). The DHI score
was positively correlated with velocity of covert saccades (R =
0.315, p = 0.044; Figure 5). The mean latency of overt saccades
were 308.93 4 46.84 ms and 306.97 & 30.96 ms in normal to mild
dizziness group and moderate to severe dizziness group at the
follow-up, respectively, and this was not significantly different (p
> 0.05, Table 2). The mean latency of covert saccades were 124.85
=+ 27.21 ms and 123.43 £ 22.45ms in normal to mild dizziness
group and moderate to severe dizziness group at the follow-
up, respectively, and this also was not significantly different
(p > 0.05, Table 2).

DISCUSSION

VN has long been known to affect the superior vestibular
nerve, inferior vestibular nerve, or both (11, 12). The vHIT
advent has provided clinicians with diagnostic tools to identify
dysfunctions of the pathway of each single semicircular canals. It

TABLE 2 | vHIT results in unilateral vestibular neuritis patients with normal to mild
dizziness and moderate to severe dizziness at the follow-up (n = 47).

Normal to mild Moderate to severe p-value
dizziness (DHI < 30; dizziness (DHI > 30;
n= 28) n= 19)

Normal vHIT 57.14(16/28) 21.05(4/19) <0.05°
gain (%)
Lesion-side mean 0.77 £0.25 0.62 +£0.19 <0.052
gain
Without saccade 21.42(6/28) 0(0/19) 0.06°
(%)
Occurrence of 39.29(11/28) 10.53(2/19) <0.05P
isolated covert
saccade (%)
Occurrence of 39.29(11/28) 89.47(17/19) <0.01P
mixed
saccade (%)
Velocity of overt 155.10 + 33.60 160.52 + 30.94 >0.052
saccade (°/s)
Latency of overt 308.93 + 46.84 306.97 + 30.96 >0.052
saccade (ms)
Velocity of covert 170.41 £ 45.15 201.10 £+ 40.46 <0.05%
saccade (°/s)
Latency of covert 124.85 + 27.21 128.43 £ 22.45 >0.052

saccade (ms)

at_test, PChi-square test. ©Fisher exact test. DHI, dizziness handicap inventory.
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FIGURE 1 | Comparison of normal vHIT gains rate, occurrence of isolated
covert saccades, and occurrence of mixed saccades measured from normal
to mild dizziness group (DHI <30) and moderate to severe dizziness group
(DHI >30) with UVN at the follow-up. The normal to mild dizziness group (DHI
<30) were significantly more likely to have a normal vHIT gain, high occurrence
of isolated covert saccades, and low occurrence of mixed saccades.
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FIGURE 2 | Comparison of the mean horizontal vHIT gains on the lesion side
from normal to mild dizziness group (DHI <30) and moderate to severe
dizziness group (DHI >30) with UVN at the follow-up. The mean gains in the
normal to mild dizziness group (DHI <30) were significantly higher than the

moderate to severe dizziness group (DHI >30).

became evident that both nerve divisions could be affected, both
together and independently or rare patterns of the ampullary
afferents (13-15).

In recent years, there have been some studies of using
VHIT in patients with UVN, but these studies have focused on
diagnostic efficacy evaluation and gain is a common parameter
to track deterioration or recovery of VOR function at the
follow-up (9, 16). Few studies have evaluated quantitatively

100+

R?=0.1390
P=0.009

804

DHI score

FIGURE 3 | The DHI score was negatively correlated with lesion side vHIT
gains at the follow-up.

300+
P<0.05

Velocity of covert saccade(°/s)

DHI>30

DHI<30

FIGURE 4 | Comparison of the mean velocity of covert saccade from normal
to mild dizziness group (DHI <30) and moderate to severe dizziness group
(DHI >30) with UVN at the follow-up. The mean velocity of covert saccades at
the normal to mild dizziness group (DHI <30) were significantly lower than the
moderate to severe dizziness group (DHI >30).

the corrective saccades in UVN. In our study, we investigated
both gain and corrective saccades parameters of the horizontal
semicircular canal changes in UVN patients from the acute
stage to the follow-up. We found that lesion side vHIT gains
always improved to a varying extent at the follow-up. On the
healthy side, the VHIT gain was normal even in the acute
stage and no worsening of gain could be found at the follow-
up. Buki et al. reported that lesion side vHIT gains improved
and healthy side VHIT gains were in the normal range at 2
months follow-up in 44 VN patients (16). After testing with
search coils in 37 VN patients at different time periods (1-
240 weeks), palla et al. revealed the similar result (17). This
is consistent with the result obtained by us in VN patients.
The gains recovery depended on restoration of the horizontal
semicircular canals function. It has some reasons to explain such
recovery. Firstly, regeneration of peripheral sensory hair cells.
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R results were similar to these studies. These results show that

1907 R"=0.0996 saccades and VHIT gain play the same role in the vestibular
P=0.044 compensation process.

80+ oo Due to poor vestibular compensation, some UVN patients

DHI score

150 200 250 300 350

Velocity of covert saccade(°/s)

FIGURE 5 | The DHI score was positively correlated with velocity of covert
saccades at the follow-up.

Secondly, sprouting of new afferent terminals from remaining
fibers in the vestibular nerve. Thirdly, increased synaptic weight
of remaining vestibular inputs (18). These mechanisms include
cellular recovery, spontaneous re-establishment of the tonic
firing rate centrally (19).

However, VHIT gain is not always recover quickly and
abnormal vHIT gain could persists for a long time. Sometimes
there is rarely recovery of high-frequency acceleration VOR
function in our daily life (20). The major question remains
that how compensate slow phase eye velocity in our daily life.
Fortunately, there is a saccadic substitution of the slow phase
eye movement, thereby preventing dynamic VOR deficit during
natural head accelerations (20). However, previous studies focus
on the recovery of vHIT gain without sufficient recognition
of the fact that changes in corrective saccades parameters
are a very effective way of overcoming the inadequate VOR
function. Therefore, we evaluated the saccades parameters (overt
and covert) of the horizontal semicircular canal in UVN by
means of the vHIT at the acute stage and the follow-up.
And the corrective saccades was analyzed quantitatively. We
observed a significant gradual reduction in the occurrence
of saccades (overt and covert) at the follow-up. Interestingly,
the decrease of occurrence of overt saccades was significantly
more evident at the follow-up (100% at the acute stage vs.
59.58% at the follow-up). However, covert saccade still was
detected in most of UVN patients (100% at the acute stage vs.
87.23% at the follow-up). In addition, in our study, velocity of
saccade (overt and covert) was also significantly decreased at
the follow-up. However, latency of saccade (overt and covert)
no significant differences at the acute stage and the follow-up.
Martin-Sanz et al. found a significantly faster reduction in the
velocity and organization of the compensatory saccades was
observed in UVN patients recovery stage (21). Furthermore,
a recent study by Yang et al. found that the incidence of
corrective saccades and peak velocities of corrective saccades
had decreased significantly at the 1-month follow-up (22). Our

have difficulties recovering the VOR (18). They were troubled
by chronic dizziness, disequilibrium, and limitations in daily
activities (23). It is very important in identifying characteristics
of vestibular function tests in good vestibular compensation
patients and poor vestibular compensation patients. Kim et al.
reported that patients have a positive bedside head impulse test
(bHIT) result on follow-up, they are more likely to be dizzy
(24). As we know, when performing a bHIT, overt saccades
are detectable for the clinician but covert saccades cannot be
detected. Due to the lack of quantitative analysis, Kim et al.
study only reveal the occurrence of overt saccades can predict
symptom recovery. Therefore, one great benefit of VHIT is that
it allow the clinician to identify such recovery of peripheral
vestibular function. To determine which parameters of HIT
are better to predict symptom recovery. In our study, we
chose DHI score to quantify symptom during the follow-up.
The UVN patients were divided into two groups according
to the final DHI score: the normal to mild handicap group
(DHI <30) and the moderate to severe handicap group (DHI
>30). And we found that most of patients have normal vHIT
gain and/or isolated covert saccades in the normal to mild
group (DHI <30). The mean gains at the normal to mild
dizziness group were significantly higher than the moderate
to severe dizziness group. However, patients with abnormal
VHIT gain and/or mixed saccades continue to be troubled
by some or all of chronic symptoms. Cerchiai et al. reported
that lower values of VOR gain and a high occurrence of
overt saccades could give rise to a worse prognosis after acute
unilateral vestibulopathy (25). Besides, Wettstein et al. found
that it has correlation between compensatory covert saccades
and improved performance of dynamic visual acuity-testing in
patients with unilateral peripheral vestibular loss (26). These
studies results were similarly our research findings. And compare
overt saccades with covert saccades, covert saccades can play
a very key role in compensation of inadequate VOR response
and return to a normal lifestyle (20). In addition, we further
found that velocity of covert saccades decline probably related to
symptom recovery. The diminution of covert saccades velocity
is more obvious in the normal to mild group (DHI <30).
It may act to minimize the effect of the unilateral vestibular
loss on the patient dynamic VOR deficit and conceal their
dysfunction (21).

Limitations of the Study

There are some limitations in this study. First, the number of
subjects and follow-up time were insufficient. The future study
with a large samples and longer follow-up time need to further
confirm our results. Second, we only analyzed the horizontal
semicircular canals without analyzing the vertical semicircular
canals. This was due to most of VN affected the superior
vestibular nerve (27). And horizontal VOR was damage and
saccades were more easily observed. Last, we only recruit UVN
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patients. Further studies are necessary to investigate the recovery
pattern in different vestibular diseases, such as bilateral vestibular
hypofunction (BVH), meniere’s disease (MD), or vestibular
migraine (VM).

CONCLUSION

Apart from the recovery of the VOR gain, recovery pattern of
corrective saccades can play a key role in vestibular compensate.
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Semicircular canal dehiscence is a bony abnormality in the otic capsule especially
involving the superior semicircular canal. Since its identification in 1998, there is significant
research regarding the pathology in the adult population. This condition generates a
third window effect that is well-described in the literature. However, the entity is rare
in the pediatric population with limited research. Difficulties encountered in children are
obtaining a direct history that is essential for the diagnosis followed by neurovestibular
tests that may be difficult to perform. This study presents observations regarding
different clinical and diagnostic aspects of semicircular canal dehiscences in children as a
retrospective audit in a tertiary pediatric vestibular center. Of 580 children assessed in a
30 months period undergoing comprehensive functional and objective audiovestibular
assessment, 13 children (2.2%) were detected to possess radiological semicircular
canal dehiscences (high resolution computed tomography scans at 0.625mm slices
reformatted in the axial, coronal and sagittal planes). The right superior semicircular
canal was most commonly affected (66.6%). There were 4 bilateral semicircular canal
dehiscences. Clinical suspicion of the condition was raised with reliable surrogate
history from carers or from older children (100%), a mixed or conductive hearing loss
(80% of hearing losses) in the presence of normal impedance audiometry (92.3%),
normal transient otoacoustic emissions (84.6%) on the side of the dehiscence and the
presence of replicable pathological saccades in the video head impulse test (76.9%).
Disequilibrium symptoms and typical third window symptoms were absent or difficult
to elicit in children (46.15 and 30.76% respectively). Only 3 (0.5%) fulfilled the adult
criteria of a superior semicircular canal dehiscence syndrome. The abnormal video head
impulse test characterized by pathological saccades may affect other non-dehisced
ipsilateral canals. Semicircular canal dehiscences are rare in children but may be
considered as an etiology for hearing losses and imbalance. Children with semicircular
canal dehiscence may present differently from the classical superior semicircular canal
dehiscence syndrome found in adults.

Keywords: semicircular canal dehiscence, third window, audiovestibular, video head impulse, pediatric, high
resolution CT

Frontiers in Neurology | www.frontiersin.org

32 April 2019 | Volume 10 | Article 306


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2019.00306
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2019.00306&domain=pdf&date_stamp=2019-04-02
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:soumit.dasgupta@alderhey.nhs.uk
https://doi.org/10.3389/fneur.2019.00306
https://www.frontiersin.org/articles/10.3389/fneur.2019.00306/full
http://loop.frontiersin.org/people/532601/overview
http://loop.frontiersin.org/people/701692/overview

Dasgupta and Ratnayake

Audiovestibulometry in Pediatric Semicircular Canal Dehiscences

INTRODUCTION

The pathological entity of superior semicircular canal dehiscence
(SSCD) since its first description by Minor (1) has seen immense
interest and research. Originally described in patients with
sound or pressure induced vertigo and nystagmus (Tullio’s
and Henneberts phenomenon) with symptoms of chronic
disequilibrium, the clinical features that subsequently came into
light included oscillopsia, auditory features including conductive
hearing loss, autophony, conductive dysacusis including gaze
evoked tinnitus, pulsatile tinnitus, low frequency hearing loss,
phonophobia, and aural fullness (2). Vestibular symptoms may
be absent (3).

The pathophysiology of the auditory features of SSCD can
be attributed to the pathological presence of a third window
in addition to the natural two windows for maintaining
integrity of inner ear sound conduction. The pathological
third window shunts away a proportion of the sound energy
delivered at the stapes footplate-oval window interface and
thus from the cochlea resulting in abnormally elevated air
conduction thresholds in pure tone audiometry. The same
mobile third window lowers the impedance or pressure
difference of the cochlear traveling wave between the scala
vestibuli and the scala tympani in the inner ear by allowing
a new path for the sound to enter the inner ear thereby
generating enhanced bone conduction thresholds in bone
conducted pure tone audiometry (4). The vestibular features
in SSCD are due to its enhanced vulnerability to pressure
changes created by sound conduction. Other conditions in
the otic capsule generating a similar third window effect are
posterior and lateral semicircular canal dehiscences, enlarged
vestibular aqueducts, the X linked gusher syndrome, facial nerve
canal dehiscences, dilated bony internal auditory meatus, and
dehiscent carotid canals.

The etiology of SSCD appears to be developmental and
congenital (5) and it has been suggested that thinning or
dehiscence of the bone in the otic capsule over the semicircular
canal is more prevalent in children younger than 12 months
and with age, the semicircular canals may develop more bony
covering (6). Carey et al. suggested that there may be a
malformation in neonatal bony development (7). Head trauma
may also lead to a dehiscent semicircular canal (5). Congenital
SSCD may be accompanied with deficient tegmens and dysplasia
found in some syndromic conditions (5). Nadgir et al. (8)
however, proposed a predominantly acquired etiology and
suggested that frank dehiscences increased with age due to bony
demineralization. The debate is unresolved.

The diagnosis of the condition in addition to the clinical
features rested primarily on imaging with a high resolution
CT scan. However, a CT scan is not sufficient on its own to
confirm a diagnosis as many as 9% may have a dehiscence
on a coronal temporal bone CT with a 1 mm slice, many of
whom are asymptomatic (5, 9) and unless reformatted with
slices <0.625mm in the Poschl and Stenver’s views, CT scan
may still over diagnose the condition (5). Thus, it is crucial to
consider physical symptoms and physiological evidence of a third
window (5).

Whilst auditory symptoms suggest a third window
phenomenon, subsequent research has shown that vestibular
evoked myogenic potentials (VEMPs) are reliable, sensitive
and specific indicators of a pathological third window due to
lowering of impedance in the vestibular system as regards sound
and pressure resulting in lower thresholds and higher amplitudes
in the VEMPs (2). The cervical VEMP was the first VEMP
identified and now it has been discovered that air conducted
ocular VEMPs have a sensitivity and specificity of more than 90%
to detect a pathological third window (10). The use of VEMPS in
semicircular canal dehiscences in children has limited evidence.

SSCD is very well-described in the adult population, however,
evidence of the condition in the pediatric population is evolving.
Data regarding quantification of vestibular function in the
condition in children is meager. Until 2007, only 3 children
were described with the condition (3). Chen et al. (11) in a
retrospective cohort analysis in the pediatric population analyzed
131 temporal bones in children presenting with hearing loss
over the age of 3 years and observed that 18 (15%) showed CT
evidence of semicircular canal dehiscence with 13 SSCD and 5
posterior semicircular canal dehiscences (PSCD). The series did
not include vestibular function test data. Lee et al. (12) in a cohort
of 7 children observed that hearing loss was the predominant
presenting feature with disequilibrium as the next common
presenting complaint in children. Third window features could
only be elicited in the 3 oldest children. Of vestibular function
tests, VEMPS were performed which were found to be abnormal
in the majority. Meiklejohn et al. (13) studied live and cadaveric
temporal bone specimens in children younger than 7 years and
observed that the prevalence of radiographic semicircular canal
dehiscence declined with increased age in children, reinforcing
the idea that the otic capsule thickens with age. Normal, mixed
and sensorineural hearing losses (SNHL) were reported in the
live cohort of 19 children, however, there were no children
with third window features or with disequilibrium. Sugihara
et al. (14) identified an incidence of 6.2% of SCDS in the
pediatric population in a large multicenter review. This study
very interestingly did not suggest that other inner ear anomalies
are significantly associated with SCDS in children. Hagiwara
et al. (15) pointed out that radiographic evidence of semicircular
canal dehiscence does not necessarily suggest a semicircular canal
dehiscence syndrome i.e., clinical symptoms. There have been
some isolated case reports also (3, 16, 17).

The present study was a retrospective study that looked into
audiovestibular quantification of semicircular canal dehiscences
in the pediatric population in detail for the first time in a tertiary
pediatric balance center in the United Kingdom to analyse
the patterns of clinical presentation, auditory and vestibular
functions and the relationship between behavioral audiometry
with objective vestibular function.

PATIENTS AND METHODS

Patients
A retrospective case note audit was performed in children who
underwent vestibular quantification in the pediatric age group
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as a service improvement exercise in Alder Hey Children’s NHS
Foundation Trust, a tertiary children’s hospital in Liverpool,
United Kingdom between the period of February, 2016 and
July, 2018. These children attended the secondary and tertiary
audiovestibular clinics in the hospital. The study was approved by
the clinical audit department of the hospital. Being a retrospective
audit, the study population did not require ethical committee
approval. Only children above the age of 5 years up to 17 years
were included in the case series. Dysplastic vestibular pathologies
with hypoplasia/aplasia of canals with dehiscences as shown in
imaging were excluded.

Methods

Anamnesis

History for audiovestibular manifestations in young children are
often surrogate and obtained from carers. This was attempted
to be as comprehensive as possible with accounts from both
carers, from schools as well as children themselves wherever
obtainable. A subjective narrative is extremely important in
children with balance problems or hearing losses. A frank history
of disequilibrium or disorientation that adults can generally
narrate so well is frequently impossible from children including
teenagers. Therefore, since balance in children can be observed
by others and balance problems may lead to predictable behavior,
an accurate description from carers were absolutely crucial which
in turn can be fairly reliable indicators of the problems. Similarly
with hearing loss, a deficit in communication and educational
performance were deemed as a key indicator of a positive history.
Some children narrated symptoms of conductive dysacusis. Key
points in history are shown in Table 1.

Audiovestibular Quantification

With full verbal informed consent, all children underwent
otoscopy, tympanometry, stapedial reflex tests, pure tone
audiometry; transient otoacoustic emissions (OAE) and a
neurovestibular examination that included observation of the
subjective visual vertical (measurement of head tilt with respect
to earth’s vertical to assess static gravitational sensor function); a
full videonystagmography (VNG) examination with and without
visual fixation to observe and measure smooth pursuits and
saccades (to assess central vestibular function), eccentric eye
movements (to assess nystagmus); the passive head shake
(appearance of post headshake nystagmus) and the head heave
test (translational counter part of the head thrust test for utricular
function); the amplitude and symmetry of ocular counter rolling
(ocular movements in response to head roll to assess gravitational
sensor function). All these tests were video recorded. Further
tests performed were the vHIT in all 6 semicircular planes;
the VOR suppression test and office rotatory chair tests under
VNG control and the vestibulo-spinal test battery including
the Romberg, the Unterberger, the tandem gait and the one
legged stance as well as sharpened Rombergs test with and
without proprioception to eliminate as much proprioception as
possible (i.e., in a foam cushion) removed. Some children also
underwent the mastoid vibration test under VNG control to yield
additional information on low frequency lateral semicircular
canal responses and some older children were subjected to the

TABLE 1 | Symptoms of pediatric vestibular disease.

Obvious dizziness/vertigo/lightheadedness (usually describable by children
above 8 years of age)

Fright or pallor

Clutching at objects to steady oneself

Bumping into things

Clumsiness

Sudden very brief lasting falls with immediate complete recovery

Periodic episodes of nausea or vomiting 4 migrainous features

Delayed motor functions

Loss of postural control

Difficulty with ambulating in the dark

Difficulty with or avoidance to ride a bike or in amusement park rides due to
imbalance

Abnormal movements during walking, running

Abnormal behavior observed up by significant others (care giver, school or
peer group)

Difficulties in challenging movements (swimming, dancing)

Oscillopsia

Difficulties in challenging visual environments for example in superstores and
in crowded places

Poor head eye or hand eye coordination

Third window symptoms if described by older children—conductive
dysacusis (for example hearing one’s own footsteps), gaze evoked tinnitus
(audible eye movements), autophony (altered perception or perverted
self-monitoring of own voice), Tullio’s phenomenon (dizziness on hearing
loud sounds), Hennebert’s phenomenon (pressure induced dizziness for
example on coughing and sneezing), pulsatile tinnitus (tinnitus that is
synchronous with pulse beat)

Dix Hallpike, the supine roll test and the deep head hanging
test to test for benign positional paroxysmal vertigo (BPPV)
especially when they complained of positional dizziness. Caloric
testing was not performed due to its logistic issues when
performed in children especially taking into account the distress
caused in children by caloric testing. At the time of the study,
the center did not possess VEMPS that it now does. One of the
reasons as to why the case review was undertaken was to assess
whether the service provisions available at that time permitted the
diagnosis of superior semicircular canal dehiscences in children
that in turn would suggest areas for improvement.

In addition, a full neurological examination was performed
in all children as well as a full oculomotor and musculoskeletal
examination as part of the holistic test battery. The history and
the neurotological investigations were performed by the authors
who are experienced clinicians specializing in pediatric vestibular
disorders who peer reviewed each other’s observations to reach a
consensus. The audiovestibular examination and tests are given
in Table 2 which also qualifies the tests.

Pure tone audiometry involved measurement with air
conduction and bone conduction with the acoustic stimuli
delivered through TDH39 head phones and thresholds up to
20 dBHL were considered as normal. Pure tone air conduction
thresholds were performed from 500 Hz up to 6k Hz for every
child to obtain as much information on hearing as possible
especially because meaningful speech containing consonants are
mainly between 4 and 6 kHz. For this paper, pure tone averages
between 500 Hz and 4kHz in every child was averaged for air
and bone conduction thresholds. Bone conduction thresholds
were performed wherever indicated especially with masking
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TABLE 2 | The pediatric audiovestibular test battery.

Audiological tests Vestibular tests

* Pure tone audiometry e Full neurological examination
with masking e Musculoskeletal examination
* Tympanometry e Full oculomotor examination
e Stapedial reflexes e Assessment of subjective visual vertical
e Otoscopy
e Transient * Videonystagmography with and without visual

otoacoustic emissions fixation for head shake, head heave, ocular
counter rolling and ectopic eye movements
Video head impulse test

Vestibulo-spinal test battery with and without
foam cushion for Romberg, Unterberger,
tandem gait; one legged stance and
sharpened Romberg

Office rotatory chair tests and suppression of
visual fixation

Mastoid vibration test

Dix Hallpike, supine roll and deep head
hanging tests

VNG software was used to video record and play back for head shake, head heave,
ocular counter rolling, mastoid vibration, positional tests and suppression of visual fixation
tests; Unterberger test: child is asked to walk/jog in place with eyes closed; Sharpened
Romberg'’s test: placing one heel in front of toe as in tandem gait but not moving with
eyes open and closed with and without proprioception.

but occasionally were difficult to obtain in young children
due to intolerance or the complexity of the task. Transient
otoacoustic emissions were measured at stimulus intensity of
80-88 dBSPL on both ears by equipment from Otodynamics;
VNG and vHIT were performed by the ICS Impulse software
from Otometrics. For the vHIT, an abnormal result was denoted
by lower than normal vestibulo-ocular reflex gain (VOR) in
the semicircular canals with catch up overt and covert saccades
and by normal VOR gain with replicable and repeatable overt
and covert saccades. Normal VOR gain with catch up refixation
saccades after vestibular pathology have been recently identified
as an important observation in the evolving literature with the
vHIT (18). A minimum of 10 thrusts in different semicircular
canals (laterals and right anterior left posterior RALP and
left anterior right posterior LARP) were achieved to draw
meaningful conclusions. The normal gain in the lateral semi-
circular canal was considered to be 0.8 to 1 and that of the
vertical canals to be 0.7 to 1. It is worth pointing out that
in a new and emerging evidence in the pediatric population,
the vertical canal gains involving RALP and LARP may be
lower than in the adult population (19) that could be to
contamination by a developing cervical neck musculature. All
children presenting with hearing loss underwent the full set
of aetiological investigations as recommended by the British
Association of Audiovestibular Physicians (20) that included
MRI and genetic testing, ophthalmological examination, drawing
of family tree and blood investigations, looking into metabolic
conditions that can cause hearing loss and autoimmune ear
disorders. These were unremarkable in our case series diagnosed
with canal dehiscence.

High Resolution CT
Based on anamnesis and audiovestibular information; children
with third window symptoms, hearing losses and balance

problems either alone or in combination with and without
tinnitus were subjected to a high resolution CT scan to obtain
a comprehensive idea about the bony otic capsule. The slices
were 0.625 mm thick with a high spatial filter. Axial, coronal and
sagittal reconstructions were performed. The investigation was
performed by a senior radiology consultant colleague specializing
in pediatric head and neck radiology.

Statistical Methods

Following the diagnostic algorithm, children with CT evidence
of semicircular canal dehiscences were subjected to descriptive
analysis performed by Quick Statistics Calculators, an online
digital portal (https://www.socscistatistics.com/tests/).

RESULTS

The observations for the full case series are given in Table 3.
Figures 1-3 show representative cases.

Total number of children seen in the period of study were
580. Out of these, 13 children (2.2%) had radiological evidence
of semicircular canal dehiscences. There were 6 boys and 7 girls
in the case series. The average age in the female population was
11.28 (range 9 to 17 years) years whilst in the male population it
was 9.83 years (range 6 to 14 years) in the case series presenting
with semicircular canal dehiscences.

The 13 children with semicircular canal dehiscences involved
either the superior semicircular canal (2.06% of the whole
population) or the posterior semicircular canal (0.5% of the
whole population). In 26 ears studied, SSCD was detected in 15
(57.69% of the semicircular dehiscence group) and PSCD was
detected in 3. There were 4 children with bilateral semicircular
canal dehiscence either both SSCD or with SSCD and PSCD
(cases 2,6,7, and 12). One child presented with both superior and
posterior canal dehiscence on one side (case 9). Ten (66.6%) out
of the 15 SSCD were on the right as were all the 3 PSCD on
the right.

Children presenting with symptoms of hearing loss, i.e.,
deficits in communication for example difficulties to hear or
engage in conversation in the class room, difficulties to respond to
orally delivered instructions were observed in 8; however, it must
be noted that actual measured hearing losses (i.e., >20 dBHL
in air conducted thresholds in any frequency) were detected in
10 as there was 1 child with unilateral sensorineural hearing
loss who did not present with any symptoms of hearing loss
(case 13) and 1 child with asymmetrical conductive hearing
loss where the left ear showed better air conduction thresholds
than the right did not complain of a hearing loss either
(case 6). Measured hearing loss in terms of air conduction
thresholds averaged between 500 Hz and 4kHz therefore, was
found in 76.9% of which 6 were bilateral and 4 were unilateral.
Three children did not have a hearing loss. The hearing loss
was mixed or conductive in 8 (80% of hearing losses and
61.5% of the whole case series) and was sensorineural in 2
children. These 2 children presented with SNHL on one ear
(cases 4 and 13). The average air conduction hearing threshold
between 500Hz and 4kHz on the left ear was 29.4 dBHL
and on the right was 32.5 dBHL (the mean of the summated
averages of air conduction thresholds in each child) whilst the
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R SSCD R PSCD

L SSCD
R SSCD

Yes

Mixed

41/26
21/15
17/9

36/30
17/15
12/7

0.47
0.73
0.59

0.54
0.75
0.66

0.48
0.88
0.37

0.73
0.73
0.41

0.90
0.90
0.90

0.86
0.82
0.95

Abn
Abn

Norm

Norm Norm

Yes Nil

Nil

Yes
Yes

Yes
Yes

Mixed

Nil Norm Norm Norm

10

11

Norm

Norm

Norm Norm

Yes  Auto/

tinnitus

CD

Bilateral SSCD

R SSCD

Yes
No

Mixed

39/36
55/51

44/35
4/10

1.01 0.07 0.07 1.06 1.03
0.65 0.98

0.99

1.07

1.18

Norm

Norm

Norm

Norm

Yes
Nil

Yes
Nil

12
13

SNHL

Norm Norm Norm Norm

Nil

Children in case group, Legends: HS, hearing symptoms; BS, balance symptoms; TWS, Third window symptoms; Tymp, tympanometry in dehisced ear/s; SRT, stapedial reflex test in dehisced ear/s; OAE, transient otoacoustic emission
in dehisced ear/s; VNG/VFT, videonystagmography/other vestibular function tests; VOR, vestibulo-ocular reflex gain; LL/RL/LA/RA/LP/RP SC, left lateral, right lateral, left anterior, right anterior, left posterior, right posterior semi-circular

canals; PTA AC R and L, pure tone audiometry air conduction thresholds averaged 500 Hz—4 kHz right and left; BC R and L, pure tone audiometry bone conduction thresholds averaged 500 Hz—4 kHz right and left; na, not performed;

nt, no detectable threshold; HL, hearing loss; CHL, conductive hearing loss; SNHL, sensorineural hearing loss; GET, gaze evoked tinnitus;, CD, conductive dysacusis; Auto, autophony; Tinn, tinnitus; Norm, normal; Abn, abnormal.

average bone conduction thresholds (the mean of the summated
averages of bone conducted thresholds in each child) between
500 Hz and 4kHz was 20 dBHL on the left and 18 dBHL on
the right.

As regards bone conduction thresholds, 5 children exhibited
negative bone conduction thresholds in at least one frequency
(cases 2,5,6,7, and 11) out of which 3 children (cases
2, 7, and 11) presented with third window symptoms as
well and indeed fulfilled the criteria for an adult superior
semicircular canal dehiscence syndrome (5). Two children (cases
5 and 6) had conductive hearing losses without any third
window symptoms.

Tympanometry was normal in 12 children (92.3%) whilst
stapedial reflexes were normal in 12 children as well. There
was some otitis media with effusion in one child with
unilateral profound sensorineural hearing loss (case 4) where
tympanometry was flat with depressed stapedial reflexes on
the dehisced side which was the side of the hearing loss.
Transient otoacoustic emissions were normally recordable in
10 children on both ears (76.9%) and in 11 children on the
dehisced sides (84.6%). They were absent in 2 children with
sensorineural hearing loss on the ipsilateral ear of the hearing
loss (cases 4 and 13) and in case 1 with a mixed hearing loss on
both sides.

Three children were diagnosed with bilateral hearing losses
but unilateral semicircular canal dehiscence (cases 1, 5 and 8),
2 children demonstrated bilateral semicircular canal dehiscences
with bilateral hearing loss (cases 6 and 12). Four children (30.7%;
cases 2,7,11 and 12) narrated classical third window symptoms.
The hearing loss localized to the dehisced side in 11 ears but
there were 5 ears where a hearing loss was detected with no
radiographic evidence of dehiscence on the ipsilateral ear.

Six children presented with definite features of pediatric
disequilibrium, i.e., symptoms as listed in Table 2 (46.15% of
the study group and) while the rest 53.85% were asymptomatic.
Three children had abnormal balance function tests not including
the VHIT (head shake test, mastoid vibration test, head heave
test, ocular counter rolling and subjective visual vertical test).
Ten children (76.9%) had abnormal vHITs with either low VOR
gain and saccades or with normal VOR gain and replicable
or repeatable saccades (i.e., saccades that were consistent and
multiple), 3 children had normal vHITs. The average gain of
the left lateral semicircular canal in the case series was 0.96;
the right lateral semi-circular canal was 0.92; the left superior
semi-circular canal was 0.6; the right superior semi-circular
canal was 0.70; the left posterior semi-circular canal was 0.85
and the right posterior semicircular canal was 0.8. Out of 18
ears with semicircular canal dehiscences, abnormal vHIT with
saccades were detected in 12 (66.6% of all ears with semicircular
canal dehiscence) and in 7 children they localized to the same
canal in the affected side. It was observed that in 5 children,
abnormal canal function was detected in other canals on the
same side rather than the canal affected, ie., for SCDS, the
abnormal VHIT was seen in either the lateral or the posterior
canals. In 2 children, there was unilateral vHIT abnormality
in bilateral SCDS. All children had normal neurological and
oculomotor function.
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FIGURE 1 | (A) PTA in a child presenting with mixed hearing loss (child 1). (B) Video head impulse test in same child with at least 2 covert replicable saccades in the
right posterior semicircular canal (arrow). (C) Coronal (A) and sagittal (B) reconstructions of a high resolution CT scan with consecutive slices demonstrating

dehiscence of the right posterior semicircular canal (arrows).

DISCUSSION

Although well-researched in the adult population, evidence
relating to semicircular canal dehiscence in children is limited
especially regarding clinical presentation and functional and
objective vestibular quantification. The largest series to this date
is by Meiklejohn et al. (13) who in their series including 19
children from the age of 2 months until 7 years observed a zero
percent prevalence of the condition at the age beyond 3 years
which is the starting age range of the current study. The majority
of this case series presented with hearing loss and included
variable comorbidities and cochleo-vestibular dysplasias as well.
The current study in its methodology excluded children under
the age of 5 years and children with comorbidities due to 2
main reasons—firstly, the dehiscence may be part of normal
development under the age of 5 years (6, 15) and secondly
cochleovestibular comorbidities might be responsible for the
presenting phenotype rather than the dehiscence.

The prevalence of semicircular canal dehiscence in children
over the age of 5 years is not resolved as yet especially given the
variable observations in the limited evidence; it ranges from 0
to 13% (11, 13). In the current series, this was observed to be
2.2% overall with 2.06% in the superior and 0.5% in the posterior

semicircular canals. Saxby et al. (21) observed a prevalence of
1.7% SSCD and a 1.2% PSCD in their series. This study was
investigating primarily SNHL in their cohort. The current study
differs from other studies as it includes children with both
audiological and vestibular phenotypes and is the largest series
of its kind. It can be noted that available evidence in the majority
pertains to a radiological diagnosis rather than diagnosis based
on third window features.

In the current series it was observed that the right sided
superior semicircular canal was the most common canal that
showed dehiscence (66.6%). Sanverdi et al. (22) in their series
of 560 children with SNHL and varying degrees of otic capsule
incomplete ossification observed a 7.5% ossification asymmetry.
Asymmetry is a frequent attribute in all body organs although
the small size in the current sample may be responsible for this
observation. Bilateral dehiscences were detected in 4 children
(30.7%). This has been reported sporadically in the literature (11,
16) and number only 3 in published literature. This observation
augments previous evidence that indeed otic capsule dehiscence
may be developmental due to a deficit in ossification of the bony
otic capsule.

Measured hearing loss was observed in the current series in
76.9% of children of varying degrees. This appears to be one
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both sides (arrows).

FIGURE 2 | (A) PTA in a child presenting with conductive hearing loss on both sides (child 6). (B) Video head impulse test in the same child with overt replicable
saccades in the left lateral semicircular plane (arrow). (C) Coronal reconstruction of High resolution CT scan shows dehiscence of the superior semicircular canal on

of the most common presenting features of semicircular canal
dehiscence in children and the findings in the current study
agreed with other published evidence(3, 11-13, 16, 17, 23). There
were 3 children who had normal hearing thresholds. This can be
deemed as an important finding as this has been hardly reported
except in the series by Lee et al. (12) and Wenzel et al. (17), where
one child in each case had normal hearing thresholds. Variability
in presentation is a frequent observation in semicircular canal
dehiscences in all age groups that is well-known. It is interesting
to note that in the studied case series, these three children
presented with symptoms of third window.

The main type of hearing loss in the current series was a mixed
or conductive hearing loss in 80% of the children with hearing
losses. This observation replicates those found in other studies
for example Zhou et al. (3), Chen et al. (11), and Lee et al. (12).
The reason for a mixed or conductive loss can be explained by the
third window effect. Sensorineural hearing loss is not unknown
either (16, 17, 24, 25) and in this series it was observed in 2
children. These children did not show any balance symptoms
and the reason they were requested for a high resolution CT was
because their MRI was normal as suggested in the aetiological
diagnosis algorithm. The large series by Meiklejohn et al. (13)
observed SNHL in the majority, however, they included cochleo-
vestibular dysplasias in their series which were likely responsible
for the hearing loss. It was also observed in the current series
that hearing loss did not essentially correlate with radiographic
evidence of a dehiscence; i.e., a deficit in hearing might not show
a dehiscence on that side or vice versa. The authors believe that
since the condition can evolve, a HRCT might show a frank
dehiscence in future in these cases.

The issue of negative bone conduction threshold as a
criteria for diagnosing SSCD (5) deserves special mention. This

functional subjective test establishes a pathological third window
effect. In our case series, only 5 children demonstrated negative
bone thresholds, out of which, 3 complained of conductive
dysacusis. Merchant et al. (26) in their cohort of 20 children
observed that whilst bone conduction thresholds may be negative
in superior semicircular canal dehiscence, it might not be true
for all subjects presenting with the condition. Instead, they
pointed out that a measured air bone gap in the presence of
normal middle ear function was a more consistent finding that
we have also observed in the current series including the 2
with negative bone conduction thresholds not presenting with
conductive dysacusis.

All the 13 children in our study case series with sensorineural
or mixed hearing losses were extensively investigated with MRI
scans, genetic and blood tests that were unremarkable. Therefore,
by the process of elimination, it was more likely than not that
their hearing losses can be explained by the demonstration of a
radiological semicircular canal dehiscence. This of course cannot
be proven by an observational retrospective descriptive study like
the current one, however, neither can it be said that a radiological
dehiscence in this group can be incidental only.

Only 30% in our series described classical third window
symptoms that are crucial for a diagnosis in an adult but seldom
available from children. These include gaze evoked tinnitus
or audible eye movements, conductive dysacusis, autophony,
Hennebert’s phenomenon or Tullio’s phenomenon and pulsatile
tinnitus. Many of these symptoms cannot be described by
younger children, however, these symptoms if present will lead
to some predictable behavior that can be picked up by parents.
This observation raises an interesting point as apparent from
the current descriptive study that a radiological diagnosis of
semicircular canal dehiscence might not lead to a fully blown
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FIGURE 3 | (A) PTA in child presenting with conductive dysacusis (child 7). (B) Video head impulse test in a child with covert saccades in the right superior
semicircular canal (arrow). (C) Coronal reconstruction of High resolution CT scan shows dehiscence of the superior semicircular canal on both sides (arrows).

semicircular canal dehiscence syndrome in children that has been
well-defined in adults. As a result, the diagnosis of a semicircular
canal dehiscence in children can be guided by a holistic picture
rather by obtaining third window symptoms.

Tympanometry was normal in the majority of our children
that virtually eliminated any middle ear disorder with normal
otoscopy in our case series. The finer nuances of tympanometry
in semicircular canal dehiscences were investigated in the adult
population by Castelucci et al. (27) who measured interaural
differences but overall, the peak compliance average was within
normal limits. The majority of their subjects also demonstrated
normal stapedial reflexes as this current series also observed. The
only child who presented with flat tympanometry and reduced
reflexes had middle ear disease in addition to a profound SNHL
on one side.

The publication by Thabet (28) investigating the finer nuances
of transient OAE in semicircular canal dehiscences indicated that
by and large OAE tend to be preserved in semicircular canal
dehiscences. The authors feel that objectively establishing normal
middle ear and cochlear function is very important to suggest and
make a case for an inner ear problem explaining a conductive and
a mixed hearing loss as is frequently found in semicircular canal
dehiscences. In frank cases of SNHL, the pathology itself can
lead to cochlear dysfunction over riding the third window effect
generating absent OAEs as found in 2 children in the current
series. The child with the mixed loss and absent OAE very likely
developed a cochlear element to his hearing loss due to the same
reason. No other cause was detected to account for the hearing
loss in these children after intense aetiological investigations as
given earlier.

46.15% of children in the current case series presented with
features of disequilibrium which is a hallmark in the adult

population, but again it must be remembered that obtaining a
proper history is often surrogate and dependent on observational
behavior. In other series by Chen et al. (11), Lee et al. (12),
and Kanaan et al. (16), this had been reported and the likely
reason is that in children cerebral plasticity leads to good
compensation precluding symptoms even in cases of vestibular
deficit. Nevertheless, if there is a history of compromised balance,
the possibility of a third window must be raised.

VNG examination with and without optic fixation, rotatory
chair tests and vestibulo-spinal tests as well as mastoid vibration
tests were normal in the majority of children in the current case
series (76.9%) suggesting that gravitational sensor and static, low
and mid frequency angular motion sensor vestibular function
tend to be preserved in semicircular canal dehiscence in children.
To our knowledge, the present study is the largest study to date
to employ these tests in semicircular canal dehiscence in the
pediatric population.

The video head impulse test since first described by
MacDougal et al. (29) has revolutionized the diagnosis of
high frequency semicircular canal vestibular function. Whilst
extensive research in the adult population has been carried
out and new observations are evolving, its use in the
pediatric population has not been studied widely and in
this respect its use in the diagnosis of semicircular canal
dehiscence in children has not been studied at all except
in one isolated case report by Wenzel (17). Similarly in
the adult population, the evidence is extremely limited. The
current series utilized this test routinely on the premise
that semicircular canal dehiscence in children may lead
to high frequency vestibular involvement as a result of
aberrant endolymphatic fluid movement generated by the
third window. Carey et al. (30) assessed passive head thrust
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generated VOR gain with magnetic scleral coil search techniques
in a group of patients with superior semicircular canal
dehiscence in the preoperative and post-operative period. In the
preoperative period, the VOR gain did not differ much from the
normative data.

One important aspect to consider is the norms in the pediatric
population due to the developing vestibular function. Wiener-
Vacher and Wiener (31) published for the first time using
the Synapsys system pediatric VOR gains in all 6 semicircular
canals in the normal population and observed that although
VOR gain increased as a function of age, their absolute
numerical values are reasonably close to the adult population.
However, a recent paper by Bachman et al. (19) suggested
that whilst the VOR gain in the lateral semicircular canals
match closely to those obtained in the adult population, the
gain in the vertical canals can be distinctly lower in children.
Bachman et al. (19) used the ICS Impulse system which is
fundamentally different form the Synapsys system. This study
utilized the ICS Impulse system and observed similar VOR
gains as the Bachman study in a normal cohort (not a part
of this audit). Saccades were considered as the most important
indicator of vestibular dysfunction as Perez- Fernandez and
Eva-Nunez (32) and Korsager et al. (18) had shown that
saccades can be observed with normal VOR gain values during
compensation that suggests persistent VOR deficits. Another
important consideration is whether these saccades are artifactual
or not which is a common problem to be encountered especially
in the vertical canals (33). All the vHITs in the current study
were analyzed and reviewed by the authors who are experienced
clinicians and had performed over 800 vHITs in the pediatric
population. They believe that just like an auditory brainstem
response, VHITs need to be interpreted on an individual basis
and correlated with the overall phenotype of the condition
being investigated.

Replicable and repeatable saccades (consistently occurring
multiple saccades up to 400 ms) were observed in 10 children
(76.9%) whilst in 3 there were no discernible saccades. These
saccades localized fairly accurately to the sides and the dehisced
canals but with some exceptions. In 1 child with bilateral
dehiscence, saccades localized to the lateral canal of one
side only. In 1 child, they were observed in the left lateral
semicircular canal for a left sided SSCD and in another child,
in the right lateral semicircular canal for a right sided SSCD.
Furthermore, in 2 children, they were observed in the right
posterior semicircular canal for right SSCDs. In 1 child, the
dehiscence was on the opposite side of an SNHL who had
normal vHIT. Again, these outlying observations may suggest
the variability of presentation of the condition. The saccades
detected from vHIT in non-dehisced canals may be due to
secondary effects generated by an aberrant endolymphatic fluid
dynamics in response to the third window affecting the VOR.
It is not known whether in the pediatric population, there
could be a continuous damping effect of the VOR. Therefore,
from this study, it appears that saccades may be important to
assess high frequency vestibular function in semicircular canal
dehiscences in children. This has not been reported before and
indeed the authors feel that vHIT could be incorporated in the

diagnostic process to take a decision whether to request HRCT
for confirmation of diagnosis of a third window along with other
clinical features.

The current series observed that measured hearing loss
which is a functional measure and abnormalities in the video
head impulse test which is an objective measure were present
in a high percentage of children with semicircular canal
dehiscences (76.9%). The majority of children with measured
hearing losses complained of a functional deficit in hearing.
However, only about 46.15% presented with functional deficits
in balance in spite of an abnormal objective measurement. These
observations suggest that semicircular dehiscences in children
may tend to possess more functional hearing deficits than
functional disequilibrium and the hearing loss may correlate to
a measured objective balance deficit rather than a functional
balance deficit.

The children in the current series did not undergo VEMPs
to diagnose semicircular canal dehiscences as these tests were
not available initially but were procured toward the end of the
study period. It has been shown that otolith function may be
enhanced in semicircular canal dehiscence (34) and measured
by VEMPs. This remains an important tool for diagnosis of
semicircular canal dehiscences to objectively confirm the third
window effect in the adult population. However, in children,
the evidence is still emerging. One of the difficulties in children
is non-cooperation and achieving good muscle contraction for
a robust response. As yet standardized norms derived from a
sizeable population have not been published. It is likely that
latencies and amplitudes will be less than in the adult population
(35). Zhou et al. (36) studied VEMPS in children and observed
that in inner ear structural abnormalities (for example enlarged
vestibular aqueduct and semicircular canal dehiscences), VEMPs
have lower thresholds and increased amplitude as one would
expect in adults. However, it is not clear from this study as
to what is defined by a structural inner ear abnormality. A
structural inner ear abnormality is a vast entity and the authors
did not mention as to how many of these actually had a
third window.

VEMPs confirm the presence of a third window effect
in the adult population that has been established (5). Ward
et al. (5) in 2017 proposed the diagnostic criteria for third
windows in adults that include high resolution CT confirmation
and at least one third window feature enumerated previously
and at least one of negative bone conduction thresholds
in pure tone audiometry, enhanced VEMP responses and
elevated summating potential to action potential ratio in
electrocochleography in the absence of sensorineural hearing
loss. Therefore, it can be noted that VEMPs in adults is one
of the diagnostic criteria and not an obligatory one, although
the paper mentioned that the authors believed that VEMPs
are essential for diagnosis. In any case, VEMPs to demonstrate
a third window effect in children may be required especially
since children may not present with third window symptoms as
discussed later.

Three children in the current case series presented with
all 3 criteria—a negative bone conduction threshold, third
window symptoms and a radiological evidence of semicircular
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canal dehiscences. Two children with conductive hearing losses
and radiological evidence of SSCD also demonstrated negative
bone conduction thresholds. The majority of children with
hearing losses do not fulfill the adult criteria nor do they
present with third window symptoms, yet they demonstrate
radiographic evidence of a dehiscence. As discussed earlier,
a cochlear hearing loss can be a feature of semicircular
dehiscences in children and this hearing loss can serve
as a phenotype for the condition. The extensive study by
Lagman et al. (37) analyzing data in existing literature
pertaining to SSCD in children concluded that hearing loss
was the commonest indication for performing a high resolution
CT scan that showed SSCD; however, it must be noted
that about 25% children in this analysis had other causes
explaining the hearing loss. The current series is the first
to exclude this comorbidity group by performing extensive
investigation for hearing loss and also employed other features
for example third window symptoms and disequilibrium and
vestibular function tests as indicators for further imaging. These
observations suggest that a radiologically demonstrated canal
dehiscence may not result in a fully overt dehiscence syndrome
in children.

The important difference between adults and children is
the lack of third window symptoms that suggests that the
pathophysiology of a semicircular canal dehiscence (not to
be confused with a superior semicircular canal dehiscence
syndrome) may differ from that in an adult. The reason for
this could be attributed to the observation that endolymphatic
movement in the childs ear and its response to the third
window can be different as compared to an adult, a suggestion
that can be gleaned from minor traumatic brain injuries in
children (38). Therefore, the real effects of a third window
in a pediatric population remain to be established. This
in turn might influence VEMP findings in children with
the condition.

Asindicated earlier that high resolution CT may over diagnose
the condition especially in children as normal otic capsule
ossification follows a chronological pattern. Therefore, to decide
whether a radiological diagnosis is indeed the cause for the
clinical features that a child presents with is a matter of fine
judgment and expertise. Thus, diagnosis of semicircular canal
dehiscence in children must be guided by the whole clinical
picture rather than by one investigation alone.

The results in this audit observed that a significant proportion
of children with apparent radiological diagnosis of semicircular
canal dehiscence may not fulfill all the diagnostic criteria
for the condition as proposed in adults with the algorithm
employed in the study. This is due to the absence of typical
third window features. The CT scan findings can be incidental
and not related to the phenotype. Hence it may be necessary
to establish a third window effect if possible by objective
means in children. This can be achieved by VEMPS and thus
this audit leads to the recommendation that to investigate
semicircular canal dehiscences in children further, other tests
can add to the ones performed in the study to obtain a
better idea about the condition in children. VEMPs in spite
of its limitations in the pediatric population need to be

explored to demonstrate this pathological third window effect
in children who otherwise present without any third window
features about which there is limited evidence. Furthermore,
functional vestibular tests for example the functional head
impulse test (39) and the gaze stabilization test (40) may
be attempted to correlate a functional phenotype that is
yet to be investigated in children. Demonstration of a third
window effect has implications regarding operative intervention
that is well-established in adults. In our experience, surgery
is seldom required in children and they respond well to
audiovestibular rehabilitation with amplification, customized
vestibular rehabilitation and with cognitive behavioral therapy
when needed.

There is a possibility that a dehiscence picked up in childhood
may lead to frank third window features in the future, there is
no way of predicting this in the absence of adequate evidence.
Again, this could be due to bony remodeling. Consequently, these
children and parents can be counseled to deal with emerging
problems in the future. This underpins the holistic approach to
pediatric medicine, it is not just invasive management or medical
management but preparing the child from any eventuality in
the wider sense. A robust transition plan will incorporate this
information to inform adult services when the child graduates
from pediatric to adult services.

The weaknesses of this study include a small sample size given
the rarity of semicircular canal dehiscence in children and that
this was a retrospective audit in the first instance. However, since
the study group was assessed by the authors only, there was
continuity of care thus eliminating one of the important biases
of a retrospective study. There was consistency in the process
and influence by confounding logistic variables were negligible
as the analysis looked into a defined anatomical abnormality
which is independent of any modification by these variables.
This study did not pose any hypothetical research question and
did not attempt to confirm statistically valid observations. This
study presents a series of observations that became apparent
on a retrospective case note review and draws conclusions that
might lead to further research in diagnosing a rare pathology
in children.

CONCLUSIONS

The pathological entity of semicircular canal dehsicences in
children remains rare. High index of clinical suspicion to
demonstrate the condition by dedicated imaging is suggested by
good anamnesis, the presence of a conductive or a mixed hearing
loss in the presence of normal middle ear and cochlear function
and abnormal vestibular function tests. Sensorineural hearing
loss may be a presenting feature. It observes that diagnosis
of semicircular canal dehiscences in children depended on a
number of functional and objective parameters. It does not
suggest that any one test is best for diagnosis but rather provides
an overview from a retrospective case note analysis that the
phenotype in children is variable and diagnosis is a matter
of clinical judgment. Furthermore, this study observes that an
anatomical semicircular canal dehiscence might not present with
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a frank semicircular canal dehiscence syndrome characterized by
the constellation of symptoms well-described in adults.
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Dynamic visual acuity (DVA) provides an overall functional measure of visual stabilization
performance that depends on the vestibulo-ocular reflex (VOR), but also on other
processes, including catch-up saccades and likely visual motion processing. Capturing
the efficiency of gaze stabilization against head movement as a whole, it is potentially
valuable in the clinical context where assessment of overall patient performance provides
an important indication of factors impacting patient participation and quality of life.
DVA during head rotation (rDVA) has been assessed previously, but to our knowledge,
DVA during horizontal translation (tDVA) has not been measured. tDVA can provide a
valuable measure of how otolith, rather than canal, function impacts visual acuity. In
addition, comparison of DVA during rotation and translation can shed light on whether
common factors are limiting DVA performance in both cases. We therefore measured and
compared DVA during both passive head rotations (head impulse test) and translations
in the same set of healthy subjects (n = 7). In addition to DVA, we computed average
VOR gain and retinal slip within and across subjects. We observed that during translation,
VOR gain was reduced (VOR during rotation, mean £ SD: position gain = 1.05 £ 0.04,
velocity gain = 0.97 4+ 0.07; VOR during translation, mean 4+ SD: position gain = 0.21
+ 0.08, velocity gain = 0.51 + 0.16), retinal slip was increased, and tDVA was worse
than during rotation (average rDVA = 0.32 + 0.15 logMAR; average tDVA = 0.56 +
0.09 logMAR, p = 0.02). This suggests that reduced VOR gain leads to worse tDVA, as
expected. We conclude with speculation about non-oculomotor factors that could vary
across individuals and affect performance similarly during both rotation and translation.

Keywords: vestibular system, vestibular ocular reflex, oculomotor, dynamic visual acuity (DVA), otoliths,
semicircular canal, retinal slip, eye movements

INTRODUCTION

During natural movements, head perturbations have both translational and rotational components.
In order to compensate for such movements and to maintain a stable image on the retina,
the central nervous system (CNS) generates compensatory movements, most notably driven
by the vestibulo-ocular reflex (VOR). Depending on the type of head movement, two kinds
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of VOR are distinguished: the rotational VOR- in response to
angular motion sensed by the semicircular canals (SCCs)—and
the translational VOR- in response to linear motion sensed
by otoliths.

The rotational VOR (rVOR) has been extensively studied.
Performance is typically quantified by applying passive rotational
head movements [as in the head-impulse test—HIT (1)],
measuring eye and head velocity and computing the ratio of the
two, which is referred to as the gain. The need for a precise and
reliable measure of the oculomotor responses led to the use of
video-oculography through head mounted cameras to record eye
movements during the HIT (2, 3). Typical movement profiles
have a frequency content in the order of 5-7 Hz, characterized
by small amplitudes (10°-20°) and peak accelerations of 2,000-
7,000°/s2 (2, 4). Gain is most often computed during the first
100 ms following movement onset to ensure that responses are
driven by vestibular input only. Visually-driven eye movements
have a latency of more than ~100 ms, while vestibularly-driven
ones have a latency of <10ms (1, 5). Gains near one are
expected in normal subjects; the threshold for clinical diagnosis
of pathological VOR response is gain <0.79 (3, 5, 6).

The translational VOR (tVOR) has been much less studied,
in part because it can be difficult to administer well-controlled
and repeatable passive translation stimuli. Past research has
investigated tVOR in response to both horizontal (7-9), and
vertical (10-12) translations. Typical movement profiles contain
frequencies in the order of 1.5-2Hz, with peak velocities and
accelerations of 25-40 cm/s and 0.7-1g. As with rVOR, gain
is most often computed during the first 100 ms following
movement onset to ensure that responses are driven by vestibular
input only. Unlike the rVOR, viewing geometry dictates that
larger eye movements are needed to stabilize near compared to
far images during translational movement, implying that only
images lying at the same viewing distance can be stabilized with
a single eye movement. Compensation for linear head motion
is incomplete, with reported gains between 0.1 and 0.63 with
near viewing distances (8, 13). The reason why compensation is
incomplete is still a matter of debate. Although linear movements
pose less of a threat to stabilization for viewing distances above
about 1m, because of the mentioned inverse relationship with
movement amplitude required for stabilization, published results
have shown that the gain remains under-compensatory and
roughly constant with different viewing distances, hinting that
the compensated amount represents a choice of the CNS (7, 8),
and not a limitation of the tVOR. In fact, one possible explanation
for this finding is that the goal of the tVOR might not be that
of stabilizing a single target of interest, but to minimize retinal
image motion between objects lying in different depth planes in
order to optimize motion parallax information (11, 12).

In addition to quantifying VOR gain, functional visual
stabilization performance can be assessed by other techniques,
such as measuring dynamic visual acuity (DVA), i.e., the ability
to discern fine details of the visual image (14) during both
active (15, 16) and passive (17, 18) head motion and different
types of visual stimuli (18, 19). Passive head motion is however
more informative in the detection of a vestibular dysfunction,
as predictive strategies are not available (20, 21). Two further

techniques have been proposed for such functional vestibular
testing over the last 10 years: the gaze stabilization test (GST)
(22, 23) and the functional head impulse test (fHIT) (24-26).
All three are based on requiring the patient to identify an
optotype displayed on a computer screen during head rotations,
yet they differ in terms of visual stimulus triggering criteria and
outcome measure: a change in visual acuity measure (logMAR)
for the DVA test, the maximum head velocity that does not
reduce visual acuity for the GST, the percentage of correctly
identified optotypes during head rotations within a range of head
angular accelerations for the fHIT. In contrast with VOR gain,
functional testing provides a measure of the overall effectiveness
of stabilization performance, including not only VOR but also
catch-up saccades and other visually-driven responses. Thus,
functional testing approaches can provide a clinically valuable
measure of overall functional impairment (24, 25, 27-29).

Recent studies have assessed and compared VOR gain and
HITD-FT (or functional head impulse test, fHIT) in response
to head rotations (30, 31). Administration of opioids led to a
decrease in VOR gain and also a decrease in the percentage of
correctly identified targets (%CA) during HITD-FT, such that
response gain and %CA were significantly correlated (30), yet
no correlation was found in a group of patients with vestibular
neuritis both on the affected and on the healthy side (29). It was
also observed that catch-up saccades performed while the visual
target was still present likely led to better reading performance
(30, 31) and to better DVA (32).

To our knowledge, no prior study has examined both VOR
and DVA in response to pure linear, passive horizontal head
movement. The current study therefore aimed to address this
gap by measuring both VOR and DVA in response to linear
horizontal head movement and comparing these with measures
of VOR and DVA during angular head movement in a single
group of subjects. We expected to replicate prior findings that
VOR gain is reduced during translation compared to rotation,
and we expected that reduced gain should lead to DVA that is
worse during translation compared to rotation. We also aimed
to test the hypothesis that linear and angular measures of
VOR and DVA are correlated with one another, which would
suggest that performance in response to both linear and angular
movements are affected by common factors or mechanisms
that are not necessarily vestibular in origin (e.g., visual or
perceptual mechanisms).

MATERIALS AND METHODS

Subjects

Seven healthy subjects (4 males), aged 27-41 years (median
33 years) participated in the study. They reported no history
of neurological, neuro-otological, or neuro-ophthalmological
disorders. Six subjects had normal vision, one subject had vision
corrected to normal via glasses. In case subjects normally wore
glasses, they performed the task without them because of set-
up constraints both for the DVA and the static visual acuity, the
latter measured prior to the test (see further in this section). The
experimental procedure was approved by the Ethics Committee
of the Medical Faculty of the Ludwig-Maximilians-University
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A Rotation

the figure.

FIGURE 1 | Setup for rotational and translational VOR and DVA assessment. (A) Head rotation was induced by a trained experimenter manually rotating the head, as
during a clinical head-impulse test. Subjects fixated a fixation point, which changed to a Landolt ring ~72 ms after movement onset and displayed for ~68 ms. After
the movement subjects judged the orientation of the ring. (B) Translational movements were applied using a six-degree-of-freedom motion platform. The head was
fixated with respect to the platform via bite bar and stabilizing braces over the ears. As for rotation, a Landolt ring appeared ~75 ms after movement onset and was
displayed for ~49 ms; subjects judged its orientation. Written informed consent was obtained from the individual for the publication of the image represented in

and in accordance with the Declaration of Helsinki. All gave
their informed consent prior to participation and were free to
withdraw from the experiment at any time.

Experimental Procedure: Rotational VOR
and DVA

First, the static visual acuity (SVA) was assessed. To this end,
subjects were asked to identify 20 fixed sequential visual stimuli
displayed on a monitor (size 60 x 53 cm, resolution 1,280 x
800 pixels, refresh rate 75 Hz) connected to the measuring laptop
and situated 2m in front of them, without moving their head.
This procedure provided a baseline measure of subjects’ visual
acuity. The visual stimulus consisted of a Landolt ring with
eight possible gap positions at 45° increments. As described in
Colagiorgio et al. (33), subjects had to identify the position of
the gap and provide answers using an external computer keypad
consisting of buttons for each gap position and a special button
if they had low confidence in their answer in order to further
reduce the possibility of random correct answers. The size of
the stimulus was adjusted depending on the subject’s error rate,
according to the QUEST algorithm (34) performed with the head
still, starting from a value of 1 logMAR and estimating subject’s
acuity threshold in 20 trials, in analogy to the test performed in
Colagiorgio et al. (33) to assess SVA.

Rotational VOR (rVOR) and DVA were then assessed
(Figure 1A). An experienced examiner standing behind the
subject performed at least 40 passive, rapid (6.4 + 1.5 Hz), high-
acceleration (3,300-4,000°/s> peak), and small amplitude (14°-
24°) head rotations to the left and to the right (Figure 2, top)

in the plane of the horizontal semicircular canals [standard
clinical head-impulses (1)]. The impulses, at least 20 to the right,
and at least 20 to the left, were delivered with random timing
and direction, to prevent anticipatory compensatory movements.
Display of the visual stimulus was triggered when head angular
acceleration (as measured by the gyroscope integrated in the
eye tracker) exceeded 300°/s?, otherwise the trial was repeated.
The actual timing of the visual stimulus was documented with a
photodiode taped to the monitor (33). A fixation cross appeared
prior to every rotation in the center of the screen. The visual
stimulus was programmed to last 80 ms and it appeared on the
screen on average 72 &+ 2 ms (mean = SD) after head movement
start (defined as head velocity reaching 20°/s) as recorded with
the photodiode. The visual stimulus remained on for 68 + 3 ms
(mean =+ SD).

During all testing procedures, eye and head movements were
recorded by monocular video-oculography on the left eye and
integrated six-degrees-of-freedom inertial sensors [EyeSeeCam
system, (2)]. Prior to each testing, calibration of the system
was performed following its standard procedure using a laser-
projected target grid at 1.5 m viewing distance (6). Sampling rate
was 220 Hz.

Experimental Procedure: Translational VOR
and DVA

Translational movements were applied using a six-degree-of-
freedom motion platform (Moog© 6DOF2000E). Subjects were
seated in a padded racing seat mounted on the platform. In
order to guarantee only linear translations in the horizontal
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FIGURE 2 | Eye and head movements during rotation and translation Eye movement (gray) plotted vs. stabilization demand (black) for a representative subject during
rotation [(A,C) head and eye movements to the left and to the right pooled, left eye] and translation [(B,D) movements to the right, right eye]. Position (A,B) and
velocity (C,D) traces are aligned to stimulus presentation beginning. The dashed vertical line indicates the mean head movement start. The gray area indicates the
time interval over which position and velocity gains of the VOR were computed (55-65 ms after movement onset). The gray dashed line shows the mean time interval
when the visual stimulus was turned on to assess dynamic visual acuity.

plane during the assessment of the DVA, the subject’s head was  photodiode taped to the screen as previously described. Onset
stabilized by means of a bite bar and passive noise canceling  was 75 £ 5ms (mean *+ SD) after platform movement start
headphones connected through mechanical arms to metal poles  (defined as platform displacement of 3mm from its starting
fixed onto the motion platform (Figure 1B). position). A fixation cross appeared prior to every translation,

Subjects first performed calibration of the system and SVA  to help subjects maintain the correct vergence angle. In the
assessment as previously described. Visual stimuli were projected  translation experiment, differently from the rotation experiment,
on a screen (size 45 x 35cm, resolution 1,400 x 1,500 pixels, and due to setup constraints, the visual target was projected
refresh rate 75 Hz) located 15 cm in front of subjects’ eyes. The  on a screen (screen size 45 x 35cm). The projector (Acer
screen was mounted to the platform, but the projector (Acer  P5403, resolution 1,400 x 1,500 pixels, refresh rate 75Hz)
P5403) was mounted to the wall and therefore rendered an ~ was mounted to the wall and connected to the measuring
earth-fixed visual stimulus. Distance from projector to screen  laptop. As in the rotational experiment, during translations the
was 73 cm. visual stimulus was programmed to last 80 ms and lasted on

After the SVA was completed the translational protocol — average 49 £ 2ms, likely because of differences in the setup
was performed. Each horizontal linear translation lasted 0.5s  between the two experiments (e.g., the image was presented on a
and followed a Gaussian speed profile characterized by a  projection screen while in the rotation experiment was presented
displacement of 8cm, peak velocity of 0.7 m/s and peak on a monitor). The difference of stimulus duration between
acceleration of 1.3g (Figure2, bottom). The delivery of rotations and translations is significantly different (paired t-
translations, at least 20 toward the left (L) and at least 20  test, p < 0.001). Eye and head movements were recorded
toward the right (R), was computerized with pseudorandom by binocular video-oculography and integrated six-degrees-of-
timing and direction, to prevent anticipatory compensatory  freedom inertial sensors [EyeSeeCam system, (2)]. Sampling rate
movements. Onset of the visual stimulus was delayed by a fixed =~ was 220 Hz. Platform and head position was also recorded by an
duration relative to the command to move the platform. The  optical tracking system at 117 Hz (Optitrack S250e cameras and
actual onset of the visual stimulus was documented with a  Motive software).
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Data Analysis

For the rotation experiment, head angular velocity was derived
from the sensors mounted on the EyeSeeCam system (2). Eye
and head velocity (Figure 2, top) were processed as in Ramaioli
et al. (30): eye velocity was filtered with a third order low-pass
digital Butterworth filter with a cut-off frequency of 40 Hz, while
head velocity was filtered by a second order zero-phase low-pass
digital Butterworth filter with 30 Hz cut-off frequency. Eye and
head position were computed from velocities. Head impulse start
and end were automatically detected when head velocity first
reached 20°/s and when it crossed zero again. Impulses with peak
velocity slower than 80°/s were discarded. In addition, traces
deemed noisy based on visual inspection were also discarded
(manual correction). On average, 18 + 3 head impulses were
included in the rVOR analysis for each side. Position gain of
the r'VOR was computed by taking the median of eye and head
positions in a window between 55 and 65 ms after head impulse
start, and then taking the ratio of these median values. Velocity
gain was computed using the same procedure applied to the
velocity traces.

For the translation experiment, trial onset was defined as
the moment when the motion platform had moved 3 mm away
from its starting position, according to the optical tracking
data. Stabilization demand for each trial (Figure 2, bottom) was
computed based on viewing distance (v), inter-pupillary distance
(ipd), and platform displacement (d) as atan((-d=+ ipd/2)/v) and
was used to compute the gain of the tVOR as recorded/ideal
eye movement (9). This calculation assumes that the platform
displacement corresponds to head displacement, i.e., that the
head was fixed with respect to the platform. The validity of this
assumption was verified by measuring and comparing both head
and platform movement. This analysis showed that measures
taken to stabilize the head (bite bar and ear cups) were effective,
resulting in only small rotations (~2°) of the head relative to
the platform. Eye position was filtered with a second order low-
pass digital Butterworth filter with a cut-off frequency of 20 Hz.
Eye position and stabilization demand were set to zero at the
beginning of each trial, with possibility for manually discarding
trials showing artifacts or re-fixation saccades in the first 90 ms
after movement onset, as they could affect gain calculation. For
each eye and direction of movement, 12 £ 3 trials were then
considered. Velocities were derived from position traces. Position
and velocity gain were computed as described above using
data in a time window between 55 and 65 ms after movement
onset. Gains were computed separately for the right and
the left eye.

During translations, tVOR gain was often low and often
catch-up or re-fixation saccades were triggered. Eye movements
with an acceleration higher than 2,000°/s> were considered
to be re-fixation saccades: saccade onset was defined when
acceleration reached 2,000°/s%, while saccade offset was defined
with acceleration threshold of —2,000°/s>. The primary measure
of interest was the latency of the first re-fixation saccade after
movement onset, because shorter latencies had been suggested
to result in better functional performance when VOR gain is
reduced (30, 35, 36).

TABLE 1| SVA, rDVA, and tDVA data.

Subject SVA SVA rDVA rDVA tDVA tDVA
ID (rotation) (translation) right left right left
s01 0.00 0.00 0.46 0.49 0.22 0.72
s02 0.00 0.00 0.56 0.46 0.59 0.55
s03 0.06 0.00 0.3 0.36 0.33 0.77
s04 0.00 0.00 0.22 0.36 0.34 0.69
s05 0.00 0.00 0.41 0.29 0.65 0.40
s06 0.63 0.00 0.17 0.09 0.59 0.91
s07 0.03 0.00 0 0.26 0.55 0.59

Rotation SVA and rDVA were taken with a monitor 2 m away from the subject. Translation
SVA and tDVA were taken with a projection screen 15 cm away from the subject. Subject
s06 is nearsighted and usually wears glasses as shown by the different SVA values
for rotation and translation; however, they did not wear glasses during both SVA and
DVA assessment.

Visual acuity in static (SVA) and dynamic (DVA) condition
is tested requiring the subject to identify the orientation of a
sequence of 20 Landolt rings. The size of the ring (and its gap)
is scaled in accordance to the size and resolution of the screen,
and to the subject’s viewing distance to correspond to a Sloan eye
chart. During testing the optotype size is reduced depending on
the subject rate of incorrect answers using the QUEST adaptive
algorithm, implemented in the Psychtoolbox. The algorithm
starts with a value of 1 logMAR and estimates the subject’s visual
acuity threshold expressed in units of in logMAR in 20 trials.
DVA was calculated as the difference between the threshold value
given by the adaptive procedure and the SVA value and was
computed separately for rotations to the right and to the left, and
for translations to the right and to the left (see Table 1).

In addition, to examine how VOR gain could impact DVA,
we also computed maximum gaze (i.e., head + eye) position and
velocity during presentation of the visual stimulus. If this position
and velocity are close to zero, the target should be near the fovea
and relatively still on the retina, resulting in better acuity. If the
target is far from the fovea and moving on the retina, even only
a few degrees per seconds, DVA should be impaired and vision
deteriorates (37, 38).

All analyses were performed offline using custom MATLAB
software (MathWorks, Natick, MA).

Statistical Analysis
Differences in position and velocity gains during rotations to the
right and left were assessed using a t-test with significance level
of 0.05 (normal distribution verified by Shapiro-Wilk Test). The
same procedure was applied to assess differences between gains
of the right and left eye during translations to the left and to
the right as well as differences in DVA depending on movement
direction. As there were no significant differences, data were
pooled across eyes and movement directions for all measures and
test conditions.

Correlation analysis was performed across both rotational
and translational measurements between DVA and all gain and
slip measures.
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RESULTS

Examples of eye movements in response to both rotation and
translation are shown in Figure 2. The healthy rVOR (Figure 2,
left) drives the eye to compensate almost perfectly for the
imposed head rotation. Position and velocity gain computed
during the time window ~70 ms after movement onset (shown
by the gray bar) are very near unity (position gain 1.07 & 0.07,
velocity gain 0.95 £ 0.09). Thanks to this compensation, the
subject could correctly identify the visual stimulus when it was
present (gray dashed line), achieving an rDVA of 0.29 logMAR
(left rotations 0.36, right rotations 0.22), compared to an SVA of
0logMAR. Data for all subjects regarding rDVA and tDVA as well
as SVA are reported in Table 1.

In contrast, eye positions and velocities during translations
were insufficient to compensate for head movement. For
the example subject shown in Figure 2 (right), position gain
pooled across eyes and movement directions was 0.23 £ 0.07
and velocity gain was 0.42 £ 0.12. This decreased gain was
associated with reduced tDVA during translation of 0.47 logMAR
(0.22 to the right, 0.72 to the left) compared to an SVA
of 0 logMAR.

Similar behavior and performance was observed in all seven
subjects. Both position gain (Figure3A) and velocity gain
(Figure 3B) were significantly greater during rotation than
during translation (paired t-test, p < 0.001). Mean position
gain was 1.05 £ 0.04 during rotation and 0.21 £ 0.08 during
translation. Mean velocity gain was 0.97 & 0.07 during rotation

and 0.51 =+ 0.16 during translation. The insufficiency of ocular
responses during translation is captured by the shortfall relative
to a gain of 1 (i.e.,, 1 minus gain) which is plotted in the inset of
Figures 3A,B.

Reduced VOR gains indicate incomplete compensation for
head motion and this should be associated with increased
retinal slip and worse DVA scores. To examine this relationship
more closely, we computed maximum gaze position (ie.,
target position relative to the fovea) and velocity (ie.,
target velocity on the retina) as the sum of head and
eye position and, respectively, head and eye velocity during
acuity target presentation. Position error (Figure3D) and
slip velocity (Figure 3E) differed significantly between rotation
and translation (position error, p = 0.001; slip velocity p =
0.03). They were close to zero during rotation but deviated
substantially during translation, with negative values indicating
slip due to insufficient ocular compensation. To capture this
insufficiency, we plot shortfall in slip compensation (slip
times minus 1) in the insets of Figures 3D,E. Measures
of slip and gain during rotation and translation were not
significantly correlated.

These differences in gain and slip were accompanied by
differences in DVA (Figure 3C). The minimum angle of
resolution was significantly higher during translation (0.56 +
0.09 logMAR) than during rotation (0.32 £ 0.15 logMAR) (p
= 0.02), indicating that the ability to recognize the orientation
of the optotype was worse during translations in comparison
to rotations. Measures of DVA during rotation and translation
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for an individual subject were not significantly correlated
(Figure 3C; R = 0.62, p = 0.14).

To examine how gross differences in gain and slip between
rotation and translation contribute to differences in DVA across
movement types we tested for correlations between DVA and
gain and slip measures. Pooled DVA across movement types was
significantly correlated with velocity gain (Figure 4B; R = —0.73,
p < 0.01), position error (Figure4D; R = —0.77, p < 0.01),
position gain (Figure 4A, R = —0.75, p < 0.01) and slip velocity
(Figure 4E; R = —0.59, p = 0.03). When correlations were tested
using only either rotational or translational data, no significance
was observed (Table 2). This suggests that individual differences
in either gain or slip do not necessarily allow accurate prediction
of DVA performance; other factors are likely to influence DVA
performance. We examined one such factor, namely the latency
of catch-up or re-fixation saccades. Because gain was low during
translation, subjects were often required to make saccades to
maintain fixation. Latency of the first such saccade was not
correlated with DVA during translation (Figure 4C; R = 0.72, p
= 0.07), despite prior reports that catch-up saccades can play an
important role in DVA (30, 31).

TABLE 2 | Statistical testing of correlations between DVA and positional gain,
velocity gain, position error, and velocity slip.

Movement type Measure R-value p-value
Rotation Positional gain -0.71 0.07
Rotation Velocity gain —0.30 0.51
Rotation Position error —0.53 0.22
Rotation Velocity slip —-0.25 0.58
Translation Positional gain 0.07 0.89
Translation Velocity gain 0.02 0.97
Translation Position error 0.18 0.7
Translation Velocity slip —-0.36 0.43

DVA during rotational and translational movements was not significantly correlated with
gain and slip measures.

DISCUSSION

Testing of visual acuity during head movement is important
because it provides a functional measure of visual stabilization
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performance. Historically, the first measures of DVA were
performed with a combination of linear and angular vertical head
movements [i.e., in the pitch axis (27, 38)]. Several further studies
have investigated DVA by focusing on rotational horizontal active
movements (15) and also by implementing passive movement
techniques to allow unpredictable head rotations (16-18, 28).
DVA during translational movements has been most often
studied using earth-vertical translations, i.e., movement parallel
to gravity, with subjects either upright, such that stimulation
was along the vertical axis (10, 39), or on their side, such that
stimulation was along the inter-aural axis (40). Here we report,
for the first time, a measure of DVA during passive inter-aural
translation (tDVA) in the earth horizontal plane. We found that
horizontal plane tDVA is worse than rDVA in all subjects, which
is in agreement with previous findings of a lower tVOR than
rVOR gain (8, 9, 13).

Here, we are particularly interested in measuring and
comparing tDVA and rDVA because this comparison allows
us to test to what extent acuity is limited by similar
factors or mechanisms during translation vs. rotation. Even
though ocular responses during rotation and translation are
driven by different vestibular organs, the canals and otoliths,
respectively, we hypothesized that rDVA and tDVA may
be similarly limited by common processes. For example,
rVOR and tVOR share the same final common pathway
circuitry (i.e., neural integrator, ocular motor plant). In
addition, both rDVA and tDVA depend on common visual
processes to maintain attention and acuity despite image
motion. Several statistical results reported above failed to reach
significance, perhaps due to the small number of subjects
and lack of statistical power, but we nevertheless offer some
speculations below based on these results that may be worthy of
further investigation.

The Impact of VOR Gain and Retinal Slip
on DVA

Following conventions in the literature, we computed both
positional and velocity gain as the ratio of eye movement to head
movement for rotations and the ratio of eye movement to ideal
eye movement for translations, in the time window between 55
and 65 ms after movement onset. This ensures that responses
are vestibularly-driven because visually-driven responses begin
only after 100ms (1, 5). Observed values for both positional
and velocity gain were lower during translation than during
rotation (Figures 3A,B), in line with previous reports (3, 7-9, 28).
For example, we observed position gains of ~1 for rotational
movements whereas translational movements led to positional
gains of ~0.20.

We also computed the maximum gaze position error and
retinal slip velocity as the sum of the corresponding eye
and head quantities. We took the median value during target
presentation, which was on average 75ms after movement
onset. Gaze position error during this time interval provides
a rough indication of where the target was projected on
the retina relative to the fovea. Lower gaze position error
values indicate that the target was nearer the fovea, which

should result in better acuity. Slip velocity, instead, provides a
measure of how the target was moving on the retina during
its presentation. Less movement should lead to reduced motion
blur, and therefore better visual acuity. We observed greater
position error and slip velocity during translation than rotation
(Figures 3D,E), as expected based on the reduced gain during
translation. These observations are also in line with previous
reports (41).

To examine how gain and slip impact DVA, we analyzed
the correlation between each of these factors and DVA. We
expected that slip, not gain, would be the best predictor of
DVA performance because slip provides an absolute measure of
position and velocity of the target on the retina, whereas gain is
a relative measure. However, we did not observe any significant
correlations between DVA and these measures for rotation or
translation (Table 2). Nonetheless, a previous study observed a
significant correlation between rVOR gain and dynamic reading,
but this study considered the functional head impulse testing
paradigm instead of the DVA (30).

When similar correlational analyses were performed across
pooled rotational and translational measures (Figures 4A,B,D,E)
they reached significance. These correlations appear to be
driven by gross differences between rotational and translational
measures of gain, slip, and DVA. There was considerable
variation in DVA measures across individuals, which did not
seem to depend on gain or slip. Those subjects with higher
rDVA also tended to have higher tDVA, regardless of gain or
slip (see dashed lines in Figure 4). The analysis of correlation
between rDVA and tDVA (Figure 4C) did not yield a significant
result, perhaps due to the limited number of subjects. A
significant correlation, which might be observed with greater
numbers of subjects in future studies, would indicate that
individual differences in factors other than VOR gain and
resulting retinal slip contribute to limiting DVA across movement
types. Moreover, it should be considered that visual acuity
degrades when retinal slip reaches a velocity of ~3°/s (42-44)
thus decreasing the potential correlation between retinal slip
and DVA.

The Role of Catch-Up Saccades

When VOR gain is reduced, observers often compensate by
making catch-up saccades in order to foveate the target.
During our DVA protocol, the target appeared on average
after about 72 ms during rotation and after about 78 ms during
translation, and then remained on for a period of about 68 ms
for rotation and 49 ms for translation. This difference in the
stimulus duration can be ascribed to the differences in the
set-up used in the two experiments. Clearly, this difference
could also have had an influence on our tDVA results both
by reducing the time allowed for perception of the optotype
and by decreasing the probability that the optotype was on
screen at the end of the catch-up saccade. Nonetheless, catch-
up saccades executed early enough following movement onset
would have resulted in the target landing on or near the fovea
before it was extinguished, and this may have allowed for better
DVA performance.

Frontiers in Neurology | www.frontiersin.org

54

April 2019 | Volume 10 | Article 321


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ramaioli et al.

DVA During Rotation and Translation

We did not typically observe catch-up saccades during
rotational movement, probably because VOR gains were close
to unity so that these saccades were not necessary. However,
during translational movements all subjects exhibited such
saccades; examples are shown in Figures 2B,D. To examine the
relationship between these saccades and DVA, we computed
the average latency of the catch-up saccades for each subject
and tested the correlation between this latency and DVA
performance (Figure 4C). The correlation was not significant,
but we nevertheless observed a trend suggesting that those
subjects that executed catch-up saccades with short enough
latency were able to partially compensate for the low tVOR
gain by moving the target onto the fovea with a saccade
before the target was extinguished. This could have allowed
these subjects to achieve better DVA despite the low gain
and high slip measures. This correlation could also arise (a)
because the saccade generally helps with the task, or (b)
because those subjects who make early saccades also happen
to have better acuity. However, these results are in line with
previous studies that observed associations between higher
amplitude compensatory saccades with shorter latency and
low VOR gain (45, 46) as well as with better HITD-FT
performance (31).

The Possible Role of Non-oculomotor

Stabilization Mechanisms
While catch-up saccades can possibly explain improved DVA
performance during translation, they do not explain performance
during rotation because catch-up saccades were seldom made.
Nevertheless, DVA measures during rotation and translation
could be related (Figure 3C). In other words, there may be
individual differences in DVA performance that persist across
movement types. Such an association could arise from non-
oculomotor factors limiting DVA performance. For example, one
possibility is attention. Subjects who paid greater attention may
have performed better in both tDVA and rDVA tasks.
Alternatively, there may be non-oculomotor, visual
mechanisms involved in visual stabilization and DVA. Acuity
is compromised when (a) the image of the target lands outside
the fovea, or (b) the image of the target moves on the retina,
resulting in motion blur. However, retinal image motion is
not always detrimental to visual acuity. Research on retinal
image motion caused by fixational eye movements, including
ocular drift and microsaccades, has been extensively studied
indicating that visual acuity for high frequency is affected
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Introduction: Bilateral vestibulopathy (BV) is a chronic condition in which vestibular
function is severely impaired or absent on both ears. Oscillopsia is one of the main
symptoms of BV. Oscillopsia can be quantified objectively by functional vestibular tests,
and subjectively by questionnaires. Recently, a new technique for testing functionally
effective gaze stabilization was developed: the functional Head Impulse Test (fHIT).
This study compared the fHIT with the Dynamic Visual Acuity assessed on a treadmill
(DVAreadmil) and Oscillopsia Severity Questionnaire (OSQ) in the context of objectifying
the experience of oscillopsia in patients with BV.

Methods: Inclusion criteria comprised: (1) summated slow phase velocity of nystagmus
of <20°/s during bithermal caloric tests, (2) torsion swing tests gain of <30% and/or
phase <168°, and (3) complaints of oscillopsia and/or imbalance. During the fHIT (Beon
Solutions srl, Italy) patients were seated in front of a computer screen. During a passive
horizontal head impulse a Landolt C optotype was shortly displayed. Patients reported
the seen optotype by pressing the corresponding button on a keyboard. The percentage
correct answers was registered for leftwards and rightwards head impulses separately.
During DVAreadmil patients were positioned on a treadmill in front of a computer screen
that showed Sloan optotypes. Patients were tested in static condition and in dynamic
conditions (while walking on the treadmill at 2, 4, and 6 km/h). The decline in LogMAR
between static and dynamic conditions was registered for each speed. Every patient
completed the Oscillopsia Severity Questionnaire (OSQ).

Results: In total 23 patients were included. This study showed a moderate correlation
between OSQ outcomes and the fHIT [rightwards head rotations (rs = —0.559;
p = 0.0006) leftwards head rotations (rs = —0.396; p = 0.061)]. No correlation was found
between OSQ outcomes and DVAireadmil, OF between DVAyeadmil and fHIT. All patients
completed the fHIT, 52% of the patients completed the DVAsreagmil On all speeds.
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van Dooren et al.

fHIT and Oscillopsia in Bilateral Vestibulopathy

Conclusion: The fHIT seems to be a feasible test to quantify oscillopsia in BV since,
unlike DVAeadmil, it correlates with the experienced oscillopsia measured by the OSQ,
and more BV patients are able to complete the fHIT than DVAyeagmil-

Keywords: functional head impulse test (fHIT), dynamic visual acuity (DVA), Oscillopsia, oscillopsia severity
questionnaire, functional vestibular testing, bilateral vestibulopathy (BV)

INTRODUCTION

Gaze stabilization is one of the many functions of the
vestibular system. The vestibulo-ocular reflex (VOR) enables gaze
stabilization during high-frequency head movements by moving
the eyes directly in opposite direction of the head movement.
A decreased VOR therefore impairs gaze stabilization, which
leads to head or body movement-induced blurred vision
(oscillopsia). Oscillopsia is one of the main symptoms of bilateral
vestibulopathy (BV) (1).

BV is a heterogeneous chronic condition in which vestibular
function is severely impaired or absent on both ears (2). BV
patients have a variety of symptoms and report a significant
reduction in quality of life. Therapeutic options are often limited
to balance training, but studies are now focusing on restoring
vestibular function with a vestibular implant (3-6).

To treat patients with BV, the condition must be first
recognized by clinicians. The diagnosis of BV is often under-
or misdiagnosed. Therefore, sufficient inclusion criteria and
validated patient-reported outcome measures are needed for
patients with BV. One of the components is to quantify the
experience of oscillopsia in BV patients (2, 7).

Oscillopsia can be quantified subjectively by questionnaires,
such as the Oscillopsia Severity Questionnaire (OSQ) (8).
These questionnaires are designed to classify the disease burden
experienced by patients in daily life. Additionally, oscillopsia
can be quantified objectively by functional vestibular tests that
assess dynamic visual acuity (DVA) (9, 10). Various clinical
testing paradigms have been proposed to assess DVA, like walking
on a treadmill or passively shaking the head, while reading an
optotype chart (8, 11). A new technique was recently suggested:
the functional head impulse test (fHIT). The fHIT provides
information about the functional performance of the rotational
VOR by testing its gaze stabilization ability during passive head
impulses in a range of peak head accelerations from 3,000 to 6,000
deg/s? (12-15).

The aim of this study was to compare the fHIT with the DVA
on a treadmill (DVA;cadmin) and OSQ outcomes in the context of
quantifying oscillopsia in BV patients. Preliminary data from our
laboratory showed inter- and intrasubject discrepancies between
fHIT and DVAeudmin results in patients with BV. This might
be the result of the different stimuli applied during these tests:
fHIT selectively stimulates the horizontal semicircular canals
with passive head movements, while DVAeadminl stimulates the
whole vestibular system with active whole-body movements.
Based on these experiences, it was hypothesized that: (1) fHIT
and DVAeadmin differ with respect to quantifying oscillopsia
since different stimuli are given, and (2) therefore one of them
might correlate better to the OSQ.

METHODS
Study Population

This study comprised patients diagnosed with BV at the Division
of Balance Disorders at Maastricht University Hospital. Inclusion
criteria were: (1) summated slow phase velocity of nystagmus
of <20°/s during biothermal caloric tests (30 and 44°C, 300 mL
in 30s), (2) torsion swing tests gain of <30% and/or phase
<168° (peak velocity of 60°/s; sinusoidal rotation 0.11Hz), and
(3) complaints of oscillopsia and/or imbalance. The inclusion
criteria differed on some aspects from the diagnostic criteria of
BV from the Barany Society, since inclusion of this study started
before these criteria were published (1). Based on normative data
in our laboratory, the lower limit of a normal caloric test on one
side is a sum of bithermal slow phase velocities of nystagmus
of 25°/s (15°/s warm, 10°/s cold). BV patients included in this
study had a maximum sum of bithermal slow phase velocities
of nystagmus on one side of 15°/s. In this study, some patients
will not perfectly fit the BV criteria from the Bérany Society,
nonetheless they definitely have a bilateral vestibular dysfunction
(see Supplementary Material).

Exclusion criteria comprised peripheral neuropathy,
being unable to stop vestibular suppressants for one week
(cinnarizine and all psychiatric medication), or the inability to
walk independently.

Testing

Every patient underwent fHIT and DVAyeudmin on one day
in the same order, and with a break in between. Both
tests were performed by one trained examiner (FL) under
standardized conditions, in the same room with controlled
illumination. Patients were tested binocularly and corrective
spectacles or contact lenses were worn during fHIT, and removed
during DVA readmill-

Functional Head Impulse Test (fHIT) (12-14)

The fHIT was performed using the fHIT system (Beon Solutions
stl, Zero Branco (TV), Italy). Patients were seated in a static chair
in front of a computer screen at a distance of 1.5 meter with a
keyboard in their hand. During a passive head impulse, when
head acceleration reached its peak value, an optotype (Landolt
C ring) was displayed on the screen for 80 ms. The size of the
optotype was adjusted for every subject separately, and remained
constant during testing. Before the start of the fHIT, the static
visual acuity threshold was acquired by the fHIT system in
20 trials. Optotype size started from 1.0 LogMAR (log of the
Minimum Angle of Resolution) and decreased depending on
the subjects’ rates of errors. The used optotype size was equal
to this threshold, increased by 0.6 LogMAR (13). During fHIT,
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patients had to choose the right optotype out of eight different
options by pressing the corresponding button on the keyboard.
No direct feedback was given. Head impulses comprised fast
(peak velocity >150°/s) (16, 17), outwards, passive, horizontal
rotational head movements with a low amplitude (420°),
unpredictable in timing and direction. At least 10 impulses were
given to both sides. The absolute outcome was the percentage
of correct answers (%CA) for each side, as calculated by the
tHIT system. A %CA of <80 was considered abnormal. This cut-
off was a conservative approximation of the criterion adopted
by the fHIT system, which considers the level where the
standardized normal deviate of the patient falls outside the 99%
of the two-tailed Z distribution of a population of age-matched
controls (14).

DVA¢readmill

DVA was assessed on a treadmill (1210 model, SportsArt, Inc.,
Tainan, Taiwan, China) with a computer screen placed at a
distance of 2.8 meters from the subject. Sloan letter optotypes
were used. Testing started with optotypes presented at a LogMAR
of 1.0. When four out of five optotypes were recognized correctly,
the corresponding LogMAR was considered achieved and the
size was decreased by steps of 0.1 LogMAR. When three or
less optotypes were recognized correctly, the corresponding
LogMAR was considered unachieved. The best (i.e., lowest)
achieved LogMAR was recorded. Patients were tested in static
condition (while standing still) and in dynamic conditions (while
walking on the treadmill at 2, 4, and 6 km/h). Every condition
was tested once. In case the patient was not able to walk
independently at a certain speed, the test was stopped and
registered as impossible for that speed. Absolute outcome for
every speed was the visual acuity difference (VA difference),
calculated as the decline in LogMAR between static and dynamic
conditions. DVA,cadmil Was considered abnormal when a VA
difference of >0.2 was recorded at 2 and 4km/h or >0.3 at
6km/h (8, 18, 19).

Oscillopsia Severity Questionnaire (0SQ)

Every patient completed the oscillopsia severity questionnaire
(OSQ) developed by the Division of Balance Disorders in
Maastricht. The OSQ consists of nine questions about the
patients’ experience of oscillopsia in daily life, as shown
in Table1. Every question can be answered by one of the
following five options Always (= 5), Often (= 4), Sometimes
(= 3), Seldom (=2), or Never (=1). The outcome of every
separate question was registered and the mean value for
every patient was calculated. A mean value of three or
more was considered as moderate to extreme oscillopsia
severity (8, 20).

Statistical Analysis

Data were analyzed using SPSS Statistics 24 for Windows.
Significance was set on p < 0.05. Bonferroni correction was
used in case of multiple comparisons. The Shapiro-Wilk test,
and visual inspection of the histogram and normal Q-Q plot
of the outcome distributions were used to determine whether
the data were normally distributed. In case there was no

TABLE 1 | The oscillopsia severity questionnaire (OSQ).

OSCILLOPSIA SEVERITY QUESTIONNAIRE

1. Do you have the sensation that the visual environment is moving when
it’s not?

2. By dim light, do you have the sensation that the visual environment is
not stable?

3. Is it difficult for you to recognize known faces when you are walking?
4. When you are reading, do you have the sensation that the text is not stable?

5. When you are watching television, do you have the sensation that the image
is not stable?

6. When you are driving your car, do you have the sensation that the visual
environment is not stable?

7. As a car passenger, do you have the sensation that the visual environment
is not stable?

8. When you are riding a bicycle, do you have the sensation that the visual
environment is not stable?

9. When you are walking on uneven ground, do you have the sensation that
the visual environment is not stable?

Questions can be answered with Always = 5, Often = 4, Sometimes = 3, Seldom = 2,
or Never =1. A mean value of 3 or more was considered as moderate to extreme
oscillopsia severity.

normal distribution of data, non-parametric tests (Wilcoxon
Sign-Rank test, McNemar, Mann-Whitney U or Spearman’s Rank
Correlation test) were used.

The correlation was calculated between fHIT and DVA ;eadmill>
between DVAeadmint (VA difference) at 2, 4, and 6 km/h and OSQ
score, and between fHIT (%CA) and OSQ score. Duration of
illness was compared between DVAeadmil oOutcome and OSQ
score, and between fHIT outcome and OSQ score.

During further analyses 3 groups were differentiated: (1)
fHIT abnormal vs. normal for rightwards and leftwards
head rotations. In case fHIT was abnormal to at least
one side, the outcome was considered abnormal during this
analysis. (2) DVAyeadmin impossible vs. possible. The impossible
subgroup consists of patients that were not able to walk
independently at 2, 4, and/or 6 km/h. (3) DVA eadmin1 abnormal
vs. normal. During this analysis patients with an impossible
DVAyeadmill at any speed were considered missing data.
Within these groups, OSQ outcomes were compared between
the subgroups.

Ethical Considerations

This study was in accordance with the Declaration of Helsinki
(amended version 2013). Approval was obtained from the
ethical committees of Maastricht University Medical Center
(NL52768.068.15/METC151027). All participants provided
written informed consent prior to the study.

RESULTS

In this study 23 patients with BV were included, 13 male and
10 female. Mean age was 57.6 (SD 11.04). Duration of illness
varied between 18 months and 33 years. Etiologies comprised:
ototoxicity due to gentamicin treatment (3) or chemotherapy
(1), post-infectious due to Lyme disease (1) or meningitis (1),
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DFNA-9 gene mutation (3), bilateral Méniere’s disease (2),
autoimmune disease (1). In 10 patients, no cause could be
found (idiopathic).

fHIT

All 23 patients (100%) completed the fHIT. Outcomes for
rightwards and leftwards head rotations did not significantly
differ. Eighteen patients (78%) showed an abnormal fHIT to both
sides, and four patients (17%) had normal fHIT outcomes. One
patient (4%) had a unilateral abnormal fHIT: 45%CA on the
right side and 90%CA on the left side. No significant difference
was found in OSQ score between patients with a normal and
abnormal fHIT. A moderate correlation was found between
%CA on the fHIT and OSQ score for rightwards (r; = —0.559,
p = 0.006) and leftwards (r; = —0.396, p = 0.061) head impulses
(Figure 1).

DVAreadmill

In total 12 BV patients (52%) completed the DVA on all
three speeds. With increasing speed, the number of patients
that could not walk independently (and not complete the test)
increased: two patients at 2km/h and 11 patients at 6 km/h. VA
difference between 2, 4, and 6 km/h did not differ statistically
significant. DVA, at any speed, was only abnormal in four
patients (17%). All four patients showed abnormal DVA at
4km/h, and one even at 2 km/h. Of these four patients, neither
completed a walking speed of 6km/h. (Table2) Mean OSQ
outcome and duration of illness did not differ significantly
between patients with a normal or abnormal DVA or between
patients with a possible or impossible DVA. No correlation was
found between OSQ outcome and the amount of VA difference
at any speed.

fHIT showed more abnormal outcomes than DVA,c.dmin at all
speeds: 78% vs. 17%. Next to this, fHIT was possible in all 23
patients, while DVAcadminn could not be completed in 11 of
them. All four patients with abnormal DVAeadminl Outcomes,
showed abnormal bilateral fHIT outcomes as well. No correlation
between fHIT and DVAcadminn Was found at any tested speed (2,
4, 6 km/h), for both rightwards and leftwards head rotations.

DISCUSSION

This study compared the fHIT with DVA assessed on a treadmill,
and OSQ outcomes in the context of quantifying oscillopsia in
patients with BV. fHIT outcomes showed a moderate correlation
with the experienced oscillopsia in daily life, as assessed by the
OSQ. DVA(;eadmil Outcomes, at any of the tested speeds, did
not correlate to the severity of oscillopsia, as measured by OSQ.
This is in agreement with previous studies with a large study
population of BV patients (8). There is no gold standard for
measuring oscillopsia, this study used the oscillopsia severity
questionnaire (OSQ) to capture the subjective complaints of BV

TABLE 2 | DVAtreagmil Outcomes.

DVA2km/h DVA4km/h DVA6km/h DVA all speeds*”
Normal 20 (87%) 16 (70%) 12 (52%) 8 (35%)
Abnormal 1 (4%) 4 (17%) 0 (0%) 4 (17%)
Not possible 2 (9%) 3 (18%) 11 (48%) 11 (48%)

DVAtreadmin was considered abnormal when a VA difference of >0.2 was recorded at 2 and
4km/h or >0.3 at 6 km/h. In case a patient could not walk a certain speed independently,
this speed was classified as “not possible.” "DVA at all speeds was classified as “not
possible” or “abnormal” when a patient did not complete the DVAreaqgmii protocol at all
speeds or had an abnormal outcome at one or more speeds.
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FIGURE 1 | fHIT outcome (percentage of correct answers, %CA) vs. mean OSQ score. The horizontal interceptive line represents the cut-off value of the OSQ; a value
of three or more is considered as moderate to extreme oscillopsia severity. The vertical interceptive line represents the cut-off value of the fHIT; a %CA-value of <80
was considered abnormal. This study showed a moderate correlation between the severity of oscillopsia tested by the OSQ, and percentage of correct answers on
the fHIT for both rightwards (rs = —0.559; p = 0.006) and leftwards (rs = —0.396; p = 0.061) head impulses.
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patients. (8) Specific questions from this questionnaire—those
with highest correlation with fHIT—could possibly be of value in
establishing a validated patient reported outcome measures for
BV (7).

fHIT showed more abnormal outcomes than DVAi.cadmil
at all speeds (78 vs. 17%). This is probably due to multiple
factors (9). First, the ability to compensate or adapt is less
during fHIT than during DVAeadmin- During walking on a
treadmill, patients are able to use compensation mechanisms to
improve gait or gaze stabilization (e.g., by trying to minimize
the overall head movement). Secondly, an active movement is
made during DVAy;e,dmill> in contrast to the passive movement
during fHIT. Passive movements have been shown to be most
useful in discriminating between healthy subjects and patients
with bilateral vestibular loss (16, 21). Indeed, during walking
an efference copy of the command producing the walking
movement is available, thereby allowing patients to predict
the retinal slippage as a consequence on the resulting head
movement (22). Thirdly, the nature of the stimulus differs
between the two tests. The fHIT selectively stimulates the plane
of one semi-circular canal during passive head movements
in high frequencies (>150°/s), while DVAyeuqminn comprises
an active movement which stimulates all semi-circular canals
and otoliths at the same time (14). The frequency of the
stimulus depends on the walking speed. When walking at a
speed of 6km/h, angular velocities are ~178°/s, and lateral
and horizontal head translations occur at 1Hz and 2Hz,
respectively (23).

BV criteria, and the inclusion criteria of this study, comprise
low or absent function of the horizontal semi-circular canal. In
case the patient had residual function of other sensory parts
of the vestibular system (i.e., the otoliths), it could be possible
that this residual function was used during DVAeadmin- This
possible selection bias could lead to false negative DVA eadmill
outcomes. These mechanisms might also (partially) explain why
the fHIT has a stronger correlation to oscillopsia experience
than DVAreadmill-

Comparing the ability of subjects to complete a test, fHIT
could be performed in more patients than DVAyeagmin- After
all, in this study population 100% of the patients was able to
complete the fHIT, while 87% of the patients completed the DVA-
protocol at 4 km/h and only 52% at 6 km/h. The inability to walk
faster than 5km/h on a treadmill in BV patients was described in
previous studies (11, 24).

A possible limitation of this study is the fact that DVA;eadmin
was tested without wearing any corrective spectacles. It is unlikely
this has influenced the outcomes, since DVA eadmiil Outcome
(VA difference) was calculated as the decline in LogMAR in
a patient between static and dynamic conditions, both tested
without corrective spectacles. Furthermore, different DVA;eadmin
cut-off values are reported in literature (1, 8, 18, 19). In this study,
cut-off values were based on walking-speed-specific normative
values from the vestibular laboratory of the Maastricht University

Medical Center. Despite the fact this study showed a moderate
correlation between fHIT and OSQ, the correlation between
objective and subjective tests to quantify oscillopsia is not (yet)
optimal. It is possible that the used questionnaire (OSQ) captures
more complaints than only oscillopsia and can be influenced
by a patients’ coping of BV. Lastly, in this article fHIT and
DVA;eadmill are compared. Both tests give different stimuli to
the vestibular system, as described above, and are therefore never
fully comparable.

To summarize, the fHIT seems feasible for quantifying
oscillopsia in patients with BV. In the future, it possibly could
also be used to measure functional outcome in patients implanted
with a Vestibular Implant.

CONCLUSION

The functional Head Impulse Test (fHIT) is a recently proposed
technique to assess functionally effective gaze stabilization. The
fHIT seems to be a feasible test to objectify oscillopsia in BV
since, unlike DVA assessed on a treadmill, it correlates with the
experienced oscillopsia measured by the OSQ, and more BV
patients are able to complete the fHIT than DVA assessed on
a treadmill.
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Normative Values and Implication for
Sport-Related Concussion
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Stefano Ramat* and Nina Feddermann-Demont 23

" Department of Neurology, University of Zurich, Zurich, Switzerland, 2 Clinical Neuroscience Center, University Hospital of
Ztrich, Zurich, Switzerland, ® Swiss Concussion Center, Zurich, Switzerland, * Department of Computer, Electric and
Biomedical Engineering, University of Pavia, Pavia, Italy

Dizziness, slow visual tracking, or blurred vision following active head (or body)
movements are among the most common symptoms reported following sport-related
concussion, often related to concurrent dysfunctions of the vestibular system. In some
cases, symptoms persist even if bedside and auxiliary standard vestibular tests are
unremarkable. New functional tests have been developed in recent years to objectify
neurological alterations that are not captured by standard tests. The functional head
impulse test (fHIT) requires the patient to recognize an optotype that is briefly flashed
during head rotations with various angular accelerations (2,001-6,000 deg/s?) and
assesses the proportion if correct answers (pca). 268 active professional athletes (23.70
+ 5.32y) from six different sports were tested using fHIT. Pca were analyzed both pooling
head acceleration in the range of 2,001-6,000 deg/s? and computing a single pca value
for each 1,000 deg/s? bin in the range 2,001-8,000 deg/s?. No significant difference
(p = 0.159) was found between responses to head impulses in the plane of horizontal
(pca: 0.977) and vertical semicircular canals (pca: 0.97). The sport practiced had a
major effect on the outcome of the fHIT. Handball players achieved a better performance
(o < 0.001) than the whole athlete group, irrespective of the direction of head impulses.
The pca achieved by athletes practicing snowboard, bob and skeleton were instead
significantly below those of the whole athlete group (p < 0.001) but only when vertical
head impulses were tested. Overall, pca declined with increasing head acceleration. The
decline was particularly evident in the range not included in the standard fHIT exam, i.e.,
6,001-8,000 deg/s? for horizontal and 5,001-8,000 deg/s? for vertical head impulses.
When vertical head impulses were tested, athletes practicing snowboard, bob and
skeleton (non-ball sports) showed, beside the lower overall pca, also a steeper decline
as a function of vertical head acceleration. The findings suggest that: (1) functional VOR
testing can help understanding sport-specific VOR requirements; (2) the fHIT is able to
detect and objectify subtle, sport-specific changes of functional VOR performance; (3) if
sport-specific normative values are used, the fHIT test procedure needs to be optimized,
starting from the highest acceleration to minimize the number of head impulses.

Keywords: functional head impulse test, VOR (Vestibulo-Ocular Reflex), sport related concussion, visual acuity
(VA), professional athletes, acceleration, normative data, vestibulogram
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F-HIT in Professional Athletes

INTRODUCTION

Sport-related concussion (SRC, syn; mild traumatic brain
injury), the most frequent form of traumatic brain injury,
is a clinical diagnosis (1, 2) frequently based on the results
of symptom scales and neurological, neuropsychological and
balance examinations. Accurate assessment following a head
impact is challenging. Since different domains may be affected,
no clinical test, or biomarker can currently make the diagnosis in
isolation (1). Furthermore, although concussion typically results
in the rapid onset of short-lived functional impairments that
resolve spontaneously, clinical recovery might be prolonged
and unpredictable in selected cases (2, 3). Symptoms may
remain, change or newly evolve during the following days,
months, or years (2, 4) and continue even after alterations of
clinically observable parameters have normalized. Consequently,
if examinations are performed several days after the impact,
the reported symptoms might not match with the picture
emerging from the results of objective clinical tests (5). The
latter situation, unfortunately, is not uncommon in professional
athletes, where a short period of rest followed by rapid return
to routine training and match play is often attempted and
referral to specialized centers occurs only when symptoms fail to
subside spontaneously.

These considerations call for the implementation of functional
tests that, integrating the currently valid clinical tests, allow
objective assessment of the functional impairment causing
the symptoms occurring in real life conditions and, when
considering athletes, during professional sport activities.

Dizziness has a prominent role among the symptoms reported
following concussion with an incidence between 35 and 80%
in athletes [it is the second most common symptom following
headache in SRC (1, 6)] and up to 80% in the general population
of concussed patients (7). Even more important, the presence of
dizziness immediately after the impact is the single greatest risk
factor for longer symptoms remission time and delayed recovery
(8-10), with 18-20% of the patients still symptomatic after 2-5
years (11, 12). The high occurrence of dizziness following a head
impact clearly suggests that impairments along the pathways
processing visual and/or vestibular signals are common in
concussed patients (13, 14). The most frequent peripheral cause
of dizziness and vertigo after concussion is benign paroxysmal
positional vertigo (BPPV). It is caused by the mechanical effect
of the impact, dislodging calcium carbonate concrements from
the otolith organs. The concrements, once loose, may enter the
semicircular canals and, as a result, perturb the normal flow of
endolymph required to sense head motion (15-17). Dizziness
following concussion, however, may also be consequence of
other peripheral, i.e., labyrinthine damage (18), or central, i.e.,
brainstem and cerebellar lesions (17, 19), vestibular impairment.
Extensive assessment of the vestibular function is therefore
critical to identify the cause of dizziness following concussion (5).

The rotational vestibulo-ocular reflex (VOR) aims at
stabilizing vision by generating eye movements precisely
compensating for head rotation. Testing the VOR is an excellent
method to test the functioning of the vestibular organs, since a
direct, rapid three-neurons pathway connects the semicircular

canals with the eye muscles (20). The head impulse test (and its
video-oculography based adaptation, the video head impulse
test—vHIT) (21-23) quantifies the VOR responses to head
accelerations at frequencies (1-5Hz) (24) in the upper range of
natural head movements (25). It consists in asking the patient to
keep fixation on a stationary target while the examiner imposes a
small, abrupt rotation of his/her head along the plane of a single
canal pair. Randomly alternating impulses in both directions,
the test assesses the functioning of each single canal. Since each
pair of semicircular canals works in in a push-pull mechanism,
a head impulse in one direction inhibits the afferents from
one canal and excites those from the other. Accordingly, if the
impulse exceeds a velocity threshold (around 200 deg/s) (26),
the afferents of the inhibited side reach inhibitory cut off (i.e.,
zero firing rate) and the response to the amount of head velocity
above threshold is accounted for by the excited canal only. The
test outcome (denoted as “VOR gain”) is the ratio of a measure
of eye movement to the corresponding head movement (e.g., eye
velocity/head velocity) averaged within a time window. The VOR
gain objectively quantifies the percentage of head movement
compensated by the ocular motor response. From a clinical
perspective, the assessment of VOR gain with vHIT is therefore
of primary importance to exclude that dizziness in a concussed
patient derives from an impairment of the semicircular canals.

On the other hand, while VOR gain tells us whether the
compensatory eye movements indicate a normal functioning of
the semicircular canals, it does not directly assess the functional
effectiveness of such movement, i.e., if gaze stabilization was
sufficient to permit clear vision. It is indeed not uncommon
that athletes who suffered a SRC report blurred vision or
fogginess during fast head movements, even in presence of
a normal VOR gain (27). This may originate from different
impairments ranging from suboptimal visual processing (slower
visual processing speed or reduced retinal slip tolerance) (28,
29), to an insufficiently long period of optimal visual stability
during the head impulse. In fact, visual stabilization is achieved
by a complex combinations of eye movements consisting of
an optimal tradeoff between head position and head velocity
compensation (30) at any instant of the head movement. Testing
the functional effectiveness of VOR for head impulses is therefore
complementary, not identical, to the vHIT.

Currently, two tests have been developed to assess the
functional performance of the VOR during passive head
impulses: the dynamic visual acuity test (DVA) (31-33) and
the functional head impulse test (fHIT) (34-36). They both
assess VOR function by requiring the patient to identify an
optotype briefly presented during the passive head impulses.
Their outcome, however, is profoundly different. The DVA first
determines the minimum size optotype that can be recognized
while keeping the head still (static visual acuity, measured in
term of the visual angle it subtends—logMAR) and then quantify
the decrease in visual acuity occurring during head impulses
(called dynamic visual acuity) keeping the range of head angular
accelerations and speeds as consistent as possible (37, 38).
The fHIT, after assessing the static visual acuity, quantifies the
percentage of correctly recognized optotypes using a relatively
large, fixed-size optotype (0.6 logMAR larger than the static
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visual acuity) during head impulses scanning a wide range
of head angular accelerations (2,001-6,000 deg/s?). The two
systems provide therefore two different assessments. The DVA,
by measuring the decrease of a functional parameter, quantifies
how much head movements with high acceleration and high
frequency degrade visual acuity, but it does not evaluate if and
how this degradation leads to a practical impairment in daily
activities. The fHIT, by measuring performance in a task that
should be flawlessly executed by healthy individuals [the 0.6
logMAR increase was selected to minimize error in healthy
individuals in the range 1,001-4,000 deg/s2 (39)], identifies
how much the actual stabilization ability is impaired as head
acceleration increases, but does not provide a measure of the
actual degradation of visual acuity (40). In short, the DVA
quantifies the amount of lost visual acuity during head motion
while the fHIT the residual performance in a standardized, simple
visual task.

The current paper focuses on the fHIT, since it directly
assesses VOR functional performance across different head
accelerations. We hypothesize that the fHIT may indeed
capture the specific performance level required for the
professional activity of athletes and help therefore to objectify
the impairment underlying dizziness and blurred vision
occurring on the field. Accordingly, since diagnosis with
functional vestibular tests is based on the comparison of
the patients’ behavior with that of healthy individuals, we
speculate that group-specific references are necessary for
professional athletes.

The aim of the current study was therefore to evaluate
the outcomes of the fHIT in a large population of
healthy = professional  athletes, investigate  differences
among sports with high risks of concussion and quantify
the effect of different head accelerations. To our
knowledge, since no previous study investigated how
the fHIT (or even DVA) outcomes vary as a function
of the head acceleration, this study is also the first to
address this question on the functional testing of the
vestibular system.

MATERIALS AND METHODS

Two hundred and sixty nine active athletes (23.70 + 5.32 [15,
39] y.o; average £ sd [min, max]) were included (named
whole athlete group). They were considered professional in six
different sports considered at risk of concussion [four contact
and ball-based sports (American football, football, handball, ice
hockey) and two non-contact winter sports (bob and skeleton,
snowboard) (41)—see Table 1 and Figures 1A,C for additional
details]. The athletes’ ages were adequately distributed across the
range tested, counting at least 5 athletes per year (Figure 1B).

As control, 26 healthy individuals (27.26 + 6.19 [20, 40]
y.0.) not practicing any sport activities at professional level were
included (named control group). Data were extracted from the
normative population provided by the company commercializing
the fHIT device that was used in this study (Beon Solution, Zero
Branco (TV), Italy), discarding the subjects above 40 y.o..

The study protocol was approved by the local ethics
committee (cantonal ethics commission Ziirich, KEK-ZH-2018-
01168) and was in accordance with the ethical standards laid
down in the 2013 Declaration of Helsinki for research involving
human subjects. Written informed consent was obtained from
each participant. For the participants under the age of 18, written
informed consent was obtained from the parents or guardians
of participants.

Experimental Setup and Procedure

The experimental setup and the testing procedure replicated the
one first introduced by (35), validated on patients with vestibular
deficits (40, 42), and now commercially distributed as fHIT (Beon
Solutions, Italy).

In brief, all recordings were obtained with the athlete seated
on a chair placed at 150 cm distance from a computer screen
connected with the fHIT device. The athletes using mean of static
visual acuity correction (e.g., contact lenses), were requested
to wear them during the test. A trained operator performed
subsequent head impulses, consisting of brief, small rotatory
movements impressed with both hands to the head of the athlete
in the plane of each semicircular canals pair. An optotype, the
Landolt ring, was displayed for 80 ms on the computer screen
(60 Hz) when the imposed head angular acceleration and velocity
exceeded pre-defined thresholds. The athlete was requested to
recognize the ring orientation reporting it on a keypad showing
all possible ring orientations. The Landolt ring allows 8 different
orientations reducing the probability of random correct answers
respect to the Sneller E optotype, which typically is presented only
in 4 orientations (43). The ring size was adjusted according to
a preliminary test of static visual acuity, increasing the smallest
line seen by 0.6 LogMAR (39). No time limit was set to provide
the answer after each impulse. To test the vertical semicircular
canals, the chair was rotated 45 degrees (to the left for the
left-anterior-right-posterior semicircular canal plane and to the
right for the right-anterior-left-posterior plane). The athlete
was asked to counterrotate the head to look straight at the
screen and impulses were performed in the sagittal plane of
the athlete’s body. This procedure allows testing the recognition
of the optotype during impulses with the eye starting from
the primary position (i.e., the visual axis is aligned with head
straight ahead axis), reducing the risk that occlusions from
the eyelids or the constraints of the oculomotor system (e.g.,
Listing law) affect the test outcome. The software of the fHIT
device guided the initial positioning of the head to ensure
that the impulses are performed in the planes of each pair of
vertical canals.

The operator performed a minimum of 10 head impulses in
each direction for each semicircular canal plane (Left horizontal
[11, 36] [min, max]; Right horizontal [12, 35]; Left Anterior
[11, 32]; Right Posterior [11, 31]; Right Anterior [11, 29]; Left
Posterior [10, 33]) attempting to achieve accelerations covering
all the 1,000 deg/s? bins from 3,000 deg/s* to 8,000 deg/s
according to the classification of the fHIT software (e.g., the 3,000
deg/s® bin includes the acceleration range between 2,001 and
3,000 deg/s?).
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TABLE 1 | Sport and age distributions of athletes.

Sport type Number of subjects Gender distribution Age (mean =+ std y.0.)
M F
Ball sports American Football (AF) 13 13 0 21.8+ 3.7
Football (FB) 40 40 0 175+£1.2
Handball (HB) 43 43 0 251 4+4.0
Ice Hockey (IH) 118 118 0 26.2 +£5.3
Non-ball sports Bob and Skeleton (BS) 31 21 10 235+ 4.2
Snowboard (SB) 24 13 ih! 20.8 + 3.1
pb
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AF FB HB IH BS SB vertical canals (red) were computed using the pooled approach (Equation 1)
sport considering only head movements in the range of 2,001-6,000 deg/s?. Zeta
distribution was used to estimate the lower bound of 95% confidence interval
FIGURE 1 | Sport and age distributions of athletes. AF, American Football; FB, for pca, as the number of trials (i.e., performed head movements) was large
Football; HB, Handball; IH, Ice Hockey; BS, Bob and Skeleton; SB, enough (>>200). As visible, the fHIT performance was not significant
Snowboard. (A) Number of athletes divided by sport. (B) Age distribution in influenced by canals (n.s.).

the athletes. As visible, for each bin of one y.o. (expect for 15, 35, and 39), our
data counted at least five athletes. (C) Boxplots of age distribution per sports.
Despite sport groups did not cover overlapping age ranges, no relationship
between and test performance was found (see Pooled Bin Approach:
Between Sports Analysis in Results).

Data Analysis

The fHIT software automatically separated the trials (i.e., head
impulses) according to the acceleration bins defined above and
the semicircular canal stimulated. For each bin of acceleration a,
two variables were used for the data analysis, the number of trials

t, performed by the tester and the number of correct answers
cq (e.g., for a = 5,000 deg/sz, ts000 and cspp0 were used). Data
were imported in MATLAB Version R2016b (The Mathworks,
Natick, MA, USA) and further data analysis was performed using
custom-written programs.

Data from different semicircular canal planes were grouped,
creating two “virtual” semicircular canals, a horizontal and a
vertical canal. Specifically, for the “virtual” horizontal canal, the
t; and ¢, of left and right horizontal semicircular canals were
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grouped together, while left and right semicircular canals of the
anterior and posterior canals were grouped into the ¢, and ¢, of
the “virtual” vertical canal. Such approach was considered since
it is not in the scope of the current study to investigate natural
asymmetries between and within the left and right vestibular
organs and it is reasonable to assume that the overall population
of the tested athletes has negligible systematic asymmetries.

Pooled Bin Approach

fHIT Procedure

As established by the fHIT procedure, the test performance was
assessed estimating the proportion of correct answer (pca). The
pca was computed using the procedure proposed by (35), called
pooled bin approach (pb). Specifically, the data in the acceleration
bins ranging from 3,000 to 6,000 deg/s* were pooled together and
the pca was computed as follow:

Z”suh)s Zf’lbms Cen

Znsub]s anms tsa (1)

peal® =

with #1p;, 4 (i.e., the number of acceleration bins) and
Ngubjs = the number of athletes considered for the pca estimation.
It is worth noting that the pb approach does not consider
between-subject variability, creating an pca estimation of the
whole group (Equation 1). The 7,000 and 8,000 deg/s* bins were
excluded in the pb approach, according to the procedure used
by the fHIT software when comparing a single patient to the
reference population. To compare the estimated pca between
different groups, the Zeta-test for two proportions was used,
keeping in line with the procedure used by the fHIT software.

Comparisons Between PCA of the PB approach

The pb approach was used to perform three analyses: between-

canals, between-sports, and whole athlete group vs. control group.
Between-canals analysis: The analysis aimed at assessing

potential differences between the athletes’ performances during

. . b
horizontal and vertical head movements. The pcaﬁ and the

al;m, obtained using Equation 1 on the data of the virtual
hor1zontal and semicircular canals, respectively, were compared.
Between-sports analysis: The analysis aimed to compare the
performance of each subgroup of athletes pooled by sport to
the whole athlete group. Six comparisons were performed, one

per sport, testing whether the pcaf ort Of the athletes from one

sport (e.g., pca%bB for handball, see Table 1 for sport coding)

was different to the pca‘z fh of the whole athlete group. In this
series of comparisons, the o used for the Zeta test was corrected
using Bonferroni procedure to reduce the type-1 error due to
multiple comparisons (otpenf = o = %05 — 0,0083; with

Ncomparison

Hcomparison = Nsports = 6). The analysis procedure was performed
separately for the horizontal and vertical canal.

Whole athlete group vs. control group analysis: The analysis
aimed at assessing whether the fHIT discriminates between whole
athlete group’s and control group’s performances, comparing the

. Such

pca‘z tbh of athlete group to the one of control group (pcap

ctr

procedure was performed only for the horizontal canal, as no
normative data of anterior and posterior canals was available.

Single Bin Approach

To test whether a relationship between the proportion of correct
answers and head accelerations exists in the whole athlete group, a
single bin (sb) procedure was used. Compared to the pb approach
(Equation 1), where trails with different head accelerations (up
to 6,000 deg/s?) were pooled, here the proportion of correct
answers was computed separately for each bin of acceleration (a)
as follows:

Znsubjs c

s=1 sa

Z”subjc
s=1

with ngps = the number of athletes considered for the
pca estimation.

sb __
pcaa -

2

tsa

Relationship Between PCA and Head Acceleration
To avoid postulating any assumption on the relationship between
the pca and the head acceleration, all 15 possible pairs of the six
pea’? (one per acceleration bins between 3,000 deg/s> and 8,000
deg/s?), were compared using the Zeta-test for proportions (i.e.,
15 zeta-tests). According to the Bonferroni correction, a p-value
lower than 0.003 was considered statistically significant (etpo,r =
- = 0.05/15). Analyses were performed separately for

Ncomparison

horizontal and vertical canals.

Relationship Between PCA and Head Acceleration
Within Sports

The same approach was used to evaluate the effects of
acceleration within each sport. To limit the number of
statistical comparisons and the associate p-value corrections, two
subgroups of athletes were defined using one characteristic of
sports, namely if a ball is used or not. The two groups were named
the ball and non-ball group, respectively. The ball group included
American football, soccer, handball and ice-hockey athletes,
while the non-ball group included snowboard, bob and skeleton
athletes. As described for the whole athlete group, six pcas? were
estimated (one for each acceleration bin) and compared each
pair of accelerations (15 comparisons). Additionally, comparison

between ball and non-ball groups was performed for each
sb —Ball sb— nonBall )
a=3000 deg /s a=3000deg /s*”’

adding 6 more comparisons. Bonferroni procedure was used to
correct the significance level of z-tests (po,r = ¢

Ncomparison
0.05/21 = 0.0024).

bin of acceleration (e.g., pca , Vs pca

RESULTS

Pooled Bin Approach

Horizontal vs. Vertical Canals

The fHIT test outcome computed over the whole athlete group
according to the standard procedure of the fHIT software (i.e.,
pooling the acceleration bins in the range 3,000-6,000 deg/s?)
evidenced no differences between head impulses in the plane of
the horizontal and of the vertical canals (Figure 2). The pca of

vertical canals (pcap . = 0.970) was only ~0.3% less than the

ver
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FIGURE 3 | Proportion of correct answers (pca) in the whole athlete group
and single sport. AF, American Football; FB, Football; HB, Handball; IH, Ice
Hockey; BS, Bob and Skeleton; SB, Snowboard. For ease of visualization, the
dashed vertical lines separate the whole athlete group from the ball sports (first
vertical line) and the non-ball sport (second vertical line). All pca were
computed using the pooled approach (Equation 1) considering only head
movements in the range of 2,001-6,000 deg/s?. Zeta distrioution was used to
estimate the lower bound of 95% confidence interval (c.i.) for pca, as the
number of trials (i.e., head movements) was large enough (>>200). The
asterisk (*) represents the statistically significant comparisons (p-value < aponf
= 0.0083). (A) Horizontal canals. HB players (violet bar) showed a significant
higher fHIT performance (pca >0.975) respect to the whole athlete group (dark
blue bar). (B) Vertical canals. The fHIT performance in vertical canal was clearly
lower pca in the non-ball sport players (i.e., BS and SB, respectively the light
blue and dark red bar) respect to the whole athlete group. HB player, instead,
confirmed the same finding for the horizontal canals, achieving a higher pca for
impulses performed in the vertical canals as well.

pca of the horizontal canals (pcaifjr = 0.972); accordingly, the
Zeta-test did not show a significant difference (p = 0.159).

Between Sports Analysis

Each sport showed distinctive fHIT performance levels for head
impulses in the plane of the horizontal and vertical canals,
suggesting that the specific sports practiced by an athlete has

a relation with his/her pca (Figure 3). Such observation is also
confirmed by the multiple comparisons (see Table 2). Despite
a non-significant difference was found between head impulses
in the plane of the horizontal and vertical canals in the whole
athlete group, between-sport analysis revealed that a canal-sport

interaction was present. The sport-specific pcaf;m
the tested athletes are presented in Table 2.

Only handball players (HB) showed significantly higher
performance than the whole athlete group irrespective of the
tested canal (horizontal canals: p 0.002; vertical canals:
p < 0.001). The pca of HB players was ~1.5% higher than the pca

of the whole athlete group for both the horizontal canals (pcaf{h =
0.989 vs. pcaﬁfh =0.973) and the vertical canals (pcaﬁ’B = 0.986

vs. peat = 0.970).

Two out of three winter sports, snowboard (SB) and bob and
skeleton (BS), showed a pca lower than the pca of the whole athlete
group, but limited to head impulses stimulating the vertical canals
(BS: p = 0.002; SB: p < 0.001—light blue and dark red bars
of Figure 3B). Despite the pca of the SB athletes appears to be
lower than the one of the whole athlete group also for impulses
in the plane of the horizontal canals (Figure 3A and Table 2A),
the difference was not significant. The non-uniform distribution
of age and gender among sports (Figure 1 and Table 1) poses
the question of whether these factors rather than the sport may
influence the fHIT outcome.

Using Equation 1, a pca was estimated grouping the athletes by
age, using one-year-old bins. No significant association between
age and pca was found (Figure 4) both for head impulses in the

. estimated on

TABLE 2A | Single sport vs. whole athlete group —horizontal canals.

Compared sport pcaggon pca‘;:’h,etes P-value
Ball sports AF 0.991 0.973 0.043
FB 0.962 0.973 0.045
HB 0.989 0.973 0.002
IH 0.971 0.973 0.595
Non-ball sports BS 0.973 0.973 0.991
SB 0.965 0.973 0.187

PCA was estimated using the pooled bin approach (Equation 1). Using the Bonferroni
correction, only p < 0.0083 (highlighted in gray) were consider statistically significant.

TABLE 2B | Single sport vs. whole athlete group —vertical canals.

Compared sport pca’s’gort pt:a’a’:"h,etes P-value
Ball sports AF 0.983 0.970 0.077
FB 0.976 0.970 0.127
HB 0.986 0.970 < 0.001
IH 0.975 0.970 0.052
Non-ball sports BS 0.955 0.970 0.002
SB 0.930 0.970 < 0.001

PCA was estimated using the pooled bin approach (Equation 1). Using the Bonferroni
correction, only p < 0.0083 (highlighted in gray) were consider statistically significant.
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FIGURE 4 | Relationship between age and proportion of correct answers
(pca) in the whole athlete group. Each point in the scatter plot represents a
pca estimated in subgroups of athletes pooled by age (1-year-old bin). All pca
were computed using the pooled approach (Equation 1) considering only head
movements in the range of 2,001-6,000 deg/sQ. As evident in the two scatter
plots for fHIT performed in the horizontal (A and blue points) and vertical (B and
red points), the point dispersal did not argument any potential correlation
and/or interaction between the age and pca (i.e., test performance). The values
of pca appear, indeed, randomly distributed regardless of age in a range
between 1-0.95 and 1-0.92 for the horizontal and vertical canals, respectively.

plane of the horizontal (Kendal’s 7 coeflicient = 0.13; p = 0.420)
and vertical canals (Kendal’s t coefficient = 0.143; p = 0.386).
The potential gender effect was tested comparing the pca
estimated for the female and male athletes. No significant
difference (p = 0.14) was found in fHIT performance for head

impulses in the plane of the horizontal canals (pca})ebmale = 0.965

VS. pcaf: e = 0.974). The results of the head impulses in the

plane of the vertical canals evidenced that male athletes had a

significantly higher pca (p < 0.001) than female ones (pcap b

“female —

0.945 vs. pcal;lbule = 0.973, see Figure 5A). The sample of female
athletes, however, was composed entirely by athletes of the two
sports with the lowest performance for head impulses in the plane
of the vertical canals (i.e., BS and SB, Table 2B). The comparison
of the pca of the male and female athletes subgroups within
these two sports (Figures 5B,C), showed no significant difference

between female and male athletes both in BS (pca}ﬁnule = 0.944
=0.961, p = 0.104), and in SB (pca’’

female

vs. peal” = 0.941 vs.

male
pcaffale = 0.919, p = 0.133). Furthermore, since even the non-
significant differences between genders have opposite signs in the
two sports (i.e., female are better in SB and worse in BS), it is
therefore evident that the finding of an overall gender difference
is due to the non-uniform distribution of genders between sports
(Table 1—i.e., all female athletes in the sample are from sports
with lower fHIT outcomes).

Athlete Group vs. Control Group

To investigate whether sport activity at professional level affects
athletes’ performance in fHIT, their pca was compared to the
one of the control group, extracted by the normative dataset of
the fHIT.

Despite the two groups were not age-matched (p = 0.001),
their age ranges were comparable and, as confirmed in Figure 4,
no relationship between age and pca was found in the range
16—39 y.o.

The athletes group and the control group showed comparable
pcaP? (Figure 6) and a clear overlap between the lower limits of
95% confidence intervals. Such tendency was confirmed by Zeta-
test. Accordingly, the test did not show a significant difference
(p = 0.089) between the pca of whole athlete group (pcaztbh =
0.973) and control group (pcafg =0.977).

Since the pca of the HB players was significantly higher than
the one of the whole athlete group (Table 2A), it was worth it to
compare HB subgroup to control group. The pca of HB players

revealed (pcaﬁ’B = 0.989) a significantly higher performance
(p = 0.034) than control group (pcapb =0.977).

ctr

Single Bin Approach

Relationship Between Head Acceleration and PCA in
the Athlete Group

The influence of head acceleration on the fHIT outcome is visible
in Figure 7, where the athletes’ pca clearly decreases for the
highest head accelerations tested. The effect distinctively emerges
by the series of comparisons between the pca of all possible pairs
of acceleration bins (Tables 3A,B).

For impulses in the plane of the horizontal canals, a significant
worsening of fHIT performance was shown for the range of
acceleration 6,001-8,000 deg/s> compared to the one between
2,001 and 5,000 deg/s> (see Table 3A for p-values). Specifically,

2
the pca of the 7,000 deg/s*> bin (pcaZ?:lgi:g/ T = 0.941) was
2
significantly higher than the pca of the 3000 (pcaz(t);lgi :g s =

2
0.982, p < 0.001), 4000 (pca’ "o de8/s

athletes = 0.975, p < 0.001) and
2
5,000 deg/s* (p C“Z?fzgi:g =071, p < 0.001) bins, showing a

decrease of ~4.1, ~3.5, and ~3%, respectively. As expected, such
decreases remain significant (Table 3A) for higher acceleration as

well (i.e., 8,000 deg/s? bin, pea’"'" 8/ — 0.909).

An earlier decline of performance with increasing head
acceleration is observed for impulses in the planes of the
vertical canals (Figure 7, red curve). The worsening of fHIT
outcome was indeed already significant for accelerations 1,000
deg/s® lower than for impulses in the plane of the horizontal
canals. Specifically, the Zeta tests revealed a significant decrease
(p < 0.001) of pca in the range 4,001-8,000 deg/s? compared
to the range 2,001-4,000 deg/ s*> (Table 3B). This worsening is
particularly evident in the two bins not considered in the pooled
bin approach (7,000 and 8,000 deg/s*), where the performance

7000 deg /s 8000 deg /s
0, j—
decreases exceed 5% (pca ;... = 0.929, pca ;ores

0.910) of the pca achieved in the lowest accelerations bins (i.e.,

2000 deg /s> _ 3000deg /s
PC@hees = 0.983, Pea ietes =0.977).
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FIGURE 5 | Gender effect on proportion of correct answers (pca) for impulses in the plane of the vertical canals. Each bar represents the complement of pca (i.e.,
71-pca) estimated in subgroups of athletes pooled by gender (female: violet bars; male: light blue bar). All pca were computed using the pooled approach (Equation 1)
considering only head movements in the range of 2,001-6,000 deg/sz. Confidence intervals for pca were estimated as in Figure 3. The asterisk () represents the
statistically significant comparisons (p-value < o = 0.05). Using the athlete group (A), the pca estimated in the subgroups of female athlete was significant lower than
the pca of male athlete. The effect of gender on fHIT performance, however, was not present considering also the sport factor (B,C). The significant difference
between genders, indeed, was induced by a non-uniform distribution of female athletes that were recruited only in the two sports (BS and SB) with the lowest pca for

Relationship Between Head Acceleration and PCA in
the Ball and Non-ball Subgroups

A further analysis of the relationship between head acceleration
and pca was performed on two subgroups of athletes, separating
the sports where no balls are used (BS and SB) from those where
the athletes needs to focus their attention on a ball-like object (AF,
FB, HB, IH). The performance for head impulses in the plane of
the horizontal canals did not differ between the two groups, as
evidenced by the two overlapping curves in Figure 8A. The zeta
tests did not show significant differences when comparing the pca
of ball and non-ball groups within each bin of acceleration tested
(p > 0.36, for individual p-values see Table 4A).

A different finding emerged from the analysis of the head
impulses in the plane of the vertical canals (Figure 8B). The
pca of the group of athletes from ball sports was significantly
greater than the one of non-ball sports, regardless of the head
accelerations (p < 0.006, for the single p-values see Table 4B).
Pooling together all bins (from 3,000 up to 8,000 deg/s?), the
non-ball group showed a ~5% lower pca than the ball group

3000—8000deg /s> 3000—8000 deg /s>
(Pea,y_pan = 0.929, pca, =0.978).
Despite the difference in the fHIT outcome emerges at all

head accelerations, the two curves in Figure 8B evidence that
the two subgroups present two different relationships between
head acceleration and pca. In the non-ball group, the pca of the
3,000 and 4,000 deg/s* bins was significantly higher than that of
the last three bins (6,000, 7,000, and 8,000 deg/s> - p-values in

Table 5B). Furthermore, the pca decrease did not “slowdown” at

2
higher accelerations. The pca in 5,000 deg/s? bin (pcaigzo_ieagﬂ/ ’

0.939) was still significantly higher than the ones in the 7,000 and
2 2
8,000 deg/s? bins (pca’*** I8/ = 0.843, pca* I/ = 0.807),

non—ball non—ball

and the pca in 6,000 deg/s? bins was also significantly higher than
2

the one in the 8,000 deg/s* bin (pcaGOOO deg /s 0.906).

non—ball

In the ball group, only the comparisons involving the two
lowest acceleration bins (3,000 and 4,000 deg/s?, p-values in
Table 5A) were significant. Specifically, the pca in the 3,000

3000 deg /s>
non—>ball

deg/s? bin (pca = 0.987) was significantly higher only

5000deg /s*
non—ball

than the pca in the 5,000 and 6,000 deg/s? bins (pca

6000 deg /s> .
0.974, p = 0.002; pmnon—bzgll/s = 0.969, p < 0.001), while more

surprisingly only in the 6,000 deg/s* bin the ball group showed
a significant reduction (p < 0.001) of the pca compared to the

4,000 deg/s? (pcaig(:lo_cﬁ/ < 0.974). These isolated differences
suggest that the decrease of reading performance with increasing
acceleration in the ball group, if any, is relatively weak and
is masked by the increase of measure variability observed at

higher accelerations.

DISCUSSION

According to the fHIT outcome, functional performance of
the vestibular ocular reflex (VOR) was close to perfection in
the professional athletes tested, granting them a clear vision
during head motion. The reading performance, quantified by an
overall proportion of correct answer >97% for head accelerations
ranging 2,001-6,000 deg/s?, was independent of the semicircular
canals tested (i.e., horizontal or vertical). Head acceleration, on
the other hand, affected reading performance. The effect, which
is prominent for accelerations exceeding 6,000 deg/s> (>5%
difference to the 3,000 deg/s? bin), differed between horizontal
and vertical head impulses, with the latter showing a significant
decline already within the range of accelerations used in the
standard fHIT outcome measure (i.e., 2,001-6,000 deg/s2 ).
Within the overall high level of performance, sport specific
differences were also observed (Table2). Handball players
performed better in the fHIT than the overall population of
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FIGURE 6 | Proportion of correct answers (pca) in whole athlete group (blue)
and control group (green). The two pca for the impulses performed in the
plane of the horizontal canals were computed using the pooled approach
(Equation 1) considering only head movements in the range of 2,001-6,000
deg/sQ. Confidence intervals for pca were estimated as in Figure 3. The whole
athlete group and control group showed a comparable performance for
impulses performed in the horizontal canals, as showed by the overlapping
c.i.. Accordingly, the pca were revealed no significant (n.s.) different by Zeta
test (see section Results).

athletes tested (whole athlete group), irrespectively of the plane
of head rotations (i.e., both for vertical and horizontal canals
stimulations). Athletes practicing bob, skeleton and snowboard
performed worse for head impulses in the vertical planes than
the overall population of athletes tested (i.e., for vertical canals
only). Although age and gender distributions differed between
the groups, the absence of any overall correlation between age
and the fHIT outcome, and the absence of a gender effect within
the sports where both males and females were tested, suggest that
age and gender inhomogeneity played no role in the observed
sport-specific differences.

At first sight, sport-related differences as small as few
percentage points may appear of little importance in relation
to the almost perfect response rate of the whole athlete group.
These values as well as the effect of head acceleration, however,
have considerable relevance for three different aspects: (1) to
understand the sport-specific requirement for functional VOR
performance; (2) to improve the interpretation of the fHIT and
clarify its relevance when testing athletes; (3) to adjust the testing
procedure of the fHIT with respect to testing athletes.

Sport-Specific Requirement for Functional
VOR Performance

The sport-specific differences may allow to gain insight in the
VOR demand posed by different sports and, consequently, in the
importance of accurate vestibular assessment for the athletes in

1 T T T T T T
—I— Horizontal Canals

—I—Verﬁcal Canals

4000 5000 6000 7000
head acceleration bin (deg/sz)

3000 8000

FIGURE 7 | Proportion of correct answers (pca) of the whole athlete group at
different head acceleration bins. The error bars represent the pca and 95%
confidence intervals estimated for bin of acceleration (3,000-8,000 deg/sz),
Pca were computed using the single approach (Equation 1) for impulses
performed in the plane of the horizontal (blue line) and vertical (red line) canals.
Confidence intervals for pca were estimated as in Figure 3. The relationship
between head acceleration and test performance appeared different between
the two tested vestibular canals. The vertical canals showed, indeed, a
significant decrease of the pca already from the 5,000 deg/s2 bin, while for the
horizontal canal, the worsening in performance occur only after the 6,000
deg/s? bin (Table 3).

the process of return to sport following sport related concussion
(SRC). The results evidence that athletes taking part in ball sports
(i.e., American football, football, handball and ice hockey) have
higher reading performance during vertical head impulses than
those from non-ball sports (i.e., bob, skeleton, and snowboard).
Such a clear separation between sport types allows speculation
on how the different VOR demands occur. Possibly, athletes of
ball sports continuously need to rapidly, though precisely, focus
on single objects (e.g., the ball/puck or the movement of other
players body parts to foresee their action) while repetitively and
rapidly moving the head to explore the field or see the ball. For
bob, skeleton and snowboard athletes achieving (or recovering
after a concussion) a VOR-based gaze stabilization exceeding
the requirement for everyday life may not be necessary, since,
although they move rapidly, they do not need to focus small
visual cues.

The higher functional performance of the horizontal VOR
observed in handball players respect to the whole athlete group,
including football and ice hockey players, is instead more difficult
to interpret. Higher visual acuity in dynamic conditions (i.e.,
recognized in moving target) has been observed in basketball,
water polo, volleyball and baseball players (44-47). It is possible
to speculate that, for ball-based games with rapid gameplay
(e.g., basketball, handball, ice-hockey), the demand to the VOR-
based gaze stabilization relates inversely to the size of the field
(in small fields targets as ball or other players are closer, thus
requiring larger, and thus faster, head motions). Handball, having
a rapid gameplay and a smaller field than soccer and hockey
may therefore require a higher VOR functional performance.

Frontiers in Neurology | www.frontiersin.org

2

April 2019 | Volume 10 | Article 387


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Romano et al.

F-HIT in Professional Athletes

TABLE 3A | Whole athlete group: p-values of the multiple comparisons of pca between head acceleration bin—horizontal canals.

Acceleration bin pca 3000 deg/s? 4000 deg/s? 5000 deg/s2 6000 deg/s2 7000 deg/s? 8000 deg/s?
0.982 0.975 0.971 0.965 0.941 0.909
3000 deg/s? 0.982 - 0.206 0.048 0.005 <0.001 <0.001
4000 deg/s? 0.975 0.206 - 0.454 0.076 <0.001 <0.001
5000 deg/s? 0.971 0.048 0.454 - 0.314 0.001 <0.001
6000 deg/s? 0.965 0.005 0.076 0.314 - 0.028 <0.001
7000 deg/s? 0.941 <0.001 <0.001 0.001 0.028 - 0.129
8000 deg/s? 0.909 <0.001 <0.001 <0.001 <0.001 0.129 -

PCA was estimated using the single bin approach (Equation 2). Using the Bonferroni correction, only p < 0.0042 (highlighted in gray) were consider statistically significant.

TABLE 3B | Whole athlete group: p-values of the multiple comparisons of pca between head acceleration bin—vertical canals.

Acceleration bin pca 3000 deg/s? 4000 deg/s? 5000 deg/s? 6000 deg/s? 7000 deg/s? 8000 deg/s?
0.983 0.977 0.965 0.942 0.929 0.910
3000 deg/s? 0.983 - 0.090 <0.001 <0.001 <0.001 <0.001
4000 deg/s? 0.977 0.090 - 0.023 <0.001 <0.001 <0.001
5000 deg/s? 0.965 <0.001 0.023 - <0.001 <0.001 <0.001
6000 deg/s? 0.942 <0.001 <0.001 <0.001 - 0.216 0.024
7000 deg/s? 0.929 <0.001 <0.001 <0.001 0.216 - 0.295
8000 deg/s? 0.910 <0.001 <0.001 <0.001 0.024 0.295 -

PCA was estimated using the single bin approach (Equation 2). Using the Bonferroni correction, only p < 0.0042 (highlighted in gray) were consider statistically significant.

Handball and American football are also the only ball sports
tested where the ball is played evenly above and below eye level
(but handball has also a smaller field and a faster gameplay),
possibly requiring higher performance in the vertical VOR. Such
speculation, however, would need confirmation from analysis
of head kinematics during the activities of the different sports.
The underlying assumption of these speculations is that the
hypothesized higher VOR demand of some sports is associated
with observing fHIT results higher than normal in the athletes
practicing such sport. Accordingly, handball players performed
better than the control group (data available only for head
impulses in the horizontal plane). No difference, however, was
observed between the whole athlete group and control group. This
suggests that the level of functional performance of the VOR (as
assessed by the fHIT) does not solely dependent from the athletic
level of the tested person, but it may be higher in athletes of
specific sports.

Interpretation of the fHIT Results and Its

Relevance in Professional Athletes

Standard fHIT Outcome (Proportion of Correct
Answers for Head Accelerations 2,001-6,000 deg/s?)
The fHIT outcome did not differ between the whole athlete group
and the control group (note that data from only 26 controls in a
comparable age range were available). This finding may question
the clinical relevance of the observed sport-related differences
and the suitability of the fHIT in the evaluation of subtle
functional VOR impairments that may affect the professional
activity of athletes following sport related concussion.

The absence of differences between a wide group of
professional athletes (athlete group) and the control group
is not surprising. The fHIT settings (39) (e.g., size of the
presented optotype, duration of the stimulus, etc.) were
specifically optimized to null the number of errors committed
by normal healthy individuals during head impulses in the
accelerations range 1,001-4,000 deg/s®>. Accordingly, a typical
healthy individual is expected to perform very close to 100%
correct answers in standard fHIT test (the standard fHIT
outcome pools head impulses with accelerations in the range
2,001-6,000 deg/s*). While this strategy maximizes specificity
(i.e., proportion of healthy individual that are correctly identified
by fHIT) with respect to vestibular impairments (35, 40),
it pushes the scores of all healthy individuals close to
the 100%, reducing the differences between subgroups. The
high significance of the observed sport-specific differences
suggests however that, when sport-specific performances are
present, the fHIT is able to distinguish them (e.g., handball).
This makes the fHIT a valid candidate for an objective
assessment of the subtle impairments affecting athlete’s return to
play (2, 48).

Comparing the whole athlete group with a small control group
of undefined healthy non-athletes is not informative, as the
compared subgroups are not sufficiently characterized to grant
that any difference is actually present. It cannot be excluded
that few individuals of the control group have unexpected
characteristics [e.g., amateur players of sport requiring elevated
eye-head coordination such as table tennis (49)] that pose a
demand to the VOR similar or even superior to that of some
professional sport activities. As discussed above, the level of VOR
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FIGURE 8 | Proportion of correct answers (pca) of ball and non-ball groups at
different head acceleration bins. The error bars represent the pca and 95%
confidence intervals estimated for bin of acceleration (3,000-8,000 deg/sg),
Pca were computed using the single approach (Equation 1) for impulses
performed in the plane ot the horizontal (A) and vertical (B) canals. Confidence
intervals for pca were estimated as in Figure 3. Dark blue and yellow lines
represent the pca estimated for the ball and non-ball groups, respectively.

(A) The relationship between head acceleration and test performance
appeared comparable between the two subgroups of athletes (ball and
non-balls) for the impulses collected in the plane of the horizontal canals. No
significant difference was, indeed, found for every acceleration bin (Table 4A).
(B) As visible, the two ball and non-ball subgroups showed two peculiar
relationships of head acceleration and pca. The comparisons between the
subgroups showed a significant higher pca of the ball group than the non-ball
group, irrespective of head acceleration bins (Table 4B).

functional performance does not solely depend on the athletic
level of the tested person. Athletes do not necessarily have a
superior functional VOR performance, since not every sport,
even if it requires rapid movements, is associated with an elevated
functional VOR demand.

To better interpret the fHIT results it is important to
understand the origin of the observed errors. The sport-specific
differences suggest that, if the number of head impulse is high
enough, even small numbers of errors cannot be considered
lapses, but actual VOR errors (lapses rate is unlikely to generate
such an elegant picture of sport-specific differences). The
occurrence of errors during head accelerations ranging 2,001-
6,000 deg/s? suggests that failure of visual stabilization, although

rare, occurs in healthy individuals. This is not surprising.
With the video head impulse test (vHIT) VOR gains as low
as 0.8 are not considered pathological as they are found in
healthy individuals that do not report functional impairments
in everyday life [VHIT is often performed up to a 3,000-4,000
deg/s® (24, 50), while acceleration up to 10,000 deg/s*> normally
occurs during natural locomotion (25)]. An elegant study (30)
calculating point-by-point VOR errors (both in position and in
velocity) during the whole course of head impulses demonstrated
that healthy individuals show errors as big as 10-20% of
the desired compensation of the head movement with head
accelerations below 10,000 deg/s?. During such head impulses,
however, only occasional, small corrective saccades are present
(30). The absence of relevant corrections suggests that the VOR
errors do not systematically affect visual function in real life (no
compensatory mechanism had evolved to correct them). The
high proportion of correct answers interleaved by occasional
errors not attributable to lapses that are found in the fHIT
results of the control group implies that the VOR errors only
occasionally affect the fHIT task. This suggests that the fHIT task
is correctly tuned to be a proxy to a VOR challenge comparable
to everyday life. In this context, the ability of the fHIT to
differentiate significantly higher performances in specific sports
further confirms that using the sport specific values, the fHIT
can capture the extra functional tuning aimed at minimizing
the effect of VOR errors on sport activities requiring elevated
visual stability.

In summary, it is possible to speculate that a test outcome
below the proportion of correct answers of the normal population
(or of the whole athlete group) would be related to a functional
VOR deficit that may be relevant in everyday life. An outcome
lower than a sport-specific normative value only, would instead
be related to a functional VOR impairments that affect the
specific activities of that sport. According to this interpretation,
for sports where no difference with the performance of control
group is observed, the time course of VOR functional recovery for
return to sport activity and return to everyday life should match.
A final confirmation of this interpretation, however, requires
evidence from testing patients during their return to activity.

fHIT Vestibulogram (Proportion of Correct

Answers as Function of Head Acceleration)
Differently from the vHIT and DVA test, where head velocities
must be consistent between head impulses, the fHIT openly
requires the examiner to test various head accelerations. This
procedure generates a functional vestibulogram, presenting the
proportion of correct answers as function of the peak acceleration
in the head impulses, divided in 1,000 deg/s*> wide bins up
to 7,000 deg/s®. This unique feature is not yet exploited by
the standard outcome metric, which pools the results from
all impulses in the range 2,001-6,000 deg/s>. Accordingly, no
specific restriction on the minimum number of impulses per
bin is specified and the functional vestibulogram is provided for
visual evaluation only.

The proportion of correct answers of the whole athlete
group decreased non-linearly as the head acceleration increased
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TABLE 4A | Ball vs. non-ball sports: comparisons of pca at different head acceleration bin—horizontal canals.

Head acceleration bin

Sport type 3000 deg/s? 4000 deg/s? 5000 deg/s? 6000 deg/s? 7000 deg/s? 8000 deg/s?
Ball 0.981 0.977 0.972 0.9645 0.941 0.915
Non-ball 0.985 0.968 0.967 0.964 0.940 0.900
p-value 0.851 0.358 0.608 0.900 0.902 0.839

PCA was estimated using the single bin approach (Equation 2). Using the Bonferroni correction, only p < 0.0027 (highlighted in gray) were consider statistically significant.

TABLE 4B | Ball vs. non-ball sports: comparisons of pca at different head acceleration bin—vertical canals.

Head acceleration bin

Sport type 3000 deg/s? 4000 deg/s? 5000 deg/s2 6000 deg/s? 7000 deg/s? 8000 deg/s?
Ball 0.987 0.982 0.974 0.959 0.979 0.975
Non-Ball 0.968 0.958 0.935 0.906 0.843 0.808
p-value 0.001 <0.001 <0.001 <0.001 <0.001 <0.001

PCA was estimated using the single bin approach (Equation 2). Using the Bonferroni correction, only p < 0.0027 (highlighted in gray) were consider statistically significant.

TABLE 5A | Ball sports: p-values of the multiple comparisons of pca between head acceleration bin—vertical canals.

Acceleration bin pca 3000 deg/s2 4000 deg/s? 5000 deg/s2 6000 deg/s2 7000 deg/s2 8000 deg/s2
0.987 0.982 0.974 0.959 0.979 0.975

3000 deg/s? 0.987 - 0.183 0.002 <0.001 0.250 0.214

4000 deg/s? 0.982 0.183 - 0.047 <0.001 0.783 0.571

5000 deg/s? 0.974 0.002 0.047 - 0.015 0.577 0.887

6000 deg/s? 0.959 <0.001 <0.001 0.015 - 0.043 0.321

7000 deg/s? 0.979 0.250 0.783 0.577 0.043 - 0.896

8000 deg/s? 0.975 0.214 0.571 0.887 0.321 0.896 -

PCA was estimated using the single bin approach (Equation 2). Using the Bonferroni correction, only p < 0.0027 (highlighted in gray) were consider statistically significant.

TABLE 5B | Non-ball sports: p-values of the multiple comparisons of pca between head acceleration bin—vertical canals.

Acceleration bin pca 3000 deg/s? 4000 deg/s? 5000 deg/s? 6000 deg/s? 7000 deg/s? 8000 deg/s?
0.968 0.958 0.935 0.906 0.843 0.808

3000 deg/s? 0.968 - 0.3816 0.006 <0.001 <0.001 <0.001

4000 deg/s? 0.958 0.3816 - 0.0454 <0.001 <0.001 <0.001

5000 deg/s? 0.935 0.006 0.0454 - 0.0630 <0.001 <0.001

6000 deg/s? 0.906 <0.001 <0.001 0.0630 - 0.0075 0.0012

7000 deg/s? 0.843 <0.001 <0.001 <0.001 0.0075 - 0.410

8000 deg/s? 0.808 <0.001 <0.001 <0.001 0.0012 0.410 -

pca were estimated using the single bin approach (Equation 2). Using the Bonferroni correction, only p < 0.0027 (highlighted in gray) were consider statistically significant.

(the evaluation was extended to include head impulses up  deg/s’ there is a “critical” acceleration above which the reading
to 8,000 deg/s> to further confirm the trend). For the head  performance declines with a slope causing significant difference
impulses in the plane of the horizontal canals this decrease  every 2,000 deg/s®. For the vertical canals the decline occurs
became statistically significant for the 7,000 deg/s* and 8,000  with head accelerations at least 1,000 deg/s* lower (between
deg/s’> bins with respect to the bins < 5,000 deg/s’> and < 4,001 deg/s*> and 5,000 deg/s*). The slope in the functional
6,000 deg/s?, respectively. This suggests that around 6,000  vestibulogram, however, also depends on the sport. When vertical
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semicircular canals are tested, the athletes of non-ball sports
had not only an overall lower level of proportion of correct
answers (as already evident from the standard fHIT outcome—
Table 2B and Figure 3B), but also a faster decline with increasing
acceleration (Figure 8B).

Although VOR gain was shown to decline with the velocity
of head impulses (51), to our knowledge, this is the first work
providing a detailed description of the decline of functional
VOR performance with head acceleration, demonstrating that it
differs between the planes of head impulses and between different
subgroups of healthy individuals. A previous work observed
that DVA loss was lower for impulses faster than 100 deg/s
head velocity than if only head velocities higher than 150 deg/s
were considered (32). A study using the gaze stabilization test
(GST—recognition of an optotype repeatedly presented with a
fixed size during active head motion) showed a general increase
of the visual acuity loss with head velocity testing the range
60-220 deg/s in step of 40 deg/s (52). GST, however, is based
on active head movements tested with progressively increasing
velocity. Since it is well-known that DVA testing leads to lower
visual acuity loss if performed with active than with passive head
motion (32), the decline observed with GST may also depends
on the additional functions involved with the active testing
(e.g., anticipation).

Altogether, the results of the current study provide evidence
that the functional vestibulogram has both theoretical and
clinical relevance. The decline of VOR functional performance
observed with the fHIT test at acceleration within the range
of normal head movements suggest that, even in healthy
individuals, occasional blurring can occur when the VOR
is challenged with intense activities like those required by
professional sports. Whether the differences observed among
different sports is a consequence of training (i.e., it can also
be rehabilitated) or if it is a natural feature differentiating
athletes who succeed within one specific sport from those
who don’t, cannot be inferred based on the current data. The
practical implication of the observed trend, however, is that,
when assessing professional athletes, testing higher accelerations
may be significantly more informative and may shorten the test
duration significantly.

Sport-Specific Normative Values and
Testing Procedure for the fHIT

The sport-specific proportion of correct answer identified in the
current study allows defining normative values for each sport
(Table 6). Although the differences may appear negligible, they
may have relevance for the assessment of athletes reporting

TABLE 6A | Sport specific lower boundary of pca and minimum number of head impulses to identify a deficit—horizontal canals.

Head acceleration bin

3000-6000 deg/s? 8000 deg/s2 7000 deg/s? 6000 deg/s2 5000 deg/s2 4000 deg/s2 3000 deg/s2
Group 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca
# impulses # impulses # impulses # impulses # impulses # impulses # impulses
athlete group 0.969 0.861 0.915 0.951 0.962 0.967 0.973
33 8 12 21 27 31 38
AF 0.972 N/A 0.677 0.940 0.940 0.964 0.906
36 N/A 4 17 17 28 11
FB 0.947 0.681 0.811 0.891 0.949 0.924 0.944
19 4 6 10 20 14 18
HB 0.979 0.853 0.940 0.972 0.963 0.975 0.950
48 7 17 36 28 40 20
IH 0.964 0.802 0.884 0.935 0.948 0.961 0.968
28 6 9 16 20 26 32
BS 0.958 0.853 0.870 0.937 0.934 0.935 0.960
24 7 8 16 16 16 25
SB 0.946 0.701 0.854 0.906 0.928 0.927 0.926
19 4 7 11 14 14 14

PcaP? were estimated using the pooled bin approach (Equation 1). Pcas® were estimated using the single bin approach (Equation 2). The coefficient intervals were estimated using the
Fisher-Snedecor distribution (53), although conservative, a higher reliability of estimate was ensured when in a bin < 200 number of impulses were collected.
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TABLE 6B | Sport specific lower boundary of pca and minimum number of head impulses to identify a deficit— vertical canals.

Head acceleration bin

3000-6000 deg/s? 8000 deg/s? 7000 deg/s? 6000 deg/s? 5000 deg/s? 4000 deg/s? 3000 deg/s?
Group 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca 5% c.i. pca
# impulses # impulses # impulses # impulses # impulses # impulses # impulses
athlete group 0.966 0.873 0.907 0.929 0.956 0.971 0.977
30 8 1 15 23 35 44
AF 0.966 0.782 0.838 0.816 0.958 0.951 0.961
30 5 7 6 24 21 26
FB 0.967 0.868 0.927 0.931 0.945 0.963 0.975
31 8 14 15 19 28 40
HB 0.978 0.931 0.939 0.931 0.971 0.976 0.975
46 15 17 15 35 42 40
H 0.970 0.912 0.949 0.935 0.957 0.971 0.974
34 12 20 16 24 35 39
BS 0.942 0.745 0.777 0.886 0.917 0.947 0.973
18 4 5 9 13 19 38
SB 0.913 0.610 0.759 0.815 0.879 0.915 0.919
12 3 5 6 9 12 13

PcaP? were estimated using the pooled bin approach (Equation 1). Pcas® were estimated using the single bin approach (Equation 2). The coefficient intervals were estimated using the
Fisher-Snedecor distribution (53), although conservative, a higher reliability of estimate was ensured when in a bin < 200 number of impulses were collected.

difficulties in returning to the professional activity. In line with
the consideration of the previous paragraph, handball players
may require to focus on the ball hundreds of times during the
rapid actions occurring during the game and a difference of 1%
may impact more than a few of the most critical actions (e.g.,
scoring) in a single game.

If sport-specific normative values were considered, sport-
specific testing procedures needs to be defined accordingly.
The minimum number of head impulses required to verify
whether an athlete achieves its sport-specific level (e.g., to assess
sport-specific recovery or sport-specific functional impairment)
depends on the distance between the sport-specific proportion
of correct answer and 100%. As all the proportions of correct
answers are close to 100%, the sport-specific minimum number
of required head impulses varies significantly. For example, for
the horizontal semicircular canals, handball players (lower bound
of correct answer = 97.9%) should be tested with at least 48
impulses. For soccer players (lower bound = 94.7%) the required
minimum is only 19 impulses. Table 6 lists the sport-specific,
minimum numbers of head impulses required to discriminate
the sport-specific lower bound of correct answer. Considering
the number of impulses needed for testing the athletes of
sports reaching the highest performance, the fHIT may become
unpractical (to test all six semicircular canals, 280 head impulses
would be the minimum required for a handball player). The

observed decline of reading performance with increasing head
acceleration, however, may be used to simplify testing. Recalling
that during head impulses in the plain of one canal pair, the
higher is the acceleration the lower is the contribution of the
inhibited semicircular canal (only the excited semicircular canals
account for the part of acceleration exceeding the inhibitory
cut of the inhibited semicircular canal), a deficit in reading
performance observable during head impulses at the lowest
accelerations should be more evident during testing at the highest
accelerations. Accordingly, an optimal testing strategy would be
to start testing the highest acceleration bin and, only if a deficit is
present, progressively decrease the acceleration to identify where
the pathological behavior stops. With such strategy, a handball
player would require a minimum of 17 head impulses at 7,000
deg/s® (the maximum acceleration currently displayed on the
fHIT interface) per semicircular canal to be identified as healthy,
i.e., comparable to the number of impulses used in a valid head
impulse test (51, 54, 55).

In conclusion, the results of the current study suggest that
fHIT can be used to characterize the functional vestibular
performance of athletes and establish sport-specific reference
values. For the sports associated with higher scores, the
sport specific-reference values can possibly help to differentiate
between a functional VOR performance sufficient for ordinary
activities of daily living and one for sport-related activities at
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professional level only. Furthermore, as the whole athlete group
showed a sport-specific decrease of VOR functional performance,
the results suggest performing the fHIT starting with head
impulses at higher accelerations (6,000-8,000 deg/s?). This
strategy reduces the number of impulse necessary to identify
a deficit. All together the fHIT demonstrated a sport-specific
sensitivity that supports further extensive tests, focusing on
athletes who suffered SRC, to verify sensitivity and specificity for
this patients’ population. Direct evidence from patients during
their return to sport will also be required to confirm that the
fHIT can help to identify subtle functional impairments that
may become relevant in the athletes when challenged by their
professional activity.
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Background: A battery of stance and gait tasks can be used to quantify functional
deficits and track improvement in balance control following peripheral vestibular loss. An
improvement could be due to at least 3 processes: partial peripheral recovery of sensory
responses eliciting canal or otolith driven vestibular reflexes; central compensation of
vestibular reflex gains, including substitution of intact otolith responses for pathological
canal responses; or sensory substitution of visual and proprioceptive inputs for vestibular
contributions to balance control.

Results: We describe the presumed action of all 3 processes observed for a case
of sudden incapacitating acute bilateral peripheral loss probably due to vestibular
neuritis. Otolith responses were largely unaffected. However, pathological decreases in
all canal-driven vestibular ocular reflex (VOR) gains were observed. After 3 months of
vestibular rehabilitation, balance control was normal but VOR gains remained low.

Conclusions: This case illustrates the difficulty in predicting balance control
improvements from tests of the 10 vestibular end organs and emphasizes the need to test
balance control function directly in order to determine if balance control has improved and
is normal again despite remaining vestibular sensory deficits. This case also illustrates that
the presence of residual otolithic function may be crucial for balance control improvement
in cases of bilateral vestibular hypofunction.

Keywords: bilateral vestibular loss, posturography, vestibulo-spinal reflexes, vestibular evoked, vemps, vestibulo-
ocular reflexes, video head impulse test

INTRODUCTION

It is an open question whether any improvement in balance control following an acute bilateral
peripheral vestibular loss (BVL) uses the same neural processes to improve function as when
the acute peripheral vestibular loss is unilateral (UVL). An acute UVL resulting from presumed
vestibular neuritis (VN) causes a characteristic deficit in the vestibular ocular reflex (VOR) function
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easily observed with a head impulse test of the deficit side VOR by
the presence of catch-up saccades and a gain <0.74 (1). Acutely,
no or little change in VOR function is observed with a video
head impulse test (VHIT) for head rotations to the normal side
(gain equal to 1). A gain reduction to 0.5 on average occurs
for rotations to the deficit side (2). Insights into the neural
processes underlying central compensation for the UVL deficit
side gain can be obtained by examining a group of acute UVL
patients who have a large, almost complete, lateral canal loss
as determined with caloric testing [that is, a 90% and greater
canal paresis (CP)], and also no CP recovery over the following
3 months. Despite no CP recovery, that is, no recovery of the
peripheral sensory function, the vHIT deficit side gains improve
on average in this group from 0.45 in the acute state to 0.64 over
the following 3 months. It is assumed that this improvement is
due to central compensation, specifically, that the crossed intact
side input contributing to the VOR for head rotations to the
deficit side is enhanced (3-5). The question thus arises when
there is no recovery of peripheral vestibular function bilaterally,
as indicated by absent caloric responses, and abnormally low
canal-elicited vHIT responses at acute onset, that is a gain below
0.6 bilaterally, [see Strupp et al. for a consensus definition of BVL
(6)] whether there can be any improvement in VOR gains and
balance control. In this situation, there is no normal side response
to aid central compensation.

Long-term (<3 months) differences in peripheral vestibular
recovery, which may be observed as differences in VHIT gains
following an acute UVL, do not lead to long-term differences in
balance control during stance and gait tests (5, 7). For example,
for the stance test most sensitive to an acute UVL, standing eyes
closed on foam (8), there is no significant difference in trunk sway
for those with and without peripheral vestibular recovery after 3
months (5). Sway for both groups is, on average, normal. This
is not the case for patients with chronic bilateral vestibular loss
(BVL) (9). These patients still have sway velocities and angles
greater than normal (9). For the gait test most sensitive to an
acute UVL, walking eyes closed (8, 10), differences do emerge,
trunk roll angle and pitch velocity is larger and greater than
normal for the non-recovery group (5). There are several possible
reasons for these differences in functional deficits which could
have application to cases with an acute BVL. Firstly, there is a
difference in recovery times for stance and gait tasks, with stance
tasks recovering more rapidly after an acute UVL (11), possibly
because VOR recovery is more rapid for the slow vs. the high
head accelerations which occur with stance and gait, respectively
(11, 12). Secondly, central compensation increasing the use of
visual contributions to balance control could restrict the tests
with differences to normal values to those performed with eyes
closed. Nonetheless, even with eyes closed, the effect of central
compensation increasing the use of somatosensory inputs could
help improve balance stability.

There are other more fundamental problems involved with
predicting balance capabilities from VOR responses in canal
planes. Given the generally weak correlations between vHIT
results and balance measures (7), except for roll during gait
(13), the question arises how to determine the relationship
between weakened canal VOR responses and vestibulo-spinal

contributions to roll and pitch balance control during stance
and gait. As spared function of the otoliths could be used by
the CNS to generate angular velocity based sensory inputs no
longer provided by canal reflexes (14, 15), it would be important
to include tests of otolith function in the determination of
these relationships.

Otolith function is usually measured using vestibular
evoked myogenic potentials (VEMPs) elicited by sound-induced
movements of the otoliths from the sternocleidomastoid (SCM)
and inferior oblique (Inf Obl) muscles (16, 17). It is difficult
to translate VEMP responses, if pathological, into deficits in
balance control for three reasons: firstly, because it is difficult to
elicit VEMPs from muscles such as soleus, tibialis anterior, and
paraspinals (18) that are involved in balance control; secondly,
because the amplitude polarity of vestibulo-spinal contributions
of muscle responses elicited by perturbations to stance of these
muscles differ across the body (19, 20) as does the amplitude
polarity of VEMP responses to tone bursts in different muscles
(16): thirdly, because the VEMP waveforms are often regarded as
present or absent, except in the case of vertical canal dehiscence
(21), the strength of the response does not necessarily translate
into a strength or degree of function or dysfunction. Thus,
although SCM and Inf Obl VEMPs provide an insight into
the status of otolith sensory inputs to vestibular spinal control,
these are unlikely to replace functional tests of the influence of
vestibule-spinal signals on balance control.

In the current report, we emphasize the importance of
recording VEMPs as these may provide insights into otolith-
based balance improvements, in addition to insights into canal-
based improvements revealed by the amount of recovery in
VHIT examinations. While testing for the status of sensory
contributions to balance control is important, we consider it
crucial to ascertain the status of balance control with appropriate
stance and gait tests. In this reported case of a sudden acute
BVL we were impressed with the remarkable recovery in
balance control despite the weak improvement in all canal VOR
responses. In stark contrast, sacculus c-VEMP responses were
normal, and utriculus o-VEMP responses were only weaker than
normal on the right side. This report differs from a previous
report of an acute BVL patient with only modest improvement
in patient symptoms (22) in 3 aspects. Firstly, in our patient the
loss involved all canal VOR responses and not just those served
by the superior vestibular nerve (lateral and anterior canals).
Secondly, our patient had remaining otolith function for all 4
otoliths. Thirdly, by tracking balance control we were able to
document its remarkable improvement, matching improvement
in patient symptoms.

METHODS

The current case concerns a male, 49 years old high rise crane
driver who was suddenly incapacitated with vertigo (both tilting
and turning) and nausea in his crane cockpit and had to be
rescued with another crane. Initially, he could not walk without
assistance. The patient and his general practitioner reported no
prior deficit of balance control and no medical history consistent
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with a previous vestibular sensory deficit. Previous periodic
testing of hearing by the Swiss Accident Insurance also revealed
no deficits. Such testing is mandatory in Switzerland for high-rise
crane drivers. The lateral canal vHIT gains measured on entry
to our hospital’s emergency ward were 0.27 right and 0.43 left.
Hearing was normal. A neurological examination on the same
day revealed no other abnormalities. Specifically, a 3 Tesla MRI
on the day of admission and 7 months later showed no signs
of an ischemic attack. Based on the test results consistent with
vestibular neuritis, the patient was treated intravenously with

methylprednisolone (125 mg Solumedrol per day) and then on
discharge 6 days after entry with the oral medication. The patient
received sessions of balance-oriented physical therapy daily while
an in-patient and twice weekly with muscle conditioning for 9
months on discharge. Tests of optokinetic nystagmus, smooth
pursuit tracking, and saccades performed 8 days after initial onset
of the symptoms were normal except for a bias in the optokinetic
nystagmus tests approximately equal to the level of spontaneous
nystagmus (4 deg/s).

Scientific use of the data collected for this study was approved
(approval 2014-16) by the local ethics committee responsible
for the University Hospital Basel [Ethics Committee Northwest
and Central Switzerland (EKNZ)]. Written informed consent
was obtained from the acute BVL patient for the publication of
his data from routine clinical examinations to be presented in
this report.

VOR Measures

Canal paresis measures could not be determined using a
bithermal (44 and 30°C) caloric test due to the very low responses
(see Figure 1). Instead, only the average eye slow phase velocity
(SPV) over the culmination phases of nystagmus was computed
for the left and right ear irrigations at 44°C (see Figure 1)!. To
measure VOR function in response to high angular accelerations
(above 2,000°/s%) a video head impulse test (VHIT) system was
used (ICS system from GN Otometrics) according to the protocol
described by MacDougall et al. (24) with head angular velocities
reaching 80-250°/s by 100 ms. At least 20 head lateral rotations
to each side and in the planes of each vertical semi-circular canals
were performed. During the head movements, the patient was
seated and fixed gaze on a small target 3 m away. Sections of the
data with covert saccades and artifacts were removed from the
recordings prior to gain calculations by the vHIT manufacturer’s
software. Gains were calculated based on the quotient of the
areas under the eye and head velocity impulse responses. The
interval used started 100 ms prior to peak head velocity and
ended when head velocity first crossed zero after the peak. In
the emergency ward, the patient’s first vHITs were measured
with an ESC system (Interacoustics). Gain values are computed
differently with this system compared to the ICS system we used
for all subsequent vHITs. For this reason, the gain ESC gain

'Due to the unpleasant patient reactions we do not use ice water calorics. Instead
we use rotating chair tests, with accelerations of 20 and 40 deg/sz, to determine if
there is a remaining peripheral function. In the current case, this test revealed, 4
days after BVL onset, amplitudes of 4.9 and 0.7 deg/s for right and left slow phase
eye velocity, respectively, compared to the lower limit of normal responses 20 deg/s
(mean-2sds) for20 deg/ s accelerations.

values were converted to equivalent ICS gains using the technique
described in Cleworth et al. (25).

Balance Control Measures

Balance control was assessed by measuring trunk sway during
a sequence of 14 stance and gait tasks. All stance and gait
tasks were performed in the same order and executed without
shoes. The tasks used were chosen based on our previous studies
comparing balance for the 14 stance and gait balance tasks
between different patient groups and healthy controls (10, 26).
The same protocol is also used for routine clinical balance
control examinations in our clinic. Trunk sway during the tasks

was measured with a SwayStarTM device (Balance International
Innovations GmbH, Switzerland) which uses two gyroscopes
to measure pitch (anterior-posterior) and roll (lateral) angular
velocities of the lower trunk at a sample rate of 100 Hz. Angles
were determined on-line by trapezoid integration of the velocity
signals. The device is worn in the middle of the lower back of
the patient to be tested (at the level of lumbar vertebrae L3-L5)
near the body’s center of mass (10). The SwayStar™ device has
been validated by a number of clinical studies, specifically on
patient groups affected by vestibular loss (8, 10, 11), and allows
comparison with a normal reference data set (26).

Four 2-legged balance tests were performed with the feet
spaced shoulder width apart. Two were performed with
eyes open, on a normal surface and on a foam surface
(height 10cm, density 25 kg/m?), and 2 with eyes closed
(abbreviated s2eo/s2ec/s2eof/s2ecf). Three 1-legged stance tasks
were performed eyes open, two on a normal surface (eyes open
and eyes closed) and one, eyes open, on the foam surface
(sleo/slec/sleof). For the 1-legged tasks, the patient was asked
to stand on their preferred leg. The stance tasks were performed
on foam to reduce the contribution of lower-leg proprioceptive
inputs to balance control. Stance tasks were performed for 20s
or until the patient lost balance. The patient performed 2 tandem
gait tasks: walking 8 tandem steps on a normal and foam surface
(w8tan/w8tanf), and 3 walking tasks: walking 3 m while pitching
the head up and down with eyes open (w3mhp); while rotating
the head left and right with eyes open (w3mhr) and walking
3 m, eyes closed (w3mec). Tasks were performed with eyes closed
to eliminate visual inputs to balance control. For gait tasks, the
patient was asked to walk at their comfortable pace. Finally,
the patient was asked to walk up and down a set of 3 stairs
(constructed similar to a podium), and walk over 4 low (24 cm)
barriers spaced 1 m apart. For gait tasks, the task duration was the
time it took to complete the task or until the patient lost balance
and needed to be assisted by a spotter. To standardize the start
of each gait task, the patient was asked to stand comfortably with
feet hip-width apart.

Vestibular-Evoked Myogenic
Potentials (VEMPs)

VEMPs were elicited from the sternocleidomastoid (SCM) and
inferior oblique (Inf Obl) muscles using 5ms duration air-
conducted 500 Hz tone bursts (rise and fall times 2ms) and
delivered at a rate of 5.1 Hz. Normally the test amplitude was 85
dB normal hearing level. This level was increased or decreased
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FIGURE 1 | Upper panels: changes in VHIT gains in each canal direction, from 4 days after onset of acute symptoms until 11.7 months later. A total of 7 tests were
performed. Note the gradual improvement in the vHIT gains except for the left lateral and right posterior gain. All gains are lower than normal as marked by the arrow
on the gain ordinate, indicating the lower 95% limit of healthy controls (23). Lower right panel: caloric measurement values over time and levels of spontaneous
nystagmus. The values for the nystagmus slow phase velocity (SPV) elicited during the culmination phase 60-80 s from the start of a 60's irrigation of 44°C are listed
after subtraction of the SPV of the left-beating spontaneous nystagmus recorded over 20's prior to the irrigation. Because of the small values, the canal paresis was
not calculated. For the examination at 4 days only, an up-beating vertical spontaneous nystagmus was also observed.
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depending on whether a response was observed at 85 dB. All
muscles were tonically active during the experiments to ensure
a VEMP response was elicited. The SCM was activated by having
the patient voluntarily maintain a yaw head rotation 60° to the
left for right ear stimulation, and vice-versa for the left ear.
The Inf Obl was activated by having the patient look upwards.
Averages to 500 stimuli were computed after high and low pass
filtering at 10 and 1,500 Hz, respectively. From these averages
peak-to-peak p13 to n23 amplitudes for ¢-VEMPs and nl to
pl for o-VEMPs were compared with the lower 95% amplitude
of normal responses (27). For further details, see the legend to
Figure 4.

Data Processing and Statistical Analysis

The outcome measurements of each balance control trial were
the peak-to-peak ranges for roll angle (ra), pitch angle (pa), roll
angular velocity (rv), pitch velocity (pv), and the task duration
(dur). We concentrated on 2 primary measures, a global balance
control index with (BCI) and without stairs test (BCIns) to track
improvements in balance control of the acute BVL patient over
time. This index combines results from several different tasks
into one index (see details below). As secondary measures, we
examined trunk sway for those eyes closed tasks which comprise
this index. The BCI is an additive composite score based on

measures from several tests: From the test standing on 2 legs
on foam with eyes closed (2 x pv), for walking 8 tandem steps
(I x ra), for walking 3m eyes closed (1.5 x pv + 20 x dur),
walking 3 m while pitching the head up and down (1.5x pv) and
stairs (12x ra). That is BCI = 2 x sZecva + tan8,;, + 1.5 x
w3ecpy + 20 x w3ecg,, + 1.5 X w3hppv + 12 x stairs;, (28). For
the first examination, the acute BVL patient could not complete
the stairs task so we also used the same index without this task
(BClIns). The step-wise discriminant analysis used to select the
above task measures entering the BCI is described in Allum and
Adkin (8). This combination of the selected balance outcome
measures has been shown previously to have a high accuracy in
detecting patients with impaired balance (8). The upper 95% limit
of the BCI, BClns, and secondary sway measures of 54 healthy
persons of the same mean age (&5 years) as the patient were used
to determine if the patient had pathological balance control (see
also arrows on ordinates of Figures 2, 3, 5). We also compared
the balance measures of the acute BVL patient with those of 8
chronic (over 10 years) male BVL patients of mean age 44 years
whose data had been recorded in previous studies (29, 30). All
BVL patients had bilateral absent responses or response <3 deg/s
slow phase eye velocity (SPV) during caloric culmination periods.
There was no difference between the rotating chair response
amplitudes to 20 deg/s? accelerations of the acute BVL patient
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FIGURE 2 | Changes in Balance Control Index (BCI) over 12 months from
onset of acute symptoms. The values of the BCI with and without the stairs
test included are shown. The stairs test could not be performed for the first
test due to the instability of the patient. The upper 95% limit of BCI values
(lower values more normal) for the 54 healthy subjects whose ages were within
=+ 5 years of that of the patient (49 years) are shown by the dashed black and
gray lines. The times the c- and o-VEMPs were measured are also indicated.

(mean SPV 3.9 and —2.6 deg/s) compared to the chronic BVL
group (mean SPV 3.2 and —3.2 deg/s).

To compare the difference between the repeated acute BVL
and chronic BVL patient population balance measures, and
differences in acute BVL vHIT measures over time, both paired
t-tests and non-parametric paired analyses (Wilcoxon signed
rank tests) were used. Significance level was set at p < 0.05,
and significance was accepted if both tests were significant. We
also examined whether individual test values of the acute BVL
differed from those of the chronic BVL population using the
techniques described by Crawford et al. (31), yielding trends in
differences (0.1 < p < 0.05) where significance was observed with
paired t-tests.

RESULTS
At Acute Onset

The lateral plane VHIT responses gains on emergency inpatient
admission were less than normal, 0.43 and 0.27 for left and
right head impulses, respectively. There was also a spontaneous
nystagmus beating to the left. These gains did not differ,
significantly, from vHIT gains (0.45 left, 0.11 right) recorded
for lateral canal planes 4 days later (see Figure1). Covert
and overt catch-up saccades were still present in the vHITs
after 4 days. The left beating spontaneous nystagmus was still
present having a SPV of 4.4 deg/s. In addition, an upbeat
nystagmus with a SPV of 2 deg/s was observed. The initial
diagnosis of an acute peripheral BVL could be confirmed by
the absent responses to caloric irrigation of 44°C of each
ear. After subtraction of the spontaneous nystagmus level, the
average SPV over the culmination phase was only 1-2 deg/s
(see Figure 1), making computation of the canal paresis of
limited use. On admission, a 2-dimensional FLAIR magnetic

resonance imaging (MRI) did not show a perfusion deficit or
any other abnormality in the brainstem or the cerebellum. A
follow-up 2-dimensional CISS MRI, 7 months later, also did
not show any signs of a preceding stroke explaining the deficit
in this patient. Despite the obvious peripheral loss, functional
balance testing revealed results with values indicating better
stability than we had expected. The balance control index (BCI),
a combined index from several balance tests (8) was slightly
larger than normal (see Figure 2) when the stairs test, which the
patient could not complete, was excluded. The primary reasons
for the lower (more normal) than expected BCI were firstly
the almost normal pitch trunk sway velocity when standing
eyes closed on a firm and foam surface (see Figure 3). Based
on values from the group of chronic BVL subjects we had
expected larger trunk sway amplitudes (see Figure 3, upper
panels). Secondly, for the walking trials over 3 m, with head
rotating left and right, pitching up and down or walking with
eyes closed (see Figure 5), normal trunk sway amplitudes were
observed. Nonetheless, the durations of these gait trials were
longer than normal. [Typically for acute UVL patients both trunk
velocity and task duration are greater than normal (8) as they
attempt to improve stability by walking slowly (32)]. These results
indicated together with the greater than normal dependence
on visual inputs during stance (see lower panel Figure3), a
more rapid compensation than has been observed with acute
UVL patients having an almost total unilateral peripheral
loss (5).

Tests of c-VEMP indicated that sacculus-driven vestibular
spinal reflexes were normal (see Figure4, left panels). Tests
of 0-VEMPs carried out at 6 months were normal for
the left with lower peak-to-peak amplitudes for the right
stimulation side.

Improvement Over Time

The caloric responses did not improve over time but the
horizontal spontaneous nystagmus decreased (see Figure 1) and
the vertical nystagmus was no longer present. With the exception
of the left lateral and right posterior VORs, vHIT response
gains increased (see Figure 1) significantly over the 12 months
follow-up (p = 0.002). However, covert and overt catch-up
saccades were still present in the vHITs at 12 months. vHIT
gain was below 0.6 bilaterally over the first 9 months [fitting
the consensus definition of BVL (6)] and with the exception
anterior right (0.63) remained below 0.6 at 12 months (see
Figure 1). Balance control as summarized by the BCI value
remained on the borderline of normal but was <95% limit
of normal control subjects after 3 months (see Figure 2). This
was partially due to sway during stance eyes closed on foam
decreasing over time, remaining significantly less (p < 0.03) than
the sway of chronic BVL subjects (see Figure 3). There was also a
gradual decrease in the visual and increase in the somatosensory
contribution to stance determined from pitch sway velocities
during stance tasks (see Figure 3). However, at 9 months visual
and somatosensory contributions were within normal bounds
and at 12 months vestibular contributions were normal too (see
Figure 3). Another reason for the reduction of the BCI was the
increase in gait speed with trunk roll sway angles and velocities
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FIGURE 3 | Upper panels: mean values and standard error of mean (sem) of BVL subjects for the range of trunk pitch and roll velocity while standing eyes closed on a
foam surface. The leftmost column in each panel depicts the mean of 3 tests in the 3 months post-acute onset. The middle column in each panel depicts the mean of
3 tests in the 6-12 months period post-acute onset. The right column represents the mean values of the population of 8 chronic BVL subjects (mean age 44 years), all
of whom had velocity values >95% upper limit of 54 normals of mean age 49. This limit, 11 deg/s for pitch and 8.4 deg/s for roll velocity, is shown by the horizontal
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((s2ecf-s2eof)+(s2ec-s2e0))/(s2ecf+s2e0f+s2ec+s2€0)*100%.
The somatosensory contribution is estimated to be:
((s2ecf-s2ec)+(s2eof-s2e0))/(s2ecf+s2eo0f+s2ec+s2€0)*100%.

and therefore the vestibular contribution less than normal over this period.

the comparison of roll velocity means. Lower panel: sensory analysis of stance profile over the 12 months follow-up of the acute BVL subject. The estimated
contribution of each sensory input to pitch sway was computed using the technique of Horlings et al. (9). For example, for the 4 2-legged stance test conditions
normal floor eyes open and closed (s2eo, s2ec) and foam support eyes open and closed (s2eof, s2ecf) the visual contribution is estimated to be:

The vestibular contribution is estimated to be 100% minus the visual and somatosensory contributions. The 95% upper limit for visual and somatosensory contribution
estimates with respect to healthy controls are shown by the horizontal arrows on the ordinate (larger values pathological), likewise the lower normal 5% limit (smaller
values pathological) for the vestibular contribution. Thus, the visual and somatosensory contributions were pathologically greater than normal from 1.3 to 11.7 months

remaining normal. For example, as illustrated in Figure 5, task
duration for the eyes closed gait task was significantly reduced
(p < 0.002), with respect to chronic BVL subjects, over the last
6 months of the 12 months follow-up period, as was the roll
angle amplitude.

These results match the symptoms reported by the patient
and the improvement in balance control reported by his
physiotherapist. Oscillopsia reported by the patient was
first reduced at examination 5 (at 6.8 months) and absent
at examination 6 at 9.4 months. Vertigo and imbalance
with fast head movements reported by the patient were
also absent at 9.4 months. Persistent problems still noted
by the patient were walking in the dark and at dusk.
Furthermore, a loss of orientation occurred when swimming
under water.

DISCUSSION

This case study raises questions about examination strategies for
balance control deficits for patients with suspected vestibular
loss. The most important questions are firstly how extensive
should testing for sensory deficits be, and secondly at which time
points should functional testing of vestibulo-spinal influences
on balance control occur. This case emphasizes the viewpoint
that VEMP tests of otolith function are crucial for assessing
remaining vestibular function in BVL patients (22). We assume
that functional balance testing will be required regularly as
changes in balance control following a vestibular deficit cannot
be predicted, with the possible exception of roll instability during
gait (13), by the sensory vestibular loss observed in canal-based
responses (7, 11).
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FIGURE 4 | Recordings of c-VEMPs (left panels) and o-VEMPs (right panel) taken 1 and 6.9 months after acute onset of symptoms, respectively. The upper 2 sets of
traces are for right ear stimulation, the lower 2 sets for left ear stimulation. The air-conducted (500 Hz) stimulation level was increased to 95 dB to elicit right o-VEMPs.
The double-headed arrows on the ordinates indicate the minimum VEMP amplitude (28.6 wV for c-VEMPs, 5.2 uV for o-VEMPs) necessary to define a normal
response (above the lower 5% limit of normal control subjects; (27)]. Based on these criteria the right o-VEMPs are not normal.

This case study indicates that it is crucial in cases of BVL
to measure ocular and cervical vestibular evoked myogenic
potentials (o- and c-VEMPs) in order to determine if utricular
and saccular driven vestibule-spinal reflexes are functioning
normally. In our acute BVL patient, VEMPs showed little
abnormalities (see Figure 4) despite absent caloric, and lower
than normal vHIT VOR canal gains. Remarkably, with apparent
preservation of otolith function, the patient was able to stand,
without falling, eyes closed on foam for the test time of 20s
within 1 month of acute symptoms, having, except at acute
onset, none of the typical stance instability as indicated by higher
trunk angular velocities shown on foam surfaces by our group
of chronic BVL patients (9). Also, the acute BVL patient was
able to walk quicker and more securely after 3 months with
eyes closed than chronic BVL patients. These 2 tests together
with other stance and gait tests form the basis of functional
balance tests identifying patients with vestibular loss (10). As
visual compensating inputs are not available during these eyes-
closed tests, the most parsimonious explanation for the normal
stance and gait performance 3 months after acute BVL onset
is that the otolith inputs had been “reprogrammed” to partially
replace canal-based vestibular sensory contributions to balance
control. It is therefore of interest to consider the basis of the
current neurophysiological differences underlying the central
adjustments to deficits in semicircular canal responses.

O- and c-VEMPs have been studied before in BVL patients
(27, 33). Brantberg and Lofqvist (33) reported preserved c-
VEMPs in 5 patients with bilateral vestibular areflexia, in 3 of

them there was no significant caloric response, no per-rotatory
nystagmus and clinical head-impulse-tests showed corrective
saccades following horizontal and vertical head-movements (in
two patients head-impulse-tests were not performed). Brain-
MRIs of these patients were unremarkable. The recent findings
of Agrawal et al. (27) on BVL patients suggest preservation of
sacculus and utriculus function relative to semicircular canal
function in approximately 40% of BVL patients with decreased
function due to aminoglycoside ototoxicity or bilateral Méniére’s
disease (27). In other BVL cases not described by Agrawal et al.
(27), those with vestibular neuritis causing sudden, severe and
long-lasting vertigo, the lesion is presumed to be located in the
vestibular nerve with a preference for sparing of the inferior
nerve due to anatomical considerations (34-36). A bilateral
neuritis of the superior vestibular nerve which spared sacculus
function (22) can therefore be explained by such anatomical
considerations. In our case with bilaterally intact c- and almost
intact o-VEMPs alternative explanations must be sought.

An interesting aspect of our observations of this case is
the presence of a left beating spontaneous nystagmus (SN),
consistent with the slightly greater response to warm caloric
irrigation on the left, and the greater lateral canal vHIT gain on
the left (see Figure 1). Kattah (37) reported that for subacute and
chronic BVL gaze evoked SN is generally not present. We assume
that if the degree of loss is unequal between the left and right
lateral canal nerves, then a left beating SN would result. Four days
after 1st symptoms a weak up beating vertical SN (2.5 deg/s) was
also observed. In the following weeks no vertical SN was observed
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in our recordings. We assume that this vertical SN is probably the
result of bilaterally differing vertical canal VOR gains. Initially,
the anterior canal vHIT gain was lower on right side compared
to left, and the posterior canal gain was lower on the left side
compared to the right (see Figure 1), indicating a greater effect
of the underlying disease on the right superior nerve and the left
inferior nerve. However, the presence o-VEMPs on the right side
would tend to exclude a case of pure right superior nerve neuritis.
Yacovino et al. (22) reported an upbeating SN with fixation
removed in their case of bilateral superior nerve loss suggesting a
difference between the peripheral vestibular losses left and right.
However, in their case, which they assumed the SN resulted from
vestibular neuritis, o-VEMPs were initially absent bilaterally.
Likewise, in our case the presence of c-VEMPs bilaterally would
tend to exclude a left inferior nerve neuritis. While we assume
that differences in peripheral loss bilaterally underlies the left and
up beating SN we observed in our BVL case, we cannot exclude
that changes in central processing partially underlie the presence
of the observed SN. In short, if we assume that our results are
consistent with a concomitant vestibular neuritis, we would have
to assume that otolith nerves were spared. Confirmatory evidence
for this mechanism needs to be acquired from several patients.
Here our patho-physiological observations are limited to one
patient and do not include 3-dimensional MRI procedures to
visualize affected nerves.

Recent advances in 3-dimensional MRI procedures (38, 39)
have suggested that it may be possible to visualize which nerves
are affected by vestibular neuritis. To date these techniques
have been limited to showing that the duration of SN is longer
when a higher signal intensity was present on the deficit side
(39). In future, use of such MRI signal enhancement techniques
in combination with physiological recordings (spontaneous
nystagmus, VHIT, VEMPs, and functional balance control
examinations as reported here) could provide information on
which vestibular nerves were affected following acute BVL or
UVL and thereby provide new insights into the etiology of
patients’ balance deficits and bases for rehabilitative treatment.

The average increase in VHIT gains over 12 months for all 3
test axes for both ears was 0.23 with most of the gain change
occurring over the first 7 months (see Figure 1). This value
is similar to the increase in lateral VHIT gain, 0.19, observed
after 3 months for acute UVL patients who had no caloric
recovery from a lateral canal paresis of >90% (5). For the lateral
canals, the unchanged CP values indicated that this improvement
must be due to central compensation. For the vertical canals,
there is no known way to establish whether any peripheral
recovery occurred. It is assumed that central compensation with
a unilateral loss occurs through a reweighting of the normal
contralateral input to the deficit side (3, 4). In the case of bilateral
loss, this mode of compensation would appear to be limited.
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An alternative mode of compensation would be to increase the
gain of cervico-ocular reflexes which are known to be increased
following BVL (40). Nonetheless, the central compensation of
canal VOR responses appears to be modest in our acute BVL
patient in comparison to the spared otolith function.

The overall response characteristics we observed are similar
to those observed with canal plugging in animals. This
preparation inactivates the semicircular canals but not the
otoliths. Subsequent testing of the animals indicated that postural
stability mainly requires otoliths inputs (14, 15), as we found in
our patient.

One theory of central compensation that has been proposed
(41) is based on otolith responses being processed by a different
portion of the vestibular nuclei (caudally) than canal responses
(rostrally). According to this theory, the caudal vestibular nuclei
have a greater capacity for sensory substitution. A further
possibility is that the caudal vestibular nuclei are more capable
of enhancing remaining otolith input than the rostral nuclei are
for the modest improvement in canal sensory inputs leading,
as illustrated in Figure 1, to only a modest improvement in
VOR gains.

One drawback of the current study is that the follow-up period
of 1 year may have been too short to determine the long-term
result of acute BVL due, as we assume, to vestibular neuritis.
Most studies including our own (29, 30) investigated patients
with chronic BVL lasting over 10 years. Thus, the differences
we observed between the acute and chronic BVL patients may
have been due to this short follow-up interval. It is important
to note, however, that in this acute BVL case otolith responses
were preserved as these were in 40% of BVL patients with other
etiologies (27). Another problem with comparing chronic (over
10 years) and recently acute BVL patients is that changes in test
procedures occur over time making comparisons difficult, for
example, for more recently introduced procedures such as vHIT
and VEMPs.

The role of prior training in the use of otolith inputs, due
to being the crane cockpit and receiving off-axis rotation may
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Gaze stability exercises are a critical component of vestibular rehabilitation for individuals
with vestibular hypofunction and many studies reveal the rehabilitation improves
functional performance. However, few studies have examined the vestibular physiologic
mechanisms (semicircular canal; otolith) responsible for such recovery after patients with
vestibular hypofunction complete gaze and gait stability exercises. The purpose of this
study was to compare behavioral outcome measures (i.e., visual acuity during head
rotation) with physiological measures (i.e., gain of the vestibulo-ocular reflex) of gaze
stability following a progressive vestibular rehabilitation program in patients following
unilateral vestibular deafferentation surgery (UVD). We recruited n = 43 patients (n = 18
female, mean 52 + 13 years, range 23-80 years) after unilateral deafferentation from
vestibular schwannoma; n = 38 (25 female, mean 46.9 + 15.9 years, range 22-77 years)
age-matched healthy controls for dynamic visual acuity testing, and another n = 28
(14 female, age 45 4+ 17, range 20-77 years) healthy controls for video head impulse
testing. Data presented is from n = 19 patients (14 female, mean 48.9 + 14.7 years)
with UVD who completed a baseline assessment ~6 weeks after surgery, 5 weeks of
vestibular physical therapy and a final measurement. As a group, subjective and fall risk
measures improved with a meaningful clinical relevance. Dynamic visual acuity (DVA)
during active head rotation improved [mean ipsilesional 38.57% + 26.32 (n = 15/19)];
mean contralesional 39.96% + 22.62 (n = 12/19), though not uniformly. However, as
a group passive yaw VOR gain (mean ipsilesional pre 0.44 + 0.18 vs. post 0.44 +
0.15; mean contralesional pre 0.81 + 0.19 vs. post 0.85 £ 0.09) did not show any
change (p > 0.4) after rehabilitation. The velocity of the overt compensatory saccades
during ipsilesional head impulses were reduced after rehabilitation; no other metric of
oculomotor function changed (p > 0.4). Preserved utricular function was correlated with
improved yaw DVA and preserved saccular function was correlated with improved pitch
DVA. Our results suggest that 5 weeks of vestibular rehabilitation using gaze and gait
stability exercises improves both subjective and behavioral performance despite absent
change in VOR gain in a majority of patients, and that residual otolith function appears
correlated with such change.

Keywords: vestibular rehabilitation, dynamic visual acuity, vestibulo-ocular reflex gain, compensatory saccades,
otolith function
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Otolith Function Correlates With Improved DVA

INTRODUCTION

Gaze stability refers to the eyes maintaining a stable position
in space (and the head in this context) relative to a head
movement, which is essential for providing stable visual acuity
during walking and other activities of daily living. While walking,
healthy controls experience gait velocity ranging from 0.6 to 2.5
m/s while the head translates in frequencies ranging from 1.4 to
2.5Hz (1, 2). When running, the frequency of head rotation in
pitch is twice that of yaw (pitch median = 3.2 Hz, yaw median
<2Hz) and can reach peaks from 15 to 20 Hz (2). Given the
high range of velocity and frequency of head motion encountered
during such typical life, healthy vestibular function is essential
to ensure gaze stability (3). When lesioned, the vestibulo-ocular
reflex (VOR) is unable to stabilize the eyes during head motion
and visual acuity degrades (4-6).

Gaze stability exercises are considered a critical component
of vestibular rehabilitation for individuals with vestibular
hypofunction (7). Prior studies have shown gaze stability
exercises are effective at improving visual acuity during active
head rotation (dynamic visual acuity) as well as postural stability
in patients with unilateral vestibular hypofunction (UVH)
(8, 9) and following vestibular schwannoma resection (10).
Interestingly, patient’s self-report of oscillopsia post intervention
does not correlate with improved dynamic visual acuity (DVA),
nor does age, time from onset, initial DVA score, duration or type
of exercise (8, 11).

There is evidence that the lesioned VOR gain (eye/head
velocity) to slow velocity passive head rotation can be improved.
Enticott et al. (5), reported patients who performed gaze
stabilization exercises following vestibular schwannoma tumor
resection did reduce their asymmetry of VOR gain, as measured
during slow velocity (60°/s) rotatory chair testing. Additionally,
those patients reported reduced dizziness compared to control
subjects. More recently, Sadeghi et al. have used passive
ipsilesional whole-body rotation to reduce VOR asymmetry (12).
There is some evidence the VOR gain can improve to faster, active
(self-generated) head velocity rotation as well. Measuring the eye
and active head velocity (scleral search coil) before and after a
5 weeks of vestibular rehabilitation in patients with unilateral
vestibular hypofunction due to presumed vestibular neuritis,
Schubert et al. (9) described a 35% improvement in ipsilesional
VOR gain during the active DVA testing [mean gain 0.7 +
0.2 to 0.9 = 0.2 (p < 0.05)]. Additionally, the patient subjects
recruited a larger number of compensatory saccades (saccades in
the direction of the deficient VOR) to assist with gaze stability
that was dependent on magnitude of the VOR gain (9, 13). Others
have shown a similar inverse relationship with the presence of
compensatory saccades and magnitude of VOR gain change after
vestibular rehabilitation (14).

To our knowledge, no study has assessed the effect of
active head rotation gaze stability exercises on functional and
physiological outcome measures of vestibular function. The
purpose of this study was to compare behavioral (i.e., DVA)
and functional (i.e., fall risk) outcome measures with vestibular
physiological measures including semicircular canal (i.e., VOR
gain) and otolith (saccule and utricule) function following a

progressive 5 week vestibular rehabilitation program in patients
following unilateral vestibular deafferentation (UVD) surgery.

METHODS

Subjects

We recruited n = 43 patients (n = 18 female, mean 52 + 13
years, range 23-80 years) post UVD surgery due to vestibular
schwannoma tumor resection; 19 of those patients completed the
study (14 female, mean 48.9 & 14.7 years). We also recruited
and collected data in n = 38 (n = 25 female, mean 46.9 =+
15.9 years, range 22-77 years) aged matched healthy controls
for DVA testing, and another n 28 (14 female, age 45
£ 17, range 20-77 years) healthy controls for video head
impulse testing. Patients were excluded for traumatic brain
injury, cerebrovascular accident, or multiple sclerosis. The study
was approved by the Johns Hopkins University Institutional
Review Board and written informed consent was obtained from
each individual.

Data presented below is from the n = 19 patients with UVD
who completed an initial measurement, 5 weeks of vestibular
physical therapy (VPT), and a final measurement. Sixteen
patients were lost to follow up given they resided out of state;
the final eight patients were excluded from the data analysis due
to extended time between surgery and initial testing or extended
time between pre and post VPT testing.

Overview

The pre VPT measure was collected ~6 weeks post vestibular
schwannoma tumor resection in an outpatient clinic setting (39
=+ 31 days). The post VPT measure was collected mean 56 +
25 days from the pre VPT measure. Outcome measures were
collected from the physiologic (i.e., VOR gain), performance
(i.e., computerized DVA), and subjective (i.e., dizziness handicap
inventory) domains. Data collection and intervention was
performed by one of two research physical therapists (JLM, YG).
VPT included 5 weeks of gaze stability exercises as well as static
and dynamic postural stability tasks (8). Each patient was given
a home exercise program and followed up weekly with in-clinic
outpatient visits. Each patient received 5 weeks of treatment.
All data was stored into a customized online cloud database
(REDCap Vanderbilt University) for offline analysis.

Physiologic Measures

The Video Head Impulse Test (vHIT)

The vHIT (ICS Otometrics, Natus Medical Incorporated,
Denmark) measured VOR gain (eye velocity/head velocity) as
well as metrics of the compensatory saccades [latency, frequency,
velocity, and the overall PR score (measure of variability
in latency, termed as gathered or scattered)]. Compensatory
saccades are defined as those saccades occurring within 350 ms
of the onset head rotation, in the direction of the deficient VOR.
Covert saccades occur during the head rotation, overt saccades
occur after the head rotation ends. VOR gain values within
0.8-1.2 with standard deviation <0.12 were considered normal
(15, 16).
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Patients were seated 1 meter from a stationary visual target, in
room light. Right eye velocity and head velocity were sampled at
220 Hz in response to passive right and left head rotations. Care
was taken to avoid the examiner’s hands making contact with the
head strap to avoid goggle slip. At least 12 passive head rotations
were performed in three planes: yaw, right anterior/left posterior
(RALP) and left anterior/right posterior (LARP). vHIT traces
were deleted if the eye velocity trace preceded head velocity, or
if the passive head rotation trace did not match the acceleration
profile suggested by the manufacturer.

Vestibular Evoked Myogenic Potential Test (VEMP)
Both ocular and cervical VEMP was measured using the
Otometrics VEMP Chartr EP 200 System (Natus Medical
Incorporated, Denmark). A burst tone stimulus [loud clicks,
typically 95-105 decibels above normal hearing level (dB nHL),
in 200 ms intervals] was applied during both ocular and cervical
(O and C VEMP) paradigms. VEMP testing was considered
abnormal for reduced sound threshold (dB) and/or latency of
the positive and negative response being greater than the mean
and 2SD above age matched controls (17). Percent asymmetry
ratio was calculated for the ocular and cervical VEMP tone
burst stimulus:

Asymmetry ratio (AR) =
X(Left amplitude — Right amplitude)

100%
° (Left amplitude + Right amplitude)

Subjective Measures

Dizziness Handicap Inventory (DHI)

Patients reported their perceived level of disability via the DHI.
The DHI is a 25-item subjective measure that collects data on
how disabling the patients perceive their dizziness is affecting
them. Clinically relevant change scores were defined as a decrease
in the DHI of either 18 points or 42% from the pre-treatment
level (18, 19).

Activities-Specific Balance Confidence Scale (ABC)
The ABC evaluates a subject’s level of perceived balance
confidence by asking them to rate confidence performing various
daily activities from 0 (no confidence) to 100% (complete
confidence). Total scores >80% are interpreted as having a high
level of balance confidence and scores below 67% predict a person
is at risk for falls (20). The ABC has excellent test-retest reliability
(r=0.92) (21, 22).

Performance Measures

Dynamic Visual Acuity (DVA)

We developed a custom, portable computerized DVA test using
a Samsung Galaxy Pro tablet (Seoul, South Korea) with a single
inertia measurement unit (XSENS Technologies, Enschede,
Netherlands) mounted on a headband. Visual acuity was first
measured during head still and then during active horizontal
and vertical sinusoidal head rotation (right, left, up, down)
while the subject sat 200 cm from the tablet. A minimum of
>120°/s of active head rotation was required to generate the
random optotype presentation, with no maximum head velocity

limitation. Ten individual optotypes (capital letters CD H K N
O S RV Z) were presented and scores were tabulated in the
logarithm of the minimal angle resolution (LogMAR). Possible
LogMAR scores ranged from —0.3 to 1.7 (Snellen equivalent
of 20/10 to 20/800). Details of the DVA paradigm, as well as
normative values can be found at Li et al. (23).

Dynamic Gait Index (DGlI)

The DGI is an 8-item functional outcome measure that asks
subjects to perform various dynamic gait tasks (i.e., walk and then
turn 180°, walk and step over an obstacle). The DGI measures
fall risk with scores <19/24 points reflecting a 2.58 times greater
likelihood to have fallen in the previous 6 months (24). The DGI
has excellent inter-rater (r = 0.96) and intra-rater (r = 0.98)
reliability in older adults (25). A change score of > 3 is considered
clinically significant (26).

Timed Up and Go (TUG)

The TUG measures the duration to stand, walk 3 m, and turn
180° before returning to sit. The TUG indicates fall risk when
scores are >13.5s in older adults with vestibular disorders (27).
The TUG has excellent inter and intra-rater reliability (28).

Gait Speed and Endurance

The Ten Meter Walk Test (10MWT) tasks subjects to walk
10M during which their preferred gait speed is determined.
The 2 min walk test (2MWT) tasks subjects to walk for 2 min
while distance (endurance) is measured. The minimally clinical
important difference (MCID) for gait speed is dependent on
patient population, and not explicitly known for patients with
vestibular disorders. We selected a substantial meaningful change
at 0.1 m/s (29, 30). The 2MWT has excellent reliability (r = 0.95)
(30, 31) and the minimal detectable change (MDC) is 12.2 m (31).

Exercise Group Categorization

Patients were placed in an exercise category (A, B, or C) to ensure
high intensity, yet safe training to achieve maximum benefits of
the VPT program. This categorization served a second purpose
of limiting variability of the exercises prescribed. Placement into
one of the three groups was based on the combined results of an
individual’s gait speed and scores on the DHI, ABC, TUG, and
DGI (Table 1). Scores were tallied with patients being placed into
either A, B, or C categories. In the case of an equivalent score
between individual sub-scores (i.e., a patients’ ABC score met the
criteria for the B subcategorization, yet the same patients’ DGI
criteria placed them in C categorization), exercises from the more
challenging group (group C in this example) were prescribed.

Vestibular Rehabilitation Program

Each exercise group (A, B, C) completed 6 exercises including
2 active gaze stability, 2 static balance, and 2 dynamic
balance exercises (please see Data Sheet1). Patients were
asked to perform each exercise for 3 repetitions of 1.5min
duration each for a total of 27min, 7 days per week
for 5 weeks (7). Additionally, patients were instructed to
complete a daily walk. Gaze stability exercises included active
sinusoidal head rotations at fast head velocities with the
understanding that the visual target should appear stable
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TABLE 1 | ABC treatment categorization.

VPT difficulty DHI* ABC® TUG" DGI Gait * Gait *
<age 70 >age 70

A >60 <30 >14 <15 0.8 0.7

B 31-60 31-65 11-14 15-18 1.1 1.0

C <30 >65 <11 >19 1.4m/s 1.3m/s

A, Least Challenge; B, Moderate Challenge; C, Most challenge; VPT, vestibular physical
therapy; DHiI, Dizziness Handicap Inventory; TUG, Timed Up and Go, DGI, Dynamic Gait
Index. *Jacobson and Newman (18) and Whitney et al. (32); % Lajoire and Gallagher (20)
and Whitney et al. (33); “Whitney et al. (24); *Whitney et al. (24); % Bohannon (34), and
Bohannon and Glenney (35); % Perera et al. (29); %van Loo et al. (36).

and clear. Each week, a progressively more difficult set of
gaze stability, static, and dynamic balance exercises were
provided (i.e., gaze stability exercise done against a busy
visual background), and provided to the patient that included
detailed verbal, written, and illustrated instructions. The
study team monitored the patients ability to perform the
exercises appropriately in a clinic setting, when possible,
and also monitored the patient compliance based on the
subjects’ self-completed exercise flow sheets. Some patients
opted to participate with outpatient VPT close to their
home (in addition to our exercise program). Those patients
(n = 3) who additionally participated in an outpatient VPT
program agreed to complete only the research study-prescribed
home exercise program.

Statistical Analysis

Statistical analysis was performed using SPSS (version 26,
Chicago, IL, USA) software. All variables were normally
distributed, thus parametric analysis was performed. A paired
t-test was performed to compare variables between pre and
post VPT. The level of statistical significance was set at alpha
<0.05. As sample size permitted, simple correlations were
determined in Excel using the Correl function (MS office,
Redmond WA, USA). In addition to statistical significance, a
change score of 10% in the compensatory saccade physiologic
metrics and dynamic visual acuity was considered improved.
For VOR gain, a change in magnitude > 0.06 was considered
significant (37).

RESULTS

Vestibular Physiological Outcomes

VHIT

As expected, all patients had reduced VOR gain during passive
ipsilesional yaw head impulse testing (Table 2). The average
passive head velocity during vHIT for yaw rotations was
177.47 £ 55.7°/s. Although three subjects showed improved
(>0.06) ipsilesional VOR gain to passive head impulse testing
(mean 59 + 14.6%), as a group yaw VOR gain (VHIT) did
not show significant change after VPT (Table2). Velocity
of the overt compensatory saccades (CS) during ipsilesional
head impulses were significantly reduced after VPT (mean
18 + 6.6%), but no other metric of the CS showed any

TABLE 2 | Physiologic measures of change in VHIT gain and compensatory
saccades (mean + 1 SD).

Oculomotor function Pre Post p-value
(2-tailed)

Control left yaw 0.93 + 0.05

Control right yaw 0.99 + 0.05

Contralesional yaw 0.81 £0.19 0.85 + 0.09 0.412

Ipsilesional yaw 0.44 £ 0.18 0.44 + 0.15 0.984

Yaw % asymmetry 50.16 + 19.76 50.95 + 15.01 0.813

Contralesional anterior 0.68 £ 0.19 0.68 £ 0.18 0.989

canal

Ipsilesional anterior 0.43 £ 0.26 0.39 £+ 0.21 0.331

canal

Contralesional posterior 0.81 £ 0.21 0.86 £+ 0.22 0.229

canal

Ipsilesional posterior 0.45 £ 0.14 0.50 + 0.28 0.505

canal

Variability of latency of 58.69 + 30.12 48.94 + 23.31 0.280

saccades (PR

ipsilesional score)

Ipsi covert saccade 124.57 + 28.2 115.79 + 39.4 0.485

latency (ms)

Ipsi covert saccade 21779 £ 71.2 220.64 + 54.2 0.895

velocity (°/s)

Ipsi overt saccade 211.06 £ 39.4 211.00 + 31.5 0.996

latency (ms)

Ipsi overt saccade 217.75 £ 63.7 200.81 £ 57.5 0.042*

velocity (°/s)

VHIT, video head impulse test; ms, milliseconds; ipsi, direction of head rotation toward the
lesioned side; covert, compensatory saccade during head rotation; overt, compensatory
saccades after head rotation; PR, range of variability in the latency of compensatory
saccades. A low PR score reflects maximum gathered responses vs. a high PR score
reflects maximum scattered responses. *Denotes significance at p < 0.05.

group changes (p > 0.4, Table2). Nine subjects did show
reduction (>10%) in latency variability of the CS (PR score,
mean 45 £ 19%), though this was not statistically significant
(Figure 1).

VEMP

Six of our 19 subjects did not have complete VEMP
data collection due to equipment failure or the external
auditory meatus being sewn closed (n 1). Four of the
remaining 13 subjects had absent and/or >2SD of mean
cVEMP asymmetry ratios (mean 88 £ 16%). Five of the
13 subjects had absent and/or > 2SD oVEMP asymmetry
ratios (mean 93 £ 9%). The rest of the subjects had
measurable ocular (mean 26 + 18%) or cervical (mean
35 £ 14%) VEMP responses within two SD of healthy
controls (17).

Subjective Measures

As a group, the dizziness handicap inventory (DHI) total score as
well as each subscale significantly improved (Table 3). The ABC
scale also showed significant improvement after VPT. Neither age
nor exercise compliance were correlated with the change in the
DHI or the ABC.
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FIGURE 1 | Graphical plot of the improved VOR gain and reduced variability of the latency of the compensatory saccades (CS). Also, note the CS latency (red arrow)
has reduced at the Post VPT plot. Blue, head velocity; Green, eye velocity; Black, compensatory saccades; VPT, vestibular physical therapy.

TABLE 3 | Change in subjective and performance outcome measures.

ABC (%) DHI-P DHI -F DHI -E DHI -total DGI TUG (sec) 10MWT (m/s) 2MWT (m)
Pre 6734210 152+6.8 127+96 208497 48.7 + 23 20.7 + 4.3 85+1.8 13+03 160.3 + 27.6
Post 871 +12.7  104+7.7 8.0 + 8.6 10.2 + 11 26.9 + 25 232+ 1.7 75+1.0 14402 164.1 + 46.1
% Change 29%" 32%" 37%" 51%" 45% 129%* 12%* 8% 2%

P =0.002 P =0.002 p=0.00 p = 0.000 p = 0.000 p=0.016 p = 0.002 p = 0.009

ABC, Activities Balance Confidence Scale; DHI, Dizziness Handicap Inventory; R, Physical DHI; F, Functional DHI; E, Emotional DHI; DGI, Dynamic Gait Index; TUG, Timed Up and Go
test; 1TO0MWT, gait velocity: 2MWT, gait endurance. **Minimal Clinically Important Difference; *Statistically significant.

Performance Measures (n = 15/19), and 39.96% + 22.62 (n = 12/19) for contralesional
The DGI, TUG, and gait speed all improved after VPT (Table 3).  yaw head rotation (p < 0.001). The magnitude of improved DVA
Additionally, improvement in DGI was negatively correlated  score was negatively correlated (r = —0.37) with the magnitude
with tumor size (r = —0.4). There was no correlation between  of residual ocular VEMP function. The cervical VEMP response
age and exercise compliance and the change score for the ABC,  was not correlated with any change in yaw DVA (r = 0.1). For
DGI, TUG, or gait speed. pitch down, DVA improved 59.23 £ 47.47% (n = 14/19, p <

0.01), which was correlated with the residual magnitude of both
oVEMP (r = —0.53) and cVEMP (r = —0.33) asymmetry ratios.
For pitch up, DVA improved 34.29 4+ 112.76% (n = 3/19, p
= 0.03; Figure 3). Correlations were not done between VEMP
response and DVA up due to limited sample.

Of the negative responders, the mean reduction in % DVA
change for ipsilesional head rotation was —122.76 £ 11.55
(n = 4/19 patients did not improve) and —70.38 £ 62.19
(n = 7/19 patients did not improve) during contralesional head
rotation. Vertical DVA worsened by —60.89 =+ 76.41% (n = 3/19
patients did not improve) for down DVA and —140.97 4 232.24
(n = 3/19 patients did not improve) for the up direction.
Correlations were not done due to limited sample.

Dynamic Visual Acuity

DVA scores for the healthy controls were similar (p = 0.64)
in yaw for left (mean 0.21 £ 0.11 LogMAR) and right (0.20
£ 0.9 LogMAR) active head rotation and thus were combined
and compared against the patients with UVD. DVA for the
patients with UVD was worse than the healthy controls for
yaw [ipsilesional (p < 0.001); contralesional (p < 0.001)] and
pitch [up (p = 0.006); down (p = 0.003)] active head rotation
(Figure 2).

As a group, DVA did not improve (p > 0.13) for any head
direction (Table 4). However, 79% of our subjects (n = 15/19)
did show improved DVA by at least 10%. A within-subject
sub-analysis was performed on those patients who showed a
minimum 10% improvement vs. those that did not. Ten percent D]JSCUSSION
was chosen as this represents the difference in LogMAR between
lines of visual acuity (i.e., LogMAR 0.0 vs. 0.1). Within the  Our data suggest that improvements in patient reported
positive responders, the mean improvement in DVA during  subjective measures of dizziness and confidence, as well as
ipsilesional head rotation was significant at 38.57% =+ 26.32  fall risk are not explained by changes in the gain of the
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FIGURE 2 | Simple boxplot of the DVA scores for healthy controls and patients with UVD before VPT. (A) DVA scores for the patients with UVD are significantly worse
for both ispi and contra-lesional active head rotation (p < 0.0001). DVA scores for the patients with UVD are significantly worse (p < 0.01) for up (B) and down (C)
active head rotation. The thick line in the middle is the median. The top and bottom box lines show the first and third quartiles. The whiskers show the maximum and
minimum values. Outliers are noted by the circles.

TABLE 4 | Dynamic visual acuity scores for active head rotation in yaw and pitch.

uvDn =19 Static Ipsi Contra Up Down
Pre 0.01 £0.18 0.45 +0.22 0.38 £ 0.21 0.31 £ 0.21 0.31 £0.19
Post 0.02 +£0.29 0.40 £ 0.38 0.33 £0.26 0.27 £0.3 0.28 £ 0.27
Static Left Right Up Down
Healthy controls n = 38 —0.06 +0.19 0.15+0.22 0.15 +0.23 0.13+0.23 0.15+0.22

UVD, unilateral vestibular deafferentation; LogMAR, logarithm of the minimal angle of resolution. ipsi, direction of head rotation toward the lesioned side; contra, direction of head rotation
toward the contralesional side. A LogMAR score of 0 equates with 20/20 visual acuity on the Snellen acuity scale. A lower LogMAR scores reflect better visual acuity.

passively measured VOR. Furthermore, the improvements we  that includes higher frequency content of motion. We have
report supersede the established MCID for the DHI, DGI, and  recently shown that motor learning in the VOR is frequency
gait speed (18, 26, 35). Recently, it has been reported that  specific, with evidence that VOR gain adaptation in the higher
the VOR gain to passive head impulses improved 246% after  frequencies does not occur after lower frequency training (38).
completing a unique form of vestibular rehabilitation involving ~ Thus, our results of VOR gain not changing after sinusoid gaze
active ipsilesional head impulse rotation only (14). Lacour et al.  stability exercise implies that higher-frequency head movements
also reveal limited change in the gain of the VOR in those patient  are required during training if the goal is to change the VOR
groups that delayed their rehabilitation. One likely difference  gain to higher frequencies. It remains possible that the absence
for the discrepancy between our data and that of Lacour et al. ~ of VOR gain change after our VPT program was related to the
is the patient population. We studied a more complete lesion  difference in training (active head rotation) vs. testing (passive
(deafferentation) relative to those of the Lacour study whom  head rotation). This is unlikely however, given recent evidence
all had vestibular neuritis. Another explanation relates to the  that VOR gain training using active impulses is adequate at
context of the gaze stability training. In our study, subjects  improving the passive VOR (39).

performed gaze stability exercises using a sinusoid and lower In contrast to VOR gain, we did show the velocity of the
frequency head rotation (<2 Hz) in yaw (and pitch). In contrast,  overt compensatory saccades (CS) did reduce during ipsilesional
the VHIT measures VOR gain during impulsive head rotation = head impulses after 5 weeks of VPT (albeit other CS metrics did
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FIGURE 3 | Change in individual DVA scores for head rotation in responders and non-responders. Dark circles represent those subjects with improved DVA score
after vestibular rehabilitation (responders); gray circles represent those subjects with worse DVA score after vestibular rehabilitation. Ipsi yaw, ipsilesional head rotation
in yaw; Contra yaw, contralesional head rotation in yaw; Up, upward head rotation; Down, downward head rotation.

not). Prior studies have shown that the frequency and velocity
of CS do change over time with VPT (13, 14, 40-42). Together,
these data suggest that the current standard of care prescribing
gaze stability exercises for VPT (sinusoidal head rotation) may
not be restoring slow phase (i.e., vestibular) eye velocity during
passive head rotation, but instead lead to an altered CS velocity
putatively to improve gaze stability. Recent case study evidence
suggests that improving the gain of the VOR to passive rapid
head rotation using active bilateral impulse training is not only
possible in vestibular hypofunction but also leads to improved
gait and dynamic visual acuity (43, 44).

Change in DVA With VPT

Although 79% of our patients did show improved DVA after
VPT, a few of our patients with UVD did not show a significant
change (n = 4/19 patients did not improve their ipsilesional
DVA). This is in contrast to prior studies and one possible
explanation for this discrepancy may be related to the different
methods used to measure DVA (8, 10, 40). Our method of
DVA testing tasked patients to identify 10 optotype choices,
which should be more difficult to complete (23). Additionally,
our version of the DVA test does not limit a maximum head
velocity threshold. Prior versions of the computerized DVA
test limit the optotype presentations to four (letter E oriented
in up/down/left/right) and have set the upper head velocity
threshold to 180 d/s. A second reason is that all of our patients
had a more complete lesion given surgical excision of the
vestibular schwannoma, where other studies examined unilateral
vestibular hypofunction for broader reasons (i.e., neuritis). The
fact that our group results were not significant is also in-part
related to the large variability in LogMAR scores, with some
individuals doing much worse on their post testing measure.

We investigated the surgical record of the four subjects in our
study who did not show improvement in DVA. In summary,
three of the four patients had facial paralysis and indication of
central brainstem or cerebellar changes as evidence by statements
including “small acute/subacute infarction postero-inferiorly in
the right cerebellar hemisphere, not directly at the site of recent
surgery”; “stable degree of mass effect on the left brachium
pontis”; and “patchy edema within the dorsal and dorsolateral
aspects of the right cerebellar hemisphere.” Therefore, it remains
possible that the absent change in DVA from these three patients
is related to their central pathology. We cannot explain why the
fourth subject showed no change in DVA. Finally, it remains
possible that patients improve their DVA via strategies different
from the mechanisms we measured. For example, the unique
roles of sensory re-weighting or cervical proprioception may also
explain the change in DVA with vestibular rehabilitation.

The Role of Otolith Function on
Compensation From Vestibular
Rehabilitation

Our data is the first behavioral evidence to show correlations
between improved DVA (putative semicircular canal function)
and preserved otolith function (smaller magnitude asymmetry
ratio) as measured by ocular and cervical VEMP. It has recently
been shown that labyrinthectomized mice also missing otolith
function (otopetrin 1), are unable to adapt their angular VOR
gain as well as healthy mice (45). Our data support the murine
evidence that otolith function does appear to have a critical
role in compensation to semicircular canal damage. Additional
and recent evidence also suggests that the otolith pathways as
measured via the head tilt and head/trunk tilt tests improve
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more quickly than the semicircular canal pathways in patients
recovering from vestibular schwannoma resection (46, 47).

Limitations

We lost a significant number of subjects to follow up based
on being a tertiary care facility that draws patients from
distances inconvenient for return visits. Additionally, given we
did not include a patient control group, we are unable to
know for sure whether rehabilitation was the reason why people
subjectively and objectively improve as we report. Furthermore,
we are unable to determine if our intervention may have
led to changes in vestibular physiological measures were the
patients examined closer to their surgical onset—although we
did select “chronic patients” to avoid a possible confound
of natural recovery. The exercise categories we developed in
attempt to standardize the rehabilitation provided have not been
validated, though do represent the current standard of care given
rehabilitation providers commonly choose exercise difficulty
based on clinical presentation. Finally, a greater sample size is
needed to establish the unique roles that residual semicircular
and otolith function have on improving impairments in patients
with vestibular hypofunction.

CONCLUSION

After 5 weeks of vestibular rehabilitation, subjective and
performance outcomes were clinically and statistically improved
despite absent change in VOR gain. Some individuals did have
evidence for physiologic change. Dynamic visual acuity improved
in 79% of our subjects, and was correlated with otolith, not
semicircular canal function.
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