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Abstract Vestibular rehabilitation is a critical tool facilitating recovery after
peripheral or central vestibular deficits. In this chapter, we will discuss state-of-the-
art clinical practice strategies. We will focus on incremental vestibular ocular reflex
(VOR) adaptation, with specific focus on the influence of training target contrast on
the adaptive process, the influence of position and velocity error signals driving the
adaptive process, and the role of active versus passive head rotation. We will then
discuss the important effects of aging on VOR adaptation. Finally, we will summa-
rize new developments in vestibular rehabilitation and provide a succinct review of
vestibular rehabilitation in atypical medical populations.
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1 Current Best Practice

Vestibular rehabilitation (VPT) is recognized as a critical component addressing the
impairments of patients with disorders to the peripheral vestibular labyrinth and the
pathways that mediate its afference. Meta-analysis evidence supports that VPT
should be the primary intervention when treating vestibular hypofunction and
benign paroxysmal positional vertigo (Hillier and McDonnell 2011, 2016;
McDonnell and Hillier 2015; Hilton and Pinder 2004). For this chapter, we will
focus on new advances in VPT as related to the treatment of vestibular hypofunc-
tion. In particular, we will focus on gaze stability training, which represents the
uniquely “vestibular” component of VPT. While balance exercises are also critical
for rehabilitation in vestibular labyrinth and nerve hypofunction, it is the gaze sta-
bility component that distinguishes VPT as most valuable.

The current standard of care in delivering VPT involves the prescription of gaze
and gait stability exercises, which evidence shows improves visual acuity during
head rotation, reduces fall risk, and improves both static and dynamic balance
(Herdman et al. 2003, 2007, Hall et al. 2004; Schubert et al. 2008a). Clinical prac-
tice guidelines (CPG) are now available that specify clinicians prescribe a home
exercise program of gaze stability exercises for a minimum of three times per day
for a total of 12 minutes per day in patients with acute/subacute vestibular hypo-
function (Hall et al. 2016). For patients with chronic vestibular hypofunction, the
recommendations are a minimum of 20 minutes per day (Hall et al. 2016).
Unfortunately, compliance performing these exercises is relatively poor (Meldrum
et al. 2012; Huang et al. 2014).

2 Incremental VOR Adaptation

The angular vestibulo-ocular reflex (VOR) maintains images stable on the retina
during rapid head rotations by rotating the eyes in the opposite direction to the head.
Typically, the gain of the VOR is unity, that is, eye velocity magnitude is equal to
head velocity magnitude. In this case, eye velocity divided by head velocity equals
1. However, after an injury to the peripheral vestibular organ or nerve, the VOR
becomes weakened and does not generate an eye velocity of equal magnitude to the
head velocity, in which case the gain is less than 1 (Halmagyi et al. 1990; Aw et al.
1996). When the VOR is injured, retinal image slip occurs that results in gaze insta-
bility during rapid head movements.

Rehabilitation exercises attempt to improve gaze instability during active head
movements by increasing or “adapting up” the VOR gain and enlisting other ocu-
lomotor systems (Schubert et al. 2006, 2008a). However, the amount of VOR
gain adaptation that occurs from these exercises is minimal, with little evidence
that the VOR gain to passive head rotation changes at all (Herdman et al. 2007).
In 2008, Schubert et al. developed the incremental velocity error method
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Fig. 1 Motion of the laser target during a training session where the left side is being adapted. The
laser target appears stationary on the wall (gain of 1) for all rightward rotations. For leftward rota-
tions, the VOR gain demand for epoch one is set to 1. The gain demand increases every epoch by
0.1. The dashed line shows the path of the laser target as seen by a stationary observer. For instance,
during epoch 1, the laser appears to remain stationary. By epoch 10, the laser draws a long line on
the wall in the opposite direction to the head — a gain of 1.9. (Modified from Todd et al. 2018)

(Schubert et al. 2008a) for VOR adaptation. This method tasks subjects to make
active head rotations while viewing a laser-projected target that moves in the
opposite direction of the head at a fraction of the head velocity (Fig. 1; US Patent
# 9782068; Todd et al. 2018). The target velocity then gradually increases over a
period of 15 minutes until it reaches the head velocity (still oppositely directed).

We recently showed unilateral VOR short-term adaptation is possible in humans
(Migliaccio and Schubert 2013). Nine normal subjects underwent the IVE protocol
for rotations to one side (adapting side), but for rotations toward the other (non-
adapting) side, the visual stimulus was removed. The result was a significant VOR
gain increase toward the adapting side for both active (23%) and passive (11%)
head rotations, suggesting that VOR short-term adaptation was the main mecha-
nism minimizing retinal image slip (Fig. 2). In a later study, we showed that unilat-
eral VOR adaptation in patients with an isolated peripheral vestibular lesion was
possible for rotations toward the side(s) with VOR hypofunction (Migliaccio and
Schubert 2014). The increase in VOR gain toward the ipsilesional ear was less con-
sistent in patients compared to controls, but this may have been a compliance issue.
Two of the six patients quickly learned the adaptation training exercise, i.e., within
5 minutes, and performed the training without complication. During active head
impulses, both these subjects had significant adaptation toward the ipsilesional
adapting side (+43.2% and + 39.2%) and minimal adaptation toward the non-adapt-
ing side (—14.3% and — 5.6%) (Fig. 3). These increases were greater than those
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Fig.2 The active VOR measured during each training epoch for a typical subject. The active VOR
gain for head impulses toward the adapting side steadily increased from 0.9 to 1.14 during unilat-
eral incremental training. In contrast, the gain toward the non-adapting side did not vary during the
training. Best-line fits (adapting side — thick-dashed black; non-adapting side — thin-dashed black)
for the training data across all subjects (n = 9) show that there was a significant relationship
between gain and training epoch number only for head impulses toward the adapting side. (From
Migliaccio and Schubert 2013)

seen in previous studies on bilateral and unilateral incremental adaptation training
in unilateral vestibular hypofunction (UVH) subjects (Schubert et al. 2008b) and
normal subjects (Migliaccio and Schubert 2013), respectively. Out of the remaining
four, two learned the adaptation training exercise reasonably well but were incon-
sistent in terms of rotating their head with the correct velocity profile and keeping
their eyes on the laser target. Notwithstanding, there was evidence of unilateral
adaptation in these subjects also. The remaining two patients found the training task
too difficult and could not proceed with the experiment. This study determined that
the undesirable VOR gain increase (8%) toward the non-adapting side during active
head rotations in Migliaccio and Schubert (2013) occurred because the target was
extinguished during head rotations toward the non-adapting side. This unwanted
adaptation was prevented when a stationary target was presented during head rota-
tions toward the non-adapting side, thereby introducing an asymmetrical training
error signal for bilateral head rotation (Migliaccio and Schubert 2014).
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Fig. 3 Comparison of ipsilesional (adapting side) active VOR gain pre- and post-adaptation train-
ing. In this UVH patient, the gain increased from 0.79 + 0.07 to 1.10 + 0.08, a gain increase of
~40%. In this same patient, the contralesional non-adapting gain went from 0.90 + 0.5 preadapta-
tion to 0.85 + 0.8 post-adaptation, a ~5% decrease that was not significant. (From Migliaccio and
Schubert 2014)

Gimmon et al. examined whether the right and left VOR gains could be
synchronously adapted in opposing directions (Gimmon et al. 2018). To do so, they
used three separate VOR adaptation sessions, randomized such that the VOR was
adapted up-bilaterally, down-bilaterally, or mixed (one side up, opposite side down).
Each subject made active (self-generated) head impulse rotations for 15 min while
following the IVE method. VOR training demand changed by 10% every 90 sec-
onds. The results revealed the human VOR can be simultaneously driven in opposite
directions suggesting functionally independent VOR circuits for each side of head
rotation. It appears, therefore, that the brain relies on the salient error signal to drive
bilateral VOR adaptation. This fits with the credit assignment theory, which states
that resource assignment toward motor learning occurs when the brain considers the
error signal accurate and thus worthy of resource expenditure (Kording et al. 2007).
In the case of a bilateral error signal, the VOR from each side can be driven inde-
pendently; in the case of unilateral adaptation, the brain presumes the error signal to
be accurate and therefore makes effort toward bilateral adaptation.

3 The Influence of Training Target Contrast on VOR
Adaptation

Like the VOR, smooth pursuit and optokinetic systems seek to stabilize images on
the retina using an image slip error signal (e.g., Cohen et al. 1981; Biittner and
Biittner-Ennever 2006). Studies have shown that visual contrast affects the per-
ceived velocity of a stimulus and the smooth pursuit following gain (= eye/target
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velocity) (Thompson 1982, 1983). Visual contrast also affects the slow-phase
velocity of optokinetic nystagmus such that it increases with increasing contrast
for a given speed (Sumnall et al. 2003). For both smooth pursuit and optokinetic
nystagmus, contrast must pass a certain threshold for the detection of image
motion. As contrast increases, the internal estimate of stimulus speed recon-
structed from prior retinal (movement of the retinal image) and extraretinal signals
(efference copy and other proprioceptive cues) becomes more accurate
(Waddington and Harris 2015).

In a recent study, we examined the effect of visual target contrast on human
unilateral VOR adaptation (Mahfuz et al. 2017). When the visual target during
visual-vestibular mismatch training had contrast levels between 1.5 k and 1.4 M,
the VOR gain increase due to adaptation training did not change, suggesting that at
these levels, the effect of contrast on VOR adaptation had saturated. When target
contrast was reduced to 261, the active and passive VOR gain increase toward the
adapting side was no longer significant and was similar to the non-adapting side,
suggesting that 261 was below the threshold needed for adaptation to occur.
Modeling suggested that the contrast threshold for VOR adaptation to occur was
250 and that a contrast level of above 1000 was required for robust VOR adaptation
(Fig. 4). Compare these values to the maximum contrast level obtained from a typi-
cal LCD monitor (24” 1920 x 1080 resolution VS243 Asus, Taiwan) of 37.7 in an
otherwise dark room.

Low image contrast may explain why classic human studies using normal light-
ing and magnifying or minifying lenses with full fields of view to drive VOR adap-
tation required long periods of training to significantly affect the VOR gain (Gauthier
and Robinson 1975; Gonshor and Jones 1976). Increasing contrast to 1.5 k was
sufficient for robust and rapid VOR adaptation to occur (Mahfuz et al. 2017).
However, it is unlikely that an increase in contrast is the only factor. A prior study
under similar lighting conditions to the maximum contrast level in Mahfuz et al.
(2017) found that incremental adaptation training, rather than “all at once” training
(as occurs during classic lens training), resulted in significantly larger gain increases
(Schubert et al. 2008b), suggesting that visual contrast is but one of several factors
affecting VOR adaptation. Contrast might also explain why many patients with
incomplete vestibular hypofunction often have slow and incomplete recovery of
VOR gains despite long exposure to the normal visual environment that typically
drives the VOR gain to unity. We suggest that visual target contrast should be an
important consideration during VOR adaptation/rehabilitation training. These data
suggest that optimal VOR gain training can be achieved using a bright target (as
emitted by a typical laser pointer) in low ambient lighting, i.e., the typical lighting
of a room with curtains closed and lights turned off. With critical rehabilitation
implications, this study also established the incremental VOR gain adaptation
method can be achieved in conditions of incomplete dark (Fig. 5, <8 lux).
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Piece-wise linear regressions of VOR gain % increase versus contrast level
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Fig. 4 Scatterplot of VOR gain percentage increase toward the adapting side (after pooling active
and passive gains) versus the contrast level plot on a log;, scale. Two-segment piecewise regression
(R? = 0.26) determined a knot at 836, indicating that at this contrast level, there was a significant
difference between the two lines, respectively, modeling the data below and above this contrast
level. Three-segment analysis revealed a lower knot at 854 and an upper knot at 1.3 M. Four-
segment modeling (R? = 0.28) revealed three knots: 225 (lower), 1197 (middle), and 1.2 M (upper).
Overall, our analysis suggests there was a transition period starting at ~225 and ending at ~1000
(i.e., between 836 and 1197) where the VOR gain percentage increase gradually increased. Below
225, there was no significant (but constant) adaptation, and above 1000, there was maximal adapta-
tion. (From Mahfuz et al. 2017)

4 Position and Velocity Error Signal Driving VOR
Adaptation

Retinal image movement is the likely feedback signal that drives VOR modification/
adaptation for different viewing contexts. However, it was not clear whether a reti-
nal image position or velocity error was used primarily as the feedback signal. In a
recent study, we examined the effect of varying the retinal image position error
update rates (frequencies) to understand the role of visual feedback in human VOR
adaptation (Fadaee and Migliaccio 2016).

Using the human unilateral incremental VOR adaptation technique, the study
showed that adaptation declined as the retinal image position error signal used to
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drive adaptation became less frequent, i.e., as the update rate decreased from 50 (the
target position was updated once every 20 ms) to 15 Hz. For 50 and 20 Hz update
rates, there was a significant increase in VOR gain toward the adapting side for both
the active and passive VOR, whereas at 15 Hz, there was no longer any adaptation

(Fig. 6).

VOR gain % increase at different visual contrast levels
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Fig.5 Mean (+ SD) adapting (black bars) and non-adapting (gray bars) side pre- to post-adaptation
training VOR gain increase as a percentage for the active (top row) and passive (bottom row) VOR
across all subjects (n = 12) for each contrast level. In parentheses, beside each contrast level is the
ambient light level in lux and the target brightness as a percentage of maximum laser power.
Statistical analysis indicates there is a significant difference in percentage gain increase between
the adapting and non-adapting sides at all contrast levels above and equal to 1.5 k (left side of verti-
cal dashed line). (* denotes a significant increase (t-test between adapting and non-adapting-side
percentage increase, p < 0.05)). (From Mahfuz et al. 2017)

»
»

Fig. 6 (continued) increased from ~1 to ~1.2 during unilateral incremental training at 50 Hz.
Between epochs 2 and 10, the difference in gain between the adapting and non-adapting side (gray
traces) became increasingly significant with increasing epoch number. Similarly, adaptation train-
ing at 20 Hz initially showed a trend of increasing difference between adapting and non-adapting-
side gains, which became significant for epochs 7 to 10. In contrast, adaptation training at 15 Hz
results in minimal unilateral adaptation as a group, so that the difference between sides is no longer
a function of increasing epoch number (¥*p < 0.05, **p < 0.01, and ***p < 0.001). (From Fadaee
and Migliaccio 2016)
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VOR GAIN during Adaptation Training
at Retinal Image Position Error Update Rates 50, 20 and 15 Hz
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Fig. 6 The active VOR measured during each training epoch across all subjects (pooled data,
mean + SD) at three laser target position update rates (50 Hz [n = 13], 20 Hz [n = 12], and 15 Hz
[n =9]). The active VOR gain for head impulses toward the adapting side (black traces) steadily
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Unlike strobe lighting, the visual stimulus during training in this study provided
both a position and a velocity error signal because although the laser target position
(in-space) update rate was a programmable variable, the laser target itself was
always on, providing constant visual input. Consequently, when target position was
updated during each head impulse, it drove adaptation to increase the VOR gain (>
1), but when target position was not updated (i.e., laser position did not change dur-
ing most of the head impulse), it essentially drove the gain toward unity (gain = 1).
In other words, the position and velocity errors drove the VOR gain to change in
opposite directions. In this study, the active VOR gain increased by ~23% at 50 Hz
update rate, which is the same as that observed at the 1000 Hz update rate used
previously (Migliaccio and Schubert 2013). Similarly, in this study, the passive
VOR gain increased by ~10% at 20 Hz update rate (i.e., two position cues per
impulse), which is similar to the ~11% increase observed at the 50 times greater
(1000 Hz) update rate used previously (Migliaccio and Schubert 2013). These
findings suggest that a position error signal too can provide an effective adaptive
drive for the VOR.

5 Active Versus Passive Head Rotation and VOR Adaptation

The majority of VOR training stimuli used in prior VOR adaptation studies have
consisted of predictable head motion, either via self-generation or whole-body sinu-
soidal passive head rotation (Hattori et al. 2000; Solomon et al. 2003; Shelhamer
et al. 1994; Paige and Sargent 1991; Gauthier and Robinson 1975; Schubert et al.
2008b; Migliaccio and Schubert 2013 and 2014, Fadaee and Migliaccio 2016). The
passive head impulse is unpredictable in direction and timing (Halmagyi and
Curthoys 1988) and is considered to be a more physiologically relevant stimulus
than a single-frequency sinusoidal stimulus (as would be obtained from chair test-
ing) due to its high-frequency content (up to 6 Hz). Additionally, the VOR must be
responsive to unpredictable head motion, particularly at frequencies greater than
1 Hz (and velocities >100°/s) where the VOR becomes the main vision-stabilizing
mechanism. Below 1 Hz (and velocities <100°/s), other vision-stabilizing systems
such as smooth pursuit and the optokinetic reflex are likely to play the major role
(Meyer et al. 1985). Finally, motor learning within the VOR is context specific
(human: Shelhamer et al. 1992; primate: Yakushin et al. 2003; Schubert et al.
2008c), which suggests that adaptation will be greatest when the VOR training and
testing conditions are the same. The training context might therefore result in differ-
ences in retention of VOR adaptation depending on the similarity between training
and testing conditions.

We recently examined the effects of passive versus active head movement train-
ing contexts on VOR adaptation and its short-term (1 hour) retention (Mahfuz et al.
2018). The results from this study suggest that in humans, the magnitude of unilat-
eral VOR adaptation after active or passive head impulse training is the same for
both the active and passive VOR. In other words, the active or passive head rotation
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context of the training had no effect on the VOR gain increase, suggesting that most
of the adaptation observed, regardless of whether the stimulus was active or passive,
was occurring in the central vestibular pathways common to both the active and
passive VOR, as opposed to the nonoverlapping pathways. Similarly, the training
context did not affect retention of VOR adaptation. The only factor that significantly
affected retention over the 1 hour immediately after training was the brief exposure
to a stationary fixation target before each head impulse during VOR testing (Fig. 7).

Findings from this study suggest that as long as active head impulses have simi-
lar velocity profiles to passive head impulses, then optimal VOR training can be
performed with active only head rotations, eliminating the need for expensive and
bulky equipment (e.g., a rotary chair) or human assistance to deliver passive head
impulses. Evidence from this study supports recent Cochrane meta-analysis studies
that provide strong recommendations for vestibular rehabilitation providers to pre-
scribe gaze stability exercises using active head rotation (Hillier and McDonnell
2011, 2016; McDonnell and Hillier 2015). Additionally, recent evidence suggests
active head rotation training improves postural control (Matsugi et al. 2017). The
only factor that affected short-term retention was the duration of exposure to a de-
adaptation stimulus, which in this study drove the VOR gain down to unity.
Presumably, retention would not be lost in vestibular patients whose ipsilesional
VOR gain was increased due to training, but still below unity, because of the lack of
a de-adaptation stimulus. In this case, real-world visual conditions would drive the
VOR gain up to unity in vestibular patients and reinforce the training, rather than
down to unity, and cancel the training as was the case in the healthy subjects used in
this study.

6 The Effect of Aging on VOR Adaptation

Aging can have a profound impact on vestibular system function, as can be appreci-
ated from the prevalence of vestibular-related disorders in the elderly. By the age of
70-80 years, a significant percent of our population has vestibular dysfunction —
which is linked to increased dizziness and risk of falls (Agrawal et al. 2009). The
prevalence of vestibular vertigo in this age group is three times that for young adults
(< 30 years) (Neuhauser and Lempert 2009). Some of these symptoms are thought
to be, in part at least, a consequence of senescence of the vestibular periphery
(Ishiyama 2009). For example, approximately 40% of patients referred for fall risk
assessment were found to have VOR deficits including abnormal gain, phase lead,
and asymmetries (Jacobson et al. 2008). Aging has been shown to associate with
loss of vestibular hair cells, vestibular afferents, and cells in the central vestibular
nuclei (Johnsson 1971; Bergstrom 1973; Ross et al. 1976; Rosenhall 1973; Richter
1980; Lopez et al. 1997; Alvarez et al. 1998; Merchant et al. 2000; Velazquez-
Villasenor et al. 2000; Park et al. 2001; Rauch et al. 2001).

We recently examined the effects of aging on the VOR and VOR adaptation in
30-month-old mice (equivalent to an 80-year-old human; Yuan et al. 2009)
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(Khan et al. 2017). This study showed that the baseline VOR gain for aged mice was
significantly lower to controls during high-frequency, high-acceleration, transient
head rotations (Khan et al. 2017). The study found that aging minimally affected the
static counter-tilt response and sinusoidal VOR gain but significantly affected VOR
adaptation, particularly for gain-decrease adaptation training (Fig. 8).

It is possible that vestibular plasticity mechanisms behind VOR adaptation and
compensation normalize VOR function as structural losses to the vestibular system
occur with aging. Presumably, there is a threshold of vestibular loss below which
these plasticity mechanisms can no longer mask the underlying vestibular system
deficit. This might explain why human VOR function is steady up to age 70, fol-
lowed by a steep decline (Matifio-Soler et al. 2015). If VOR plasticity can compen-
sate for potentially large vestibular losses due to aging, one could ask why does the
behavioral VOR in patients with partial lesions to their vestibular organs not fully
recover? The reason could be due to the sudden onset of the lesion. Our prior studies
have shown that significant VOR adaptation can be induced in a short period of time
if the VOR-adapting stimulus challenges the VOR gain to change in small incre-
ments (Schubert et al. 2008b; Migliaccio and Schubert 2013, 2014; Fadaee and
Migliaccio 2016; Mahfuz et al. 2017, 2018). In contrast, when the required adaptive
change is large, for example, when the VOR gain must double, then VOR adaptation
becomes more difficult and less optimal (Gauthier and Robinson 1975; Schubert
et al. 2008b). Unlike most other injuries, structural degradation due to aging is a
gradual process, and so small losses in vestibular system function might be more
easily accommodated by the VOR.

Some of this loss in VOR adaptation is likely explained by degeneration of the
vestibulocerebellum, which plays a major role during VOR-dependent adaptation.
Purkinje cells in the cerebellar flocculus are well positioned to encode information
used to induce plasticity (Ito 1982; Lisberger and Pavelko 1986; Lisberger and
Fuchs 1978). It has been postulated that gain-increase and gain-decrease VOR
adaptation occurs through two distinct cerebellar mechanisms, with the former
involving long-term depression (LTD) and the latter long-term potentiation (LTP)
at Purkinje cells in the cerebellar flocculus, although other pathways and sites in the
VOR circuitry are also implicated (Schonewille et al. 2011; Titley and Hansel
2016). Age-related degeneration of Purkinje cells could explain the Khan et al.
(2017) results, if Purkinje cell death affected these two mechanisms differently. It
is known that Purkinje cells in the cerebellum are particularly affected by aging
with their number decreasing with age (Andersen et al. 2003; Rogers et al. 1984;
Woodruff-Pak et al. 2010; Zhang et al. 2010). In humans, the decline in Purkinje

<
<

Fig. 7 (continued) between dashed lines), or 60 minutes (third boxplot between dashed lines) for
60 minutes after adaptation training. In addition, the VOR gain was tested every 10 minutes, but
the visual fixation light before the start of each impulse was only provided at testing times 0 and
60 minutes after adaptation training (fourth boxplot between dashed lines). Each box shows the
median and goes from the first to the third quartile with whiskers denoting the maximum and mini-
mum values. Taken together, these data suggest that the number of times the VOR is tested after
training affects retention more so than the time lapsed after training. Gains measured immediately
after active training and 60 minutes later with no other testing between these times (fourth boxplot)
showed no significant loss in retention. (From Mahfuz et al. 2018)
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Fig. 8 (a) Comparison of post-adaptation VOR gain for gain-increase (x1.5) (filled circles) and
gain-decrease (x0.5) (open circles) adaptation training in young (top panel) and aged mice (bottom
panel). The baseline VOR response is shown as dashed lines (mean). For both young and aged
mice, the difference between VOR gains post gain increase and gain decrease after adaptation
training was maximal when tested at the training velocity (20 of/s; left column). The effect of gain-
increase adaptation was significant for both young and aged mice, whereas gain-decrease adapta-
tion was only significant for young mice. The vertical dashed line represents the adaptation training
frequency 0.5 Hz. (b) Comparison of gain-increase (x1.5) (filled circles) and gain-decrease (x0.5)
(open circles) adaptation pooled across frequencies for each stimulus peak velocity (20, 50, and
100 o/s) in young (left panel) and aged mice (right panel). The mean baseline VOR response is
shown by the dashed line. The vertical dashed line denotes the adaptation training velocity. VOR
gain-decrease adaptation was ~85% lower in aged mice compared to young mice. VOR gain-
increase adaptation was also significantly reduced in aged mice, albeit by a lesser extent of ~30%.
(From Khan et al. 2017)
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cell population is less marked before age 60 but becomes pronounced afterward
(Hall et al. 1975). Intriguingly, we observed a similar asymmetrical effect on VOR
adaptation and compensation in alpha-9-knockout mice (these have an impaired
cholinergic efferent vestibular system) (Hiibner et al. 2015, 2017). Notably, cholin-
ergic neurotransmission in the cerebellar flocculus has also been implicated in
impaired gain-decrease VOR adaptation (Prestori et al. 2013). These findings raise
the possibility of an involvement of the cholinergic system in the age-related
changes in VOR adaptation.

7 New Developments in Vestibular Rehabilitation

7.1 Ipsilesional-Only Rotation

A recent case study used ipsilesional passive head rotation to reduce VOR gain
asymmetry in a patient with a unilateral vestibular hypofunction (Binetti et al.
2017). The authors report that until applying the following method, the patient was
unable to recover. The authors applied 10 epochs of 15 passive ipsilesional-only
head impulses while the patient attempted to keep eyes focused on a stationary tar-
get (i.e., times one VOR exercise). The patient rested 30 seconds between each
training epoch. This was repeated for five consecutive days. The authors used video
HIT equipment to ensure head velocities were greater than 120 d/s. After training,
the ipsilesional VOR gain improved 24% (pre 0.57 £ 0.11, post 0.71 + 0.10). At 6-
and 12-month follow-up, the patient reported no further vestibular symptoms.

7.2  Galvanic Vestibular Stimulation

Preliminary studies using galvanic vestibular stimulation suggest it may be able to
improve postural stability in standing or while walking (Mulavara Fiedler et al.
2011; Pal et al. 2009). More recently, applying weak, nonlinear electrical signals
that are imperceptible to human sensory threshold (stochastic resonance — SR)
holds some promise at improving vestibular function and imbalance. Serrador et al.
showed an improved gain of ocular counter roll (OCR) in elderly with an initially
reduced OCR gain (Fig. 9). In those elderly with healthy OCR gain, the application
of SR was negligible for the OCR (Serrador et al. 2018). Wuehr et al. used SR to
reduce the variability of stride time, stride length, and base of support in patients
with bilateral vestibular loss compared to sham control (Wuehr et al. 2016).
Furthermore, the authors report most of the patients noted an improved sensation of
walking balance most pronounced during slow gait speed.
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Fig.9 OCR of one subject to 0.125 Hz during +25° passive roll tilt during both no stimulation and
SN trials. The bottom panel demonstrates the gain calculations from the linear regression. This
subject demonstrated a significant increase in OCR from control (left side) to stimulation (right
side). (From Serrador et al. 2018)

7.3 Auditory Feedback

Encouraging, though preliminary, evidence suggests auditory feedback may
improve both balance and gait. A case series study suggests that patients with bilat-
eral vestibular hypofunction and hearing impairment used hearing to improve both
duration standing on foam and gait speed (Shayman et al. 2017).

7.4 Transcranial Cerebellar Direct Current Stimulation

Sixteen patients with chronic dizziness (> 6 months) due to UVH (e.g., vestibular
neuritis, Ramsay Hunt syndrome) were treated for five days each performing three
25 min sessions of vestibular rehabilitation exercises every 4 hours. Subjects were
randomized to the Sham group (VPT only) or Stim group (Koganemaru et al. 2017).
On the first day only, the Stim group received 20 minutes of transcranial cerebellar
direct current stimulation (tcDCS, 2 mA of electrical constant direct current). The
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tcDCS was applied via electrodes placed 2 cm below the inion, medial to the mas-
toid apophysis. Those subjects receiving the tcDCS showed significantly improved
dizziness handicap inventory (DHI) scores for the physical and functional domains,
in addition to the total scores compared with the VPT-only group.

7.5 Home Computerized Dynamic Visual Acuity

Crane and Schubert developed a home training device based on computerized
dynamic visual acuity testing that involved wearing a rate sensor and interactive
online software that subjects accessed using their own computers and internet ser-
vice. The training asked subjects to move their heads and identify letters that flashed
on the monitor only during rapid head rotation (>100 d/s) (Crane and Schubert
2018). Data revealed that subjects who previously tried vestibular rehabilitation but
had no appreciable improvement in their dizziness handicap inventory (DHI)
showed significantly improved DHI scores after completing 4 weeks of the home
therapy regimen. Initial mean DHI was 42 (range, 32-56) and post DHI (4 weeks)
was 11.5 (p < 0.004; range, 0—16). Three of the subjects continued to do the home
treatment and noted a further reduction in DHI (range, 2-6; p < 0.002).

7.6 Virtual Reality

There remains an impression that virtual reality (VR) applications hold great prom-
ise as an exciting and better method to deliver vestibular rehabilitation. However,
recent studies that have directly compared physical therapy outcomes using VR
versus traditional VPT reveal no advantage in using virtual reality (Alahmari et al.
2014; Smaerup et al. 2017; Micarelli et al. 2017). As technology advances, VR cer-
tainly may offer unique training regimens, but for now, it appears to offer only a
more engaging rehabilitation experience at best.

7.7 Atypical Medical Populations

More recently, VPT has been used in nontraditional medical populations that include
stroke, attention deficit disorder, and headache. Using a controlled and randomized
design, patients with hemorrhagic or ischemic strokes with onset less than 6 months
were randomized into either VPT or traditional CVA rehab groups (Mitsutake et al.
2017). The VPT group included VOR gaze stability and gait stability exercises; the
CVA group performed exercises focused on muscle strength, posture and gait exer-
cises, range of motion, and walking indoors and outdoors. After 3 weeks of
treatment, the VPT group showed a significantly improved fall risk score (assessed
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by the Dynamic Gait Index) and ability to move their head quickly and read letters
(assessed by the gaze stability test), compared to the CVA group.

Children with attention deficit disorder and concurrent vestibular impairment
were randomized into a VPT or control group (Lotfi et al. 2017). The VPT group did
45 min of exercise two times per week for 12 weeks that include gaze stability,
postural stability, and daily living activities. The control group received no interven-
tion. After 12 weeks, choice reaction time and spatial working memory significantly
improved only for those children in the VPT group. The authors concluded that the
severity of vestibular pathology should be assessed in children with ADHD and that
inclusion of such children into a VPT program can improve their cognitive abilities.

Finally, a study compared the effect of VPT to reduce headache, reduce fall risk,
and reduce dizziness in two types of sufferers — vestibular migraine and tension type
(Sugaya et al. 2017). The VPT improved headache, fall risk, dizziness, and psycho-
logical factors as measured by the Hospital Anxiety and Depression Scale and
Somatosensory Catastrophizing Scale. What was novel was the improvement of
symptoms in the patients with tension-type headache. Although this study con-
firmed patients with vestibular migraine had the greater reduction in symptoms,
literature already has confirmed benefit in this patient population (Whitney et al.
2000; Vitkovic et al. 2013).

8 Conclusion

Vestibular rehabilitation will remain useful and first line of defense in treating the
functional deficits associated with reduced vestibular sensation. Dosing amounts for
VPT remain unknown, though exciting new technologies such as incremental VOR
adaptation holds promise that more efficient delivery is possible.
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