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Editorial on the Research Topic

Vestibular Contributions to Health and Disease, Volume II-Dedicated to Bernard Cohen

INTRODUCTION

The first volume of “Vestibular Contributions to Health and Disease,” published in 2018 in Frontiers
in Neurology, sought to “highlight some of the basic science and clinical findings that have arisen
over the Ist years of the twenty-first century” with regard to central and peripheral vestibular
physiology and pathophysiology (1). That collection of papers was conceived and co-edited
by Bernard Cohen, M.D. (universally known as Bernie) who was the driving force behind its
development and completion. Bernie had an enormous passion for this project and was jubilant
when it received the Spotlight Award from Frontiers as the best ebook collection of the year, which
led to a large, international meeting at Bernie’s institution, Mount Sinai Medical School in New York
City in the fall of 2019. Tragically, Bernie became ill prior to the meeting, was unable to attend it,
and passed away shortly after it concluded. We (RFL and MS) and Frontiers felt that an appropriate
memorial to Bernie’s life and work would be to produce a second volume of this ebook collection
in his memory and honor.

Volume II contains a number of tributes to Bernie from his colleagues and these review his
scientific career in detail, so we will keep our introductory remarks relatively brief. It is difficult
to overstate Bernie’s importance to the vestibular field, as he was one of the giants who helped
define our current understanding of the vestibular system. While his scientific work spanned more
than five decades and covered numerous aspects of peripheral and central vestibular physiology,
he is perhaps best known for his investigations on the “velocity storage” mechanism in the brain,
which he elucidated in many elegant studies with his long-time collaborator Ted Raphan (2).
Although velocity storage was initially identified as a mechanism that improved the brain’s estimate
of low-frequency angular head velocity (3), it subsequently became clear that it is a critical aspect
of central vestibular function since it underlies the brain’s ability to synthesize the angular velocity
inputs from the semicircular canals with the gravito-inertial inputs from the otolith organs (4).
This canal-otolith integration contributes significantly to our ability to estimate head motion and
orientation as we move through our terrestrial environment, and may also be a key to the spatial
disorientation and motion sickness experienced by patients with central or peripheral vestibular
dysfunction and by astronauts in microgravity.

While he was best known for his scientific work, Bernie was an M.D. and a trained neurologist,
and maintained a clinical practice at Mount Sinai throughout his long tenure there. Indeed,

Frontiers in Neurology | www.frontiersin.org

5 October 2021 | Volume 12 | Article 760822


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.2021.760822
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.760822&domain=pdf&date_stamp=2021-10-01
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:richard_lewis@meei.harvard.edu
https://doi.org/10.3389/fneur.2021.760822
https://www.frontiersin.org/articles/10.3389/fneur.2021.760822/full
https://www.frontiersin.org/research-topics/11499/vestibular-contributions-to-health-and-disease-volume-ii---dedicated-to-bernard-cohen

Lewis and Strupp

Editorial: Vestibular Contributions Volume |l

applying scientific observations to improve understanding of
clinical vestibular problems was one of the hallmarks of his
career. For example, Bernie was the first to demonstrate that
vestibular afferent nerves could be activated using implanted
electrodes (5), work which has been fundamental to the
development of the vestibular prosthesis (6, 7); he became
fascinated with vestibular-autonomic interactions (8) and
the possibility that the aberrant orthostatic responses that
can underlie fainting could be habituated using vestibular
stimulation; and he sought to understand the pathophysiology of
mal de debarquement syndrome (MdDS), and with his colleagues
Sergei Yakushin and the late Mingjia Dai, developed the first
treatment approach for this recalcitrant disorder (9) which is
currently being tested in a clinical trial.

Finally, Bernie was beloved by colleagues because of his
personal qualities. He enjoyed an extensive network of friends
and collaborators in the vestibular field around the world,
many of whom contributed to the first and second editions
of this ebook. While we cannot speak for the numerous
colleagues who worked with him for decades, one of us
(RFL) had the honor and pleasure of working with Bernie for
several years as a co-editor of the first edition of this ebook
collection, and found that Bernie combined two rare features—
-a warm humanism evidenced by his immense generosity and
loyalty; and a sharp, didactic mind that was constantly active.
He was a rare individual and while his many friends and
colleagues miss him greatly, we also are appreciative that we
were able to share part of our professional and personal lives
with him.

SECTION 1 - TRIBUTES AND HISTORICAL
PAPERS

Bernie provided a heartfelt tribute (Cohen) to his long-time
collaborator, Mingjia Dai, who initially come from Australia for
a post-doctoral fellowship, spent his entire subsequent career
working with Bernie at Mount Sinai, and died from cancer in
2019. Dai focused his research on human subjects and much of
his late career was spent studying MdDS and developing a novel
approach to treat patients with this intractable disorder. Guyot
et al. provide a tribute to Bernie’s scientific accomplishments
and in particular focus on his work in the 1960’s when he and
Suzuki first showed that individual canal ampullary nerves could
be activated with stimulation provided by electrodes implanted
in the canal’s ampulla (5). This work provided the foundation
for the vestibular prosthesis, which has been in development for
the past two-decades in animal models and has more recently
moved into clinical trials (7). Maruta provides another tribute to
Bernie and his scientific contributions, tracing the broad range
of his research interests and contributions which touch on nearly
all aspects of vestibular function. Finally, Straka et al. provides
an overview of the work of Steinhausen, which previously was
only available in German. They describe the pioneering work
Steinhausen performed in the early 20th century in which he
deduced the relationship between cupular displacement and
vestibular-mediated eye movement responses.

SECTION 2 - MAL DE DEBARQUEMENT
SYNDROME

Bernie focused much of his late career on mal de debarquement
syndrome (MdDS), a disorder where patients continue to feel as
if they are moving after they experience passive vehicular motion
(10), and MdDS was therefore well-represented in Volume I
of “Vestibular Disorders in Health and Disease” and at the
meeting based on that volume. The three articles on MdDS in
the current volume examine different aspects of this disorder’s
pathophysiology and potential approaches to therapy. Mucci
et al. propose that neural loops between the vestibular nuclei and
the cerebellar nodulus and uvula form an oscillator that cancels
the postural disturbance produced by vehicular motion (e.g., in a
boat) but can become pathologically potentiated and produce the
persistent feeling of motion experienced by patients with MdDS.
Cha et al. use functional and structural imaging in MdDS patients
and found abnormalities that support aberrant sensitization of
limbic structures in the brain. Based on these observations, they
propose that non-invasive brain stimulation (e.g., transcranial
magnetic stimulation) may be able to attenuate the synchronized
oscillations in these brain regions that may underlie the persistent
illusion of motion in MdDS. Yakushin et al. extend the MdDS
treatment approach developed at Mount Sinai, which utilizes
head motion coupled to optokinetic stimulation, to a virtual
reality stimulus provided by a portable app that patients can
utilize at home. In a small study, they showed promising results
using this method, as all of the treated MdDS patients noted
substantial symptomatic improvement after treatment.

SECTION 3 - VESTIBULAR-AUTONOMIC
INTERACTIONS

The relationship between the vestibular and autonomic nervous
systems has been a relatively neglected area of vestibular
physiology, and Bernie became fascinated with this topic late
in his career. In particular, he sought to understand the
contributions of the vestibular system to orthostatic hypotension
(8) and the potential susceptibility of these interactions to
therapy. The current volume contains three articles that focus on
vestibular-autonomic interactions. Raphan and Yakushin, both
long-time collaborators of Bernie’s, applied machine learning to
train their model of vasovagal responses, and with this approach
defined a hyperplane that segregates normal and pathologic
blood pressure responses to changes in body orientation. Rice
et al. activated vertical semicircular canals using infrared light
and were able to modulate autonomic behaviors with this
approach, indicating that the vertical canals (and not only the
otolith organs) provide sensory information that is used to
regulate cardiovascular responses. Bielanin et al. recorded from
brainstem regions that have been proposed to use vestibular
inputs to modulate cardiovascular responses (the medullary
lateral tegmental field and the nucleus solitarius tract) in awake
felines and found that more than a third of neurons in these
regions responded to large static head tilts, implying that these
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regions constitute part of the central vestibulo-sympathetic
reflex pathway.

SECTION 4 - VESTIBULAR SCIENCE

Seven papers focus on other aspects of vestibular science and
include physiologic and behavioral studies.

Vestibular Physiology

Curthoys provides a tribute to Yoshio Uchino, reviewing
his contributions to the understanding otolith function and
its clinical testing (11). Uchino elegantly demonstrated that
activating hair cells that were located on different sides of
the strioloa and had opposing polarizations elicited central
responses that summed rather than canceled, and that utricular
signals in the brain have inhibitory commissural projections that
recapitulate the “push-pull” processing of central semicircular
canal signals. These observations provide a context for the clinical
otolith tests that utilizes sound or vibration to activate the
saccules or utricles, respectively. Barmack and Pettorossi review
the vestibulo-cerebellum adaptation that occurs in response
to prolonged vestibular and optokinetic stimulation, and in
particular, describe the relationship between behavioral (e.g., eye
movement) and molecular biologic (e.g., corticotropin releasing
factor) manifestations of cerebellar adaptation that contribute to
postural control.

Vestibular-Mediated Behaviors

Two papers examine eye movements in normal human subjects
and specifically investigate characteristics of the central velocity-
to-position neural integrator initially demonstrated by Robinson
(12). Ritter et al. describes the characteristics of gaze-evoked
nystagmus and rebound nystagmus in people without otologic
or neurologic disease. By quantifying these eye movement
characteristics in normal subjects, they provide information
which improves the ability to determine when these oculomotor
findings are abnormal and indicative of underlying cerebellar
disease. Lidrach et al. examined Alexander’s law [slow phase
velocity increases when the eyes are directed toward the
nystagmus quick phase, (13)] in normal subjects by measuring
post-rotatory nystagmus with the head upright or tilted. Their
results support the hypothesis that Alexander’s law results from
an asymmetry in neural integrator function rather than a gradual
adaptive process. Lackner reviewed a series of studies that
demonstrate the effects of haptic stabilization introduced by light
touch on balance. He posits the presence of a long-loop cortical
reflex whereby sensory cues from the hand modulate motor
activity in the legs and thereby reduce postural sway, and suggests
that this mechanism is important for patients with vestibular
damage and for astronauts experiencing microgravity. Two
papers examined vestibular effects on perception and cognition.
Wedtgrube et al. studied the effects of prolonged static tilt and
optokinetic stimulation on the subjective postural vertical (e.g.,
the ability to align the body’s longitudinal axis parallel to gravity).
They found that prolonged tilt biases the subjective postural
vertical in a manner that is consistent with Bayesian models
since the “prior” is presumable shifted by the long-term static

tilt. Dobbels et al. demonstrate that bilateral vestibular damage
does not appear to affect performance on a virtual Morris water
maze (VYMWM) that is performed with the head stationary (e.g.,
a condition where no dynamic vestibular responses are elicited).
This result contradicts those of a prior study (14) and suggests
that visuo-spatial processing may not be affected by the absence
of vestibular inputs. Conversely, an alternate explanation for
their findings is that the vYMWM is an inadequate assay of these
visuo-spatial functions in human subjects.

SECTION 5 - VESTIBULAR DISORDERS

Eight papers examined aspects of vestibular dysfunction,
including peripheral vestibular damage, central compensation,
the real-world behavioral consequences of vestibular damage.

Peripheral Disorders-Meniere’s Disease
Two papers examine how vestibular testing is affected by
Meniere’s Disease, including the primary form of the disease
(etiology unknown) and the secondary form [also called delayed
endolymphatic hydrops, where an initiating event can be
identified, (15)]. Leng and Liu measured caloric and video
head impulse tests (VHIT) in nineteen patients with delayed
endolymphatic hydrops, and while the majority of patients
had abnormal caloric responses, only a small minority had
abnormal horizontal canal VHIT results. They suggest that this
pattern of test findings may be a distinctive feature of delayed
endolymphatic hydrops. Kaci et al. reviewed the literature on
VHIT testing in patients with Meniere’s Disease and proposed
possible pathophysiologic explanations for these findings.

Peripheral Disorders-Other Etiologies

Three papers considered other types of peripheral
vestibulopathies, including those caused by noise exposure,
aging, and covid. Stewart et al. reviewed the effects of noise on
vestibular function and described that noise can induce both
peripheral and central vestibular damage in animals, particularly
in the otolith organs. Much less is known about noise effects
in humans, however, but saccular-collic reflexes appear to be
damaged by noise, perhaps because the saccule can be activated
by sound in a manner that is not recapitulated by other vestibular
end-organs. Wagner et al. reviewed the effects of aging on
vestibular dysfunction and its effects on balance. They indicate
that the contribution of age-related vestibular damage to the
imbalance associated with aging remains poorly understood and
that further work is required elucidate this connection more
accurately. Li et al. review the relationship between covid-19
and symptoms of dizziness and vertigo in China. They report
that the etiology of dizziness shifted between the pre and
per covid time frames, with an increase in benign positional
vertigo and psychogenic dizziness, and a decrease in “vascular”
vertigo. While these results are not readily explainable, they do
support the contention that medical providers should be aware
of these shifts when evaluating vestibular patients during the
covid epidemic.
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Central Compensation After Peripheral

Damage

Two papers addressed issues related to the compensation that
occurs in the brain after the vestibular periphery is damage.
McGarvie et al. used vHIT to assess recovery of the vestibulo-
ocular reflex (VOR) in a patient with bilateral sequential
vestibular neuritis over a period of 500 days. They found that
VOR recovery occurred with an exponential time course that
depended on the velocity of the head motion stimulus, as
responses to low-velocity head rotations had a time constant
of about 100 days, but responses to high-velocity rotations
improved more slowly with a time constant of about 150 days.
Tarnutzer et al. examined VOR changes in patients with a
unilateral vestibular schwannoma if they receive intratympanic
gentamicin in the ear with the tumor prior to surgical resection
of the schwannoma. As predicted, the VOR gain was reduced
after intratympanic gentamicin injections, but the anterior
canal was largely spared for uncertain reasons. They conclude
that if gentamicin injections are provided prior to vestibular
schwannoma surgery, the severity of the post-surgical vestibular
deficit (e.g., vertigo, imbalance) may be reduced since a more
gradual and controlled reduction in vestibular function occurred
prior to surgical deafferentation of one vestibular nerve.

Real-World Consequences of Peripheral

Vestibular Damage
van Leeuwen et al. provide the perspective of vestibular patients
on the difficulties encountered when driving. They asked
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vestibular patients to complete a questionnaire about driving and
from 432 responses concluded that 44% experienced difficulties
driving. Furthermore, physicians rarely discussed driving issues
or appropriate precautions with the vestibular patients. They
opinioned that physicians should discuss driving issues with
vestibular patients since these driving difficulties can limit their
ability to work and perform other normal daily tasks.

CONCLUSIONS

This second edition of “Vestibular Contributions to Health
and Disease” covers a wide range of vestibular topics,
including normal vestibular physiology and abnormal
vestibular  disease processes. More specifically, Bernies
late career interests of normal (vestibulo-autonomic)
and abnormal (MdDS) vestibular topics both receive
considerable attention. In conclusion, Berni€s many
friends and colleagues miss him greatly and we hope
that this Frontiers ebook collection dedicated to his
memory provides a small indication of the high regard
he was held by all as a scientist, a clinician, and
a person.
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INTRODUCTION

It is with deep sadness that we note the passing of Mingjia Dai, Ph.D. Assistant Professor of
Neurology on February 7th, 2019, from esophageal and lung cancer. He was 71 years old.

Dai grew up in Guangzhou, China, and completed his Ph.D. in Sydney, Australia with Drs.
Michael Halmagyi and Ian Curthoys. In 1989, he came to Mount Sinai to work with Dr. Cohen.
Dai was an innovative, imaginative scientist who loved working with patients. He dedicated the
later part of his life to studying a rare neurological disorder, the Mal de Debarquement Syndrome
(MdDS). His warmth and ability to establish relationships with patients affected by MdDS made
him famous in the US and all over the world.

BACKGROUND

In 1979, Drs. Raphan and Cohen at Mount Sinai (1) and Robinson at John’s Hopkins (2)
discovered that a process in the vestibular nuclei functioned to extend the angular velocity-related
information generated in the semicircular canals. Raphan and Cohen labeled the process as a
Velocity Storage Integrator, since it described the dynamic integration of the head rotation velocity.
They characterized it by the time constants of the cellular activity at the beginning and end of
rotation. A few years later, with Dai, they discovered that Velocity Storage acted as a gyroscope
to orient the axis of eye rotation to the spatial vertical, regardless of the position of the axis of
body rotation (3, 4). This led to the discovery that Velocity Storage was an integral part of the
process that produced motion sickness (5), and that susceptibility to motion sickness fell along with
reductions in the time constant of Velocity Storage (6). Following this with data from Solomon and
Wearne that Velocity Storage was controlled by the nodulus of the vestibulo-cerebellum (7-10),
they found that motion sickness could be extinguished by repeated vestibular testing that shortened
the vestibular time constant (5, 6, 11).

DAI'S STUDIES THAT DETERMINED THE CAUSE OF THE MAL DE
DEBARQUEMENT SYNDROME

In 2009, based on experiments in monkeys using an unusual paradigm, continuous rotation in
darkness, coupled with side to side roll (roll while rotation, RWR), Dai had a brilliant insight. He
reasoned that the prolonged exposure to this maneuver had produced some of the essential clinical
signs in the monkey observed in patients with MdDS (12). Namely, there was positional nystagmus
with upward quick phases when the head was rolled to one side. From it, he postulated that roll
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while rotation had caused a shift in the “eigen vector” in
roll, i.e., the central representation of gravity, and that MdDS
might be the result of this shift in the roll vector (13). In
other experiments, neither spontaneous vestibular nystagmus,
nor unusual positional nystagmus occurred in monkeys with
a very short vestibular time constant, confirming that the
Velocity Storage Integrator had played a critical role in producing
MdDS (1, 13).

DAI'S TREATMENT OF THE MDDS

Dai then devised a treatment to reverse this vestibular
maladaptation. He rolled the head back and forth at the
frequency of the perceived body oscillations, while watching a
slowly moving full field optokinetic stimulus moving against
the vestibular imbalance as determined by the Fukuda Stepping
Test (14). The OKN reoriented Velocity Storage back to the
spatial vertical (15). Remarkably, the sensed body oscillations
were 0.2Hz after the sea voyages in almost all of the MdDS
sufferers, indicating that the MdDS was being generated by
a disordered rhythm, likely in the vestibular and vestibulo-
cerebellar systems (13).

A critical aspect of the treatment was that the direction of
the optokinetic stimulus had to be opposite to the direction
of a vestibular imbalance that had been produced during
the roll while rotation or by travel on the sea. If the
movement of the OKN stripes was in the direction of the
vestibular imbalance determined by the Fukuda Stepping Test,
the MdDS patients became worse, and, as shown by Mucci
et al. (16) if the OKN stripes did not move, the patients had
no improvement.

Of note, the primary findings were in the body and limbs and
not in the eyes in the Vestibulo-Ocular Reflex (VOR), and there
was only rarely spontaneous nystagmus in these patients. This
series of maneuvers is described in detail in a publication (of
which Dai was the first author) in 2014 (17).

RESULTS

With the Dai et al. treatment, there was an immediate
improvement rate of 75%, in 17 of 24 patients (17). This
treatment also relieved the motion sickness susceptibility of these
subjects, predominantly women (18). In about 25 percent of the
MdDS patients in the 2017 study, the initial improvement of
75 percent fell back to 50 percent after 1 month, but in that
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50 percent the improvement was then maintained for a year or
more (18).

It should be emphasized that this was the first and only
successful treatment in patients who had been suffering for
up to 15 to 20 years. The successful treatment of the MdDS
has been carried on by Dai’s colleague, Sergei Yakushin, Ph.D.,
Associate Professor of Neurology. Further experiments are being
performed by Dr. Yakushin to determine if the improvement
after the initial treatment can be stabilized by reducing the
Velocity Storage time constant. This study is based on Dai’s work
that showed that motion sickness is reduced by reducing the
vestibular time constant that underlies Velocity Storage (15). A
comprehensive review of the MdDS can be found in a paper by
Van Ombergen et al. (19). Additionally, a recent study indicated
that the signs and symptoms of the MdDS could be produced
by the movement of subjects on an oscillating platform that
generated pitch, yaw and roll at low frequencies (20). This
confirms that the MdDS is generated in the vestibular system.

CONCLUSION

Dr. Dai’s singular achievement in formulating the first successful
treatment of the MdDS is remarkable, and I would like to have
it noted by future physicians who use it to relieve its signs and
symptoms. As such, I would like this treatment to be named the
Dai treatment for the Mal de Debarquement Syndrome.

There is another reason to laud Dai’s approach to treat MdDS.
Namely, to my knowledge, this is the first medical treatment in
the vestibular system that uses correction of a disordered rhythm
and a return of a disordered orientation of the Eigenvector to
gravity to cure a clinical condition. As such, it opens a new level
of clinical treatment that could lead us to a deeper understanding
of the interaction of the vestibular nuclei and the vestibulo-
cerebellum, as well as to a better understanding of the neural basis
of balance.
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Wuhan, China

Delayed endolymphatic hydrops (DEH) represents a rare clinical entity characterized
by intermittent vertigo attacks mimicking those of Méniere’s disease (MD) in a patient
with a prior sensorineural hearing loss. Some vestibular tests have been employed in
patients with DEH. These tests provide useful diagnostic information and facilitate clinical
decision-making. Here, we retrospectively studied the features of video head impulse test
(vHIT) and examined its relationship with caloric test used in DEH patients. Included in this
study were 17 patients with ipsilateral DEH and 2 with contralateral DEH. Among them,
73.7% (14/19) showed abnormal caloric test response (76.5% in ipsilateral DEH and
50% in contralateral DEH). Meanwhile, only 15.8% (3/19) of patients yielded abnormal
horizontal vHIT results (11.8% in ipsilateral DEH and 50% in contralateral DEH). Abnormal
caloric response in the presence of a preserved vHIT was common in DEH patients,
especially those with ipsilateral DEH. This dissociation might be a distinctive pattern of
vestibular deficit in DEH.

Keywords: delayed endolymphatic hydrops, caloric test, video head impulse test, VOR, semicircular canal

INTRODUCTION

Vestibular test is designed to assess the status of the vestibular system objectively and quantitatively.
Over the last decade, vestibular test has evolved greatly, and the horizontal and vertical semicircular
canals (SCC) as well as the otolith organs can be examined separately (1). Traditionally, the
caloric test has been used for the assessment of the vestibulo-ocular reflex (VOR) function of
horizontal SCC by using a non-physiological stimulus in a frequency ranging 0.002-0.004 Hz
(2). Video head impulse test (vHIT) extends the testing range to physiological high frequency
(5-7Hz) (3). The relationship between these two VOR tests has been investigated in multiple
vestibular disorders, such as Méniéres disease (MD), vestibular neuritis, vestibular migraine,
benign paroxysmal positioning vertigo (BPPV), enlarged vestibular aqueduct (EVA), among others
(2,4, 5). Recently, a dissociation between caloric test and vHIT was found to be common in patients
with MD (6, 7), and has therefore been suggested as an instrumental hallmark of MD (5).

Delayed endolymphatic hydrops (DEH), a rare clinical entity, is characterized by episodic
vertigo of delayed onset following profound sensorineural hearing loss (SNHL), and its symptoms
mimic those of MD (8). Kamei et al. for the first time, reported the association between “juvenile-
onset unilateral profound deafness” and delayed onset of vertigo in 1971 (9). In 1973, when
investigating the pathological features in a case of profound congenital deafness with delayed-onset
vertigo, Schuknecht and Wright presumed that endolymphatic hydrops (ELH) secondary to fibrous
obliteration of the vestibular aqueduct might underlie vertigo (10). Nadol et al. and Wolfson and
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Vestibular Function of DEH Patients

Leiberman also described the unilateral deafness with subsequent
vertigo in 1975 (11, 12), and suggested the hydropic change
due to obliteration of the vestibular aqueducts could cause
this delayed-onset vertigo. Furthermore, Schuknecht proposed
a hypothesis postulating that an initial labyrinthine insult leads
to total disruption of cochlear but preserves vestibular function,
and then results in secondary atrophy or fibrous obliteration of
the endolymphatic resorptive system (13). In 1978, Schuknecht
coined the term DEH to describe the delayed development
of recurrent vertigo attacks in the context of a pre-existing
profound SNHL, and put DEH in the category of ipsilateral and
contralateral DEH (14).

Although many vestibular tests have been applied in patients
with DEH, including the electronystagmography (15), caloric test
(15, 16), rotatory chair (15), and vestibular evoked myogenic
potentials (VEMPs) (16, 17), no study examined VHIT or the
relationship between caloric test and vHIT in these patients. Our
study aimed to look into the features of these two VOR tests in
DEH patients, and to explore their implications in the diagnosis
of ELH or hydropic ear disease.

MATERIALS AND METHODS
Study Population

A single-center retrospective study was conducted in the
Department of Otorhinolaryngology, Union Hospital affiliated
to Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China.

Nineteen patients with DEH were diagnosed by experienced
neurotologists against the diagnostic criteria formulated by the
committee of the Japan Society for Equilibrium Research in
1987 (18): The ipsilateral DEH was diagnosed if (1) a prior
event characterized by profound SNHL in one ear (precedent
deafness); (2) delayed development of vertigo attacks without
fluctuating hearing loss in the opposite ear; and (3) exclusion
of central nervous system lesions, eighth nerve tumors, and
other cochleovestibular diseases, such as syphilitic labyrinthitis.
The diagnosis of the contralateral DEH was made if (1) a prior
deafness in one ear; (2) delayed development of fluctuating
hearing loss in the opposite ear that is sometimes associated with
episodic attacks of vertigo; and (3) exclusion of central nervous
system lesions, eighth nerve tumors, and other cochleovestibular
diseases like syphilitic labyrinthitis. Profound SNHL was defined
as a pure tone average of >90 dB over the 500, 1,000, and 2,000
Hz frequencies.

Exclusion criteria included: (1) middle or inner ear infections
(otitis media, mastoiditis, labyrinthitis, etc.); (2) middle or
inner ear anomaly (common cavity malformation, semicircular
canal dysplasia, EVA, etc.); (3) having received previous ear
surgery or intratympanic injections; (4) retro-cochlear lesions
(vestibular schwannoma, internal acoustic canal stenosis, etc.);
(5) head trauma; (6) systemic diseases; (7) disorders of
central nervous system (vestibular migraine, multiple sclerosis,
cerebellar infarction, etc); (8) having taken alcohol, caffeine
or medications that would affect the results of vestibular tests
(sedative, anti-depressant drugs, etc.) within 48 h before testing.

This study was conducted in strict accordance with the tenets
of the Declaration of Helsinki. Informed consent was obtained
from each patient and the project was approved by the ethical
committee of Tongji Medical College of Huazhong University of
Science and Technology, Wuhan, China.

Methods

All patients with DEH during the interictal period
underwent a battery of tests, including otoscopy, audiometry,
videonystagmography, caloric test, horizontal vHIT in the same
day. Non-contrast magnetic resonance imaging (MRI) was
routinely performed to rule out middle or inner ear infection
and malformation. If retro-cochlear lesion was suspected, the
patient would receive contrast-enhanced MRI.

Pure-Tone Audiometry

Pure-tone audiometry was conducted in a soundproof room,
at 125, 250, 500, 1,000, 2,000, 4,000, and 8,000 Hz. Pure tone
average (PTA) was calculated to be the simple arithmetic mean
for frequencies of 500, 1,000, and 2,000 Hz.

Videonystagmography
Vestibular tests were performed by using an infrared
videonystagmography system (Visual Eyes VNG, Micromedical
Technologies, Chatham, IL, USA) in accordance with a standard
test protocol, including spontaneous nystagmus test, gaze test,
saccades, smooth pursuit, and optokinetic test. The Dix-Hallpike
and Roll tests were also videonystagmugraphically performed.
The bithermal caloric test was conducted by using infrared
videonystagmography. The subject lay supine with their head and
upper trunk elevated at 30°. Each ear was irrigated alternately
with a constant flow of air, with the temperature for warm or
cool stimulation set at 50 and 24°C, respectively. The duration
of each caloric irrigation lasted 60s. Upon each irrigation, the
maximum slow phase velocity (SPV ,y) of caloric nystagmus was
measured, and the canal paresis (CP) was calculated by using the
traditional Jongkees' formula. In this study, if the asymmetry of
the caloric nystagmus between the left and right ear was >25%,
CP was considered significant in the horizontal SCC, indicating
an abnormal caloric response. According to the published criteria
(19), if the summated SPV ¢ of the nystagmus was <20°/s under
four stimulation conditions, the caloric response is believed
to indicate bilateral vestibular hypofunction. In this case, ice
water irrigation (4°C, 1.0ml) would be used to confirm the
caloric unresponsiveness.

Horizontal Video Head Impulse Testing

The horizontal SCC vHIT was conducted using an ICS Impulse
system (GN Otometrics, Denmark) in accordance with the
manufacturer’s instructions by experienced technicians. Each
subject wore a pair of lightweight, tightly-fitting goggles equipped
with a small video oculography camera to record and analyze the
eye movement. Patient was seated upright facing the wall 1.0 m
away and was instructed to fixate a static target on the wall. The
patient’s head was passively and randomly rotated to the left and
right with a low amplitude (5~15°) and at a high peak velocity
(150~250°/s) in an abrupt, brief and unpredictable manner. At
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TABLE 1 | The clinical features and audio-vestibular data in 19 patients with delayed endolymphatic hydrops.

Patient Age Gender Cause of Age at onset Age at onsetof Side Type PTA Caloric Horizontal vHIT
no. deafness  of deafness vertigo
Right Left Response/ CP (%) Response/
weak side affected side
1 65 M Unknown Early childhood 40 R ipsil- SO 26 AR 43 Negative
2 31 M SSHNL 28 29 R ipsil- 93 5 AR 36 Negative
3 30 M Unknown Early childhood 27 R ipsil- SO 8 AR 36 Negative
4 20 F Unknown Early childhood 18 L contra- 101 78 AR 27 Positive/R
5 60 F Unknown Early childhood 50 L contra- SO 36 N 1 Negative
6 59 F SSHNL 44 59 R ipsil- SO 15 AR 29 Negative
7 44 F Unknown Early childhood 33 R ipsil- SO 15 N 22 Negative
8 13 F Unknown Early childhood 11 L ipsil- 10 91 AL 35 Negative
9 54 F Unknown Early childhood 54 R ipsil- SO 23 AR 54 Negative
10 26 F Unknown Early childhood 22 R ipsil- SO 13 AR 41 Negative
11 61 F Unknown Early childhood 47 L ipsil- 23 SO AL 26 Negative
12 22 F Unknown Early childhood 22 L ipsil- 10 SO N 22 Negative
13 29 M Unknown Early childhood 26 R ipsil- 106 1A N 3 Negative
14 25 F Unknown 5 24 L ipsil- 15 SO AL 85 Negative
15 16 M Unknown Early childhood 10 L ipsil- 5 105 AL 100 Positive/L
16 58 F Unknown Early childhood 51 R ipsil- 98 16 A/R 100 Negative
17 56 M Meningitis  Early childhood 56 L ipsil- 18 SO AL 84 Negative
18 56 F SSHNL 40 46 L ipsil- 13 SO N 19 Negative
19 15 M Unknown 6 15 L ipsil- 15 100 AR 100 Positive/R

PTA, pure tone average, which was established as the simple arithmetic mean for frequencies of 500, 1,000, and 2,000 Hz; Ipsil-, ipsilateral type; Contra-, contralateral type; CF, canal
paresis; R, right side; L, left side; SO, scale out; A, abnormal; N, normal. SSNHL, sudden sensorineural hearing loss.

least 20 head impulses were delivered in each direction. Re-
fixation saccades were categorized, in terms of their appearance,
as covert and overt. If the velocity of the saccade exceeded 50°/s,
they were deemed positive. In the present study, it was taken
as abnormal if the horizontal vHIT gain < 0.8 and re-fixation
saccades appeared.

RESULTS

Clinical Characteristics

Nineteen DEH patients were included (12 females, 7 males;
mean age, 38.9 year; range, 13-65 year). According to the
diagnostic criteria, 17 patients were diagnosed with ipsilateral
DEH and two as having contralateral DEH. All 19 patients
reported precedent hearing loss and episodic vertigo attacks.
Fifteen patients reported profound hearing loss of unknown
etiology in early childhood. In three cases, hearing loss was
caused by sudden SNHL in adulthood and in one case deafness
was associated with meningitis in childhood (Table 1). A precise
latency interval between the precedent hearing loss and the
hydropic symptoms (recurrent vertigo or fluctuating hearing
loss) could not be obtained, since the onset time of hearing loss
was uncertain in most patients. The hydropic symptoms lasted
5.3 years on average (range: 0-25 years) before inclusion into this
study. The duration of vertigo attacks lasted 20 min to 10 h. The
frequency of vertigo attacks varied from 3 times a week to one
time in several years. Other major complaints included: tinnitus
and/or aural fullness (either persistent or fluctuating). Vestibular

drop attack occurred in two cases (patient No. 4 and 9). Of
note, in one case (patient No. 17) of ipsilateral DEH, concurrent
horizontal SCC type BPPV was diagnosed in the opposite ear,
and the patient suffered from both the Méniere -like episodic
vertigo lasting for over 1h during the past several months and
recurrent transient positional vertigo while lying down or getting
up before presentation. No migraine symptoms or history of
migraine was recorded.

Audio-Vestibular Evaluations

Audio-vestibular test results are presented in Table 1. All 19
patients had profound SNHL (>90 dB) in one ear. For the better-
hearing ear, the PTA of 500, 1,000, and 2,000 Hz was <26 dB in
16 ears, 26-40 dB in two ears and >40 dB in 1 ear. Spontaneous
nystagmus was detected in five out of 19 patients (26.3%). Among
these five cases, four cases were of ipsilateral DEH type with
spontaneous nystagmus beating to the affected side in one case
and to the non-affected side in the other three cases, and one
case was of contralateral DEH type with spontaneous nystagmus
beating to the affected side. No pathological results were observed
in the gaze, saccades, smooth pursuit, and optokinetic test.

In this series, 14 (73.7%) had reduced caloric response,
and only three cases (15.8%) had abnormal horizontal vHIT
responses. Of the 17 patients with ipsilateral DEH, abnormal
CP was observed in 76.5% (13/17) of the patients and 11.8%
(2/17) yielded abnormal vHIT result. In 12 cases, abnormal CP
was ipsilateral in the ear with preexisting hearing loss and in
one patient abnormal CP was in the opposite ear. For the two
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patients with both abnormal CP and vHIT results, abnormal
response occurred in the previously damaged ear in one case,
and in the opposite ear in the other case. Of the two patients
with contralateral DEH, abnormal CP and vHIT were detected
in one case (50%), and abnormalities occurred in the ear with
preexisting hearing loss. For all subjects, MRI did not reveal any
retro-cochlear lesion.

Treatment and Following-Up

Lifestyle modification was recommended to the patients,
including low-sodium diet, low caffeine consumption, and
abstinence from stimulants. In all 19 patients, initial medication
included the betahistine or diuretics, lasting for at least 3-
6 months. Two patients (No. 9 and 14) received one course
of intratympanic dexamesone due to unsatisfactory vertigo
control. No ablative treatment was administered in this series,
especially for the contralateral type of DEH. A follow-up, lasting
3 months—3.0 years, showed that, against the guidelines for
MD proposed by American Academy of Otolaryngology-Head
and Neck Surgery in 1995 (20), complete or substantial vertigo
control (class A or B) was achieved in 16 cases and limited
control (class C) in three cases. For the patient with concomitant
horizontal SCC type BPPV, Gufoni maneuver successfully cured
the positional vertigo.

DISCUSSION

In this study, we investigated the function of horizontal SCC
VOR in patients with DEH. In our series, 73.7% (14/19) of the
DEH patients showed abnormal caloric response. Meanwhile,
only 15.8% (3/19) of the patients yielded abnormal horizontal
VHIT results. To the best of our knowledge, this was the first
study which examined the VOR function measured by vHIT and
identified a discrepancy between the results of vHIT and the
caloric test in patients with DEH.

Until now, two hypotheses have been put forward to explain
this dissociation. First, the hydrostatic temperature dissipation
hypothesis attributed the discrepancy to the different test
mechanisms between caloric test and vHIT. The distended
membranous duct of the horizontal SCC has been suggested
to permit convective recirculation within the duct, leading to
a diminished thermally- induced pressure gradient across the
cupula and thus to less deflection of the cupula and hair
cells and less caloric nystagmus. This assumption is supported
by the observation that, in MD patients with normal vHIT
results, the reduced caloric response was correlated with the
severity of vestibular hydrops (as demonstrated by intravenous
gadolinium-enhanced MRI of the inner-ear) (21). Second, the
dual frequency hypothesis proposes that a differential activation
of vestibular hair cells by stimuli with different frequencies might
be responsible for the dissociation. It is believed that type II
hair cells are sensitive to the low-frequency (caloric) stimulus
and the type I hair cells to the high-frequency (head impulse)
stimulus. Previous histological studies showed that damage was
more severe in type II hair cells than in type I hair cells as MD
deteriorates. This theory is recently being challenged by multiple
findings (22-24). In addition, the effect of central compensation

cannot be fully ruled out. Since rapid angular head movements
are frequent in everyday activities, the response to rapid head
movement may adapt better to vestibular hypofunction than the
non-physiological caloric response.

Recently, multiple studies have demonstrated this
disagreement in patients with MD (idiopathic ELH). McCaslin
et al. (25) and McGarvie et al. (6) reported normal vHIT
response but abnormal caloric results in patients with definite
MD, respectively. A recent study by Rubin et al. (7) found that the
caloric test was abnormal in 34 out of 37 MD patients, yet vHIT
yielded normal gain. Jung et al. demonstrated that, apart from the
patients with MD, this dissociation also occurred in patients with
EVA (2). Abnormal CP was detected in four out of 10 cases and
abnormal vHIT response was found only in one case. In contrast,
all 19 patients with vestibular neuritis exhibited abnormal
CP and 18 of them had abnormal vHIT response. Similarly,
this discrepancy was also observed in patients with congenital
semicircular canal malformation (common cavity formed by
the vestibule and horizontal SCC), thus further supporting
the dissipation theory (26). By retrospectively analyzing the
conditions that show such dissociation in a non-homogenous
group of patients complaining of vertigo or imbalance, Hannigan
et al. (5) found that MD subjects comprised 75% (27/36) of the
dissociation group. Of the 73 MD patients tested, 27 showed a
dissociation and, of the 533 non-MD subjects tested, only nine
showed such dissociation. Since MRI-demonstratable ELH is the
common imaging feature of DEH, MD, EVA, and common cavity
malformation (27), we suggest that this dissociation between the
caloric test and vHIT might be a distinctive pattern of vestibular
deficit in hydropic ear disease (28).

In this study, we showed that, in patients with ipsilateral DEH,
70.6% (12/17) had abnormal CP in the ear with previous cochlear
damage and 5.8% (1/17) had abnormal CP in the opposite ear.
Our result was in agreement with that reported by Schuknecht
et al. who found that 80% of the ipsilateral DEH patients had
unilateral caloric weakness in the hydropic ear and 9% had such
hypofunction in the opposite ear (29). The substantially higher
incidence of abnormal CP in the ear with precedent hearing loss
than in the contralateral ear might be ascribed to the fact that: (1)
bilateral ELH is commonly present in ipsilateral DEH patients,
as demonstrated by gadolinium-enhanced MRI (30, 31), and (2)
the area of ELH in the deaf ear was significantly larger than or
practically equivalent to that of the better-hearing ear (31).

In the present study, 50% (1/2) of the patients with
contralateral DEH showed the abnormal CP and vHIT in the
previously deaf ear rather than the opposite ear. The pattern of
ELH distribution and vestibular deficit is rather complicated in
contralateral DEH, indicating that its pathology is more involved
compared to its ipsilateral counterpart (30, 32, 33). Further
studies with larger sample sizes are warranted to elucidate
the pathogenesis.

We found a vHIT deficit in 15.8% and a caloric weakness in
73.7% of our DEH patients. No other studies investigated the
VOR function at these high frequencies in patients with this
condition. Alternatively, rotatory chair test can assess the VOR
system across the low to middle frequencies (0.01-1.00 Hz). To
date, only one published study has investigated the performance
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of rotary chair and caloric test in DEH patients and revealed that
rotatory chair test identified vestibular hypofunction in 3% while
caloric test detected the hypofunction in 59% of their patients
(15). More evidence is needed to verify our results.

In hydropic ear disease with fluctuating nature, the caloric
response was speculated to reflect the severity of ELH more
than the impairment of VOR function. Clinically, the functional
assessment or therapeutic decision may be biased if based
on the caloric test alone. This was in agreement of Bodmer
et al. (34) and Lin et al. (35), who challenge the functional
significance of CP values or caloric unresponsiveness in the
prediction of long-term vertigo control, while Hone et al.
found an absence of ice water response was highly predictive
of adequate vertigo control and recommend a total chemical
ablation of VOR function by intratympanic gentamicin treatment
(36). On the contrary, VHIT allows for an objective evaluation
of the actual status of angular VOR pathways by using
physiological stimuli and can give clinicians a dynamic and
real-time picture of the VOR function. Previous studies have
proven the value of VHIT in reflecting functional fluctuation,
therapeutic endpoint and vertigo recurrence in MD patients
(22, 35, 37, 38). Therefore, we suggest that vHIT is an
objective screening test of choice for dynamically monitoring
the VOR function in patients with hydropic ear disease. This
is especially necessary for those receiving ablative therapy, in
whom the effective vestibular impairment should be clearly
defined and the progress of functional recovery should be
closely monitored.

The study had several limitations. First, the sample size
was small, especially for the contralateral cases, because DEH
is not a common vestibular disorder. Second, we did not
perform gadolinium-enhanced MRI, which might provide
further imaging evidence to account for the findings of our
VOR tests. Third, this study did not perform the rotatory
chair test, in which the VOR time constant has been shown
to provide the most reliable assay screening fixed peripheral
vestibular loss (39). Since caloric-vHIT dissociation also occurs in
fixed peripheral vestibular loss, for example, during the recovery
phase of vestibular neuritis (40), supplement of rotary chair
test would be helpful in excluding fixed peripheral vestibular
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It is estimated that ~1.8 million adults suffer from a severe or total bilateral vestibular deficit
worldwide (1). Despite the dramatic consequences of the disease on the physical, emotional, and
social functioning (2) in adults as well as its negative effects on the development of children
born without vestibular function (3), there is no effective treatment for these patients (4). It was
not until the mid-1990s that the idea of developing a neuroprosthesis that provides position and
motion information to the brain using a concept comparable to the cochlear implant was born.
Undoubtedly, this idea was based on the pioneering work of Bernard Cohen and his colleague Jun-
Ichi Suzuki who, in the sixties, obtained and precisely described the reflex responses obtained by
electric stimulation of the ampullary nerves in rabbits, pigeons, cats, and monkeys (5-8). Three
decades later, Merfeld and Gong demonstrated that a rotation signal could be delivered to the
nervous system using a piezoelectric gyroscope modulating the frequency of electrical signals
according to the direction and the speed of head movements in guinea pigs (9, 10). It was time
to move on to experimentation in humans.

It then seemed reasonable to us to see whether it was possible to duplicate the experiences
of Cohen and Suzuki (5-8) in humans. In other words, we wanted to explore the possibility of
generating vestibular reflexes upon electrical stimulation of the branches of the vestibular nerve,
while at the same time limiting possible risks of hearing loss caused by the introduction of electrodes
in the inner ear. Surgical approaches to the posterior and lateral ampullary nerves were developed
(11) and, in 2004, the first electrical stimulation trials were performed in local anesthesia in patients
undergoing surgery for cochlear implantation or suffering from Meniere’s disease eligible for a
surgical labyrinthectomy.

These experiments showed that it was possible to access the branches of the vestibular nerve
surgically without opening the labyrinth and that, not surprisingly, and in agreement with the
pioneering works of Cohen and Suzuki, the nystagmic responses were aligned with the plane of the
stimulated canal (12-14). Since 2007, this has led to several implantations of our vestibular implant
prototypes in humans, with the demonstration of partial restoration of the vestibular function (11).
Other groups in Baltimore and Washington followed with promising outcomes (15, 16).

We owe a lot to Bernard Cohen for his contribution in the field of vestibular physiology
which opened the door to the development of a vestibular implant. This raises high hopes to
improve the quality of life of patients suffering from a bilateral deficit. As for us, we were thrilled
to present these first results at the meeting of the Association Research in Otolaryngology in
Baltimore in 2011: Bernard Cohen was part of the audience. Thank you for the inspiration and
encouragement, Sir !
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Cohen - Pioneer of Vestibular Implants

We were sad to learn that he passed away in Mont Sinai

Hospital on November 27 2019 the same hospital where he had
initiated the original studies almost six decades ago.
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Vestibular Neuritis; Long-Term
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Impulse Test in a Single Patient
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Vestibular rehabilitation of patients in whom the level of vestibular function is continuously
changing requires different strategies than in those where vestibular function rapidly
becomes stable: where it recovers or where it does not and compensation is by catch-up
saccades. In order to determine which of these situations apply to a particular patient, it
is necessary to monitor the vestibulo-ocular reflex (VOR) gains, rather than just make a
single measurement at a given time. The video Head Impulse Test (VHIT) is a simple and
practical way to monitor precisely the time course and final level of VOR recovery and is
useful when a patient has ongoing vestibular symptoms, such as after acute vestibular
neuritis. In this study, we try to show the value of ongoing monitoring of vestibular
function in a patient recovering from vestibular neuritis. Acute vestibular neuritis can
impair function of any single semicircular canal (SCC). The level of impairment of each
SCC, initially anywhere between 0 and 100%, can be accurately measured by the vHIT.
In superior vestibular neuritis the anterior and lateral SCCs are the most affected. Unlike
after surgical unilateral vestibular deafferentation, SCC function as measured by the VOR
can recover spontaneously after acute vestibular neuritis. Here we report monitoring the
VOR from all 6 SCCs for 500 days after the second attack in a patient with bilateral
sequential vestibular neuritis. Spontaneous recovery of the VOR in response to anterior
and lateral SCC impulses showed an exponential recovery with a time to reach stable
levels being longer than previously considered or reported. VOR gain in response to
low-velocity lateral SCC impulses recovered with a time constant of around 100 days and
reached a stable level at about 200 days. However, in response to high-velocity lateral
SCC and anterior SCC impulses, VOR gain recovered with a time constant of about 150
days and only reached a stable level toward the end of the 500 days monitoring period.

Keywords: vestibular neuritis, vestibulo-ocular reflex, VOR, vHIT, VOR recovery, temporal profile
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INTRODUCTION

In humans and in animals, total surgical deafferentation of one
labyrinth immediately produces a permanent, severe deficit of
the angular vestibulo-ocular reflex (VOR) responses to rapid
angular head accelerations in the off-direction of any semicircular
canal (SCC) on the intact side. Catch-up, compensatory saccades
substitute for the eye position error created by the VOR deficit;
their cumulative magnitude is an index of the total VOR deficit
during a head impulse. These are the fundamental principles
underlying the video Head Impulse Test (VHIT) (1). If on the
other hand the deafferentation is due to a reversible process,
say, acute vestibular neuritis, then the deafferentation might
not be permanent so that the VOR can recover, partly or
fully, with or without treatment. Here we report the results
of meticulous monitoring of the VOR over 500 days, with
VHIT from each of the 6 SCCs of a single patient with
acute vestibular neuritis and show that spontaneous recovery
of SCC function can take longer than generally expected with
consequences for the patient’s recovery and rehabilitation. Our
aim is to emphasize the ease and value of regular vHIT
monitoring of the VOR during recovery from a peripheral
vestibular lesion.

CASE HISTORY

An otherwise healthy 47 years old male presented in October
2014, 10 days after the acute onset of his first ever attack
of isolated spontaneous vertigo, nausea, and vomiting. On
examination he had 3°/s right-beating nystagmus suppressed by
visual fixation. We diagnosed left superior vestibular neuritis.
The VHIT results showed average VOR gains for the left
SCCs of; lateral = 0.33; anterior = 0.02; posterior = 0.53.
(Figures 1A,B, 2: top row) He also had 12° leftward deviation of
the subjective visual horizontal (2). Audiogram showed normal
hearing. He undertook a rehabilitation exercise program and
his overall balance improved to a level that he considered
fully recovered.

Two and a half years later, in March 2017, he presented a
week after the onset of a 2nd acute vertigo attack. He now
had 2°/s left-beating nystagmus suppressed by visual fixation.
Average VOR gains now showed a right superior vestibular
neuritis pattern with impaired function of the right SCCs;
lateral = 0.16, anterior = 0.23, posterior = 0.56. (Figures 1A,B,
2: center row) He also had a 5° rightward deviation of
the subjective visual horizontal. Cervical and ocular VEMPs
were normal. After excluding Cogan’s syndrome by slit lamp
exam, and syphilis by negative serum TPHA (CSF was not
examined), the clinical diagnosis was now bilateral sequential
vestibular neuritis (3). As the patient was fit and healthy, we
advised him to get as much outdoor activity as he could,
especially in more challenging environments such as walking
in the forest or on the beach, and one-on-one basketball.
We emphasized that head movements in all planes during
these activities should be maximized with a range of velocities.
Subsequently, he reported that while vertigo and head turn
oscillopsia lessened (particularly in the 1st month) they were

ongoing at a low level over the period of testing, particularly
when he was tired or stressed. The patient expressed interest
in having the recovery of his vestibular function monitored
and gave written informed consent in accordance with the
Declaration of Helsinki to an ongoing vHIT protocol (X15-0266
HREC/11/RPAH/104) which was carried out during 12 tests over
the next 500 days.

METHODS

All vHITs were carried out by the same right-handed operator
(author LAM) using the same video goggles under the same
lighting conditions. The patient was positioned 120 cm away
from the target, an 8 mm diameter black dot set at eye
level. VOR gain was calculated by an area under the curve
algorithm from the start of the impulse until head velocity
crossed zero (4). VOR gain is dependent upon head velocity
(5), particularly when a large range of peak head velocity
stimuli are delivered, as in the horizontal VOR gains shown in
Figure 2. Therefore, we analyzed in detail the VOR responses
to two bands of peak horizontal head velocity (80-120°/s and
180-220°/s) and to a single band of peak vertical head velocity
(120-150°/s).

The data was processed by software written in LabVIEW
(author HGM), which automatically detected the impulses and
aligned them around peak head acceleration, into a display epoch
of 600 ms. Each trace was visually checked and data displaying
either artifacts or eye movements at the onset of the impulse
were omitted from the final processing. VOR gain was then
calculated by the software, which also processed the data into
bands of peak head velocity, outputting the mean VOR gain,
the standard deviation and the number of impulses within
each band.

RESULTS

The first set of VHIT measurements for monitoring VOR gain
changes were made 1 week after onset of the right vestibular
neuritis (Test 2; Mar 2017).

The bins of head velocity used to compare VOR gains
were: Low-velocity lateral SCC: 80-120°/s; High-velocity
lateral SCC:180-220°/s.

All vertical bins used were for head velocities in the range
120-150°/s. (Figures 1A,B, 2):

The calculated VOR gains for Test 2 were:

Right SCCs. Low-velocity lateral SCC = 0.19 % 0.03; high-
velocity lateral SCC = 0.14 + 0.03; anterior SCC = 0.22 =£ 0.04,
and posterior SCC = 0.55 =+ 0.03.

Left SCCs. Low-velocity lateral SCC = 0.55 £ 0.02; High-
velocity lateral SCC = 0.51 £ 0.02, anterior SCC = 0.67 £ 0.07,
posterior SCC = 0.53 & 0.05.

During the 12 tests over the subsequent 500 days, the right
lateral and right anterior SCC VOR gains increased at an
apparently exponential rate, allowing for fluctuations. To test the
validity of this assumption, single exponential curves were fitted
to the data (see the Supplementary Information section for
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fitting techniques, graphs, and equations). The results obtained
from this technique were a time constant of 150 days (R* of
fit = 0.99) for the high velocity right lateral SCC impulses, a
time constant of 98 days (R? of fit = 0.997) for the low velocity
right lateral SCC impulses and a time constant of 164 days
(R? of fit = 0.977) for the right anterior SCC impulses. While
the fitted curves give a good estimation for the lateral data, the
measured anterior SCC VOR gains show more fluctuations hence
the curve fitting is less representative as shown by the lower R? of
fit value.

While left anterior SCC VOR gain and both left and
right posterior SCC VOR gains were constant over
the 500 days (Figures3-5), right anterior SCC VOR
gain increased exponentially from 022 to 0.69 with a

Even though average left lateral SCC VOR gain remained
constant over the 500 days at 0.56, the profile of its catch-
up saccades changed between test 2 and test 13 (compare left
lateral impulses of test 2; Figure 1A center panel, with test
13; Figure 1A; lower center panel). As average right lateral
SCC VOR gain increased from 0.16 to 0.69 between tests 2
and 13 (Figure 1B), the profile of eye velocity correspondingly
changes during the rightward “bounce-back” of the leftward
lateral head impulse, producing a change in the subsequent catch-
up saccades. The “bounce-back” (* on these panels of Figure 1A)
in head velocity occurs as the operator tries to stop the leftward
impulse rapidly, leading to a smaller rightward head velocity
before the head actually stops. Effectively, each impulse profile in
any plane comprises the intended high, ipsilateral head velocity,

temporal profile similar to that of right lateral SCC  followed by an unintended lower velocity contralateral head
VOR gain. braking required to bring the head to a stop.
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FIGURE 1 | (A) Impulsive testing of the three left SCCs on three occasions. Top row (Test 1, Oct 2014) at presentation with left vestibular neuritis. Middle row (Test 2,
May 2017) at presentation with right vestibular neuritis. Bottom row (Test 13, July 2018) last test at end of the study. Superimposed head impulses of range of head
velocities (in red) with VOR eye responses (in black)—inverted. Lateral velocity scale —100 to 300; Vertical velocity scale —75 to 200. VOR gain values are average
values across the full head velocity range. *marks “bounce-back” discussed in text. (B) Impulsive testing of the three right SCCs on three occasions. Top row (Test 1,
Oct 2014), at presentation with left vestibular neuritis. Middle row (Test 2, May 2017) at presentation with right vestibular neuritis. Bottom row (Test 13, July 2018) last
test at end of the study. Superimposed head impulses of range of head velocities (in red) with VOR eye responses (in black) —inverted. Lateral velocity scale —100 to
300; Vertical velocity scale —75 to 200. VOR gain values are average values across the full head velocity range.

Right lateral SCC VOR gain recovered and stabilized sooner  at 2.44 £ 0.41° and at its final value of 0.77 £ 0.36° at
in response to low-velocity head impulses (80-120°/s), reaching 50 days.
a stable level at about 200 days, than in response to high-velocity
head impulses (180-220°/s), which reached a stable value only  DISCUSSION
after about 500 days (Figure 3). The effect of head velocity on
VOR gain could not be accurately determined for the vertical Immediately after total, permanent, surgical destruction, or
SCCs as the maximum head velocity that can be delivered for the  deafferentation of an intact labyrinth, in an animal or
vertical SCCs is around 180-200°/s (Figure 2). human, there is an acute static vestibular syndrome with
Deviation of the subjective visual horizontal at the onset vertigo, nystagmus, and an ipsiversive ocular tilt reaction (6).
of the right vestibular neuritis (Day 7) was 524 £ 0.45°  Through brainstem compensation this syndrome always resolves,
rightward (clockwise); 20 days later it was in the normal range spontaneously and almost completely within a few days (7).
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FIGURE 2 | VOR gains (area under the curve of eye/head velocity) from each of the six semicircular canals. Top row (Test 1, Oct 2014) at presentation with left
vestibular neuritis. Middle row (Test 2, May 2017) at presentation with right vestibular neuritis. Bottom row (Test 13, July 2018) last test at the end of the study. Left
column: RALP impulses (Right anterior-Left posterior canal plane). Center column: LAT impulses (Right Lateral-Left Lateral canal plane). Right column: LARP impulses
(Left anterior-Right posterior canal plane). Head impulse velocity on horizontal axes; VOR gain on vertical axes (open circles are Left; filled circles are Right). The pairs
of dashed lines indicate the head velocity ranges for analysis of VOR gains in Figures 3-6.

Unilateral vestibular deafferentiation/destruction also impairs
the dynamic VOR in response to rapid angular accelerations
(such as head impulses) toward any of the lesioned SCCs. In
contrast to the static acute vestibular syndrome, this dynamic
VOR impairment is permanent (8). From these facts it follows
that if after any acute unilateral vestibular impairment (e.g.,
after acute vestibular neuritis) there is, as shown here, VOR
recovery in response to head impulses, this recovery must be
due to improvement in peripheral SCC function and not to
brainstem compensation.

Acute vestibular neuritis is more of a clinical and
pathophysiological concept than a specific disease, such as
say, optic neuritis. The term covers almost any attack of

acute, isolated, idiopathic, unilateral impairment of peripheral
vestibular function (9). While any or all of the five vestibular
sensory regions might be involved, vestibular impairment is
often limited to sensory regions innervated by the superior
vestibular nerve: anterior SCC, lateral SCC and utricle, so this
pattern is called superior vestibular neuritis. If impairment is
confined to regions innervated by the inferior vestibular nerve
(posterior SCC and saccule) this is called inferior vestibular
neuritis (10). Some use the term vestibular neuronitis, (11)—
implying that the lesion involves vestibular ganglion cells. If
the patient also develops Benign Positional Vertigo (BPV) the
term neurolabyrinthis (12) is used. If the other side is involved
later, then this is called bilateral sequential vestibular neuritis
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FIGURE 3 | Lateral SCC VOR gain for head velocities in the range 180-220°/s and 80-120°/s (vertical axis) as a function of days (horizontal axis) after the onset of
right vestibular neuritis. High-velocity right lateral SCC VOR gain in red circles; left lateral SCC gain in blue squares; Low-velocity right lateral SCC VOR gain in black
circles; left lateral SCC gain in black squares. Mean and standard deviation. Gain from the left lateral SCC stays about the same over 500 days. For the right lateral

SCC high-velocity impulses, it increases exponentially from 0.14 +/- 0.03 to 0.67 +/- 0.05 with a time constant of around 150 days.
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FIGURE 4 | Anterior SCC VOR gain for head velocities in the range
120-150°/s (vertical axis) as a function of days (horizontal axis) after the onset
of right vestibular neuritis. Right anterior SCC VOR gain in red diamonds; left
anterior SCC VOR gain in blue squares. Mean and standard deviation. For the
right anterior SCC VOR gain increases exponentially from 0.22 +/- 0.04 to
0.69 +/- 0.04 with a time constant of around 100-150 days estimated from
63% of the range, or 164 days calculated from an exponential curve fitted
through all the points (see Supplementary Information). VOR gain from the
left anterior SCC stays almost constant around an average value of 0.72.

(3), if at the same time it is called acute bilateral superior branch
vestibular neuropathy (13). If hearing is also involved then the
inner ear is assumed to be the site of lesion and the diagnosis
becomes labyrinthitis (14). [Unless the patient has herpes zoster
with vestibular and cochlear and nerves involved (15)]. For some

or all of these reasons some prefer the simple, non-committal
term, acute unilateral peripheral vestibulopathy (16). Here we will
continue to call it “vestibular neuritis.”

The site and nature of the lesion in vestibular neuritis is
uncertain. Vestibular tests, like auditory tests can lateralize a
lesion but unlike auditory tests cannot localize it along the
neural pathway from end-organ to brainstem nucleus. They
cannot distinguish impaired vestibular function due to a disorder
of vestibular hair cells from a disorder of vestibular neurons
(ganglion cells, their axons, or brainstem nucleus neurons). So
that while there are tests which indicate a retro-cochlear site
of lesion for hearing loss, there are no tests to indicate retro-
labyrinthine site of lesion for vestibular loss. Furthermore, there
is no temporal bone pathology of vestibular neuritis in the acute
stage; there are only a few case reports and only from temporal
bones collected years after the acute event. These show loss of hair
cells as well as of ganglion cells and their axons in the vestibular
nerve (17).

Previous studies have shown that there usually is some
spontaneous improvement of VOR gain in response to head
impulses over weeks or months (18-23). In some cases there is
even total recovery whereas in others there is none at all (24).
If VOR recovery is incomplete then catch-up saccades, covert
and overt, compensate for eye the position error produced by the
deficient VOR.

In our patient with acute right vestibular neuritis, right lateral
SCC VOR gain in response to high-velocity head impulses
recovered spontaneously, with an exponential time constant of
~150 days. The VOR gain curves for the right anterior SCC and
for both low-velocity and for high-velocity responses of the right
lateral SCC, when overlaid (Figure 6) show similar fluctuations
over time with exponential time constants of 164, 98, and 150
days, respectively (see Supplementary Information for curve
fitting equations).
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FIGURE 5 | Posterior SCC VOR gain for head velocities in the range
120-150°/s (vertical axis) as a function of days (horizontal axis) after the onset
of right vestibular neuritis. Right posterior SCC VOR gain in red diamonds; left
posterior SCC VOR gain in blue squares. Mean and standard deviation. Both
gains stay about the same over the period of observation, averaging 0.60 for
the right and 0.62 for the left.

During the initial steeper increase of the right SCC VOR
gain over the first 3-4 weeks, the fellow left SCC VOR gains
also increased, to lesser extent, and mainly at low head-
velocity (Figures 3-5). So, as right lateral SCC high-velocity
VOR gain increased from 0.14 to 0.35, left lateral SCC low-
velocity VOR gain increased from 0.55 to 0.60. As right anterior
SCC VOR gain increased from 0.22 to 0.47, left posterior
SCC VOR gain increased from 0.53 to 0.70. These increases
of the left SCC VOR gains in response to contralesional but
ipsilateral leftward head impulses are, presumably, due to an
increase in the crossed disinhibitory boost that the left vestibular
nucleus type 1 excitatory neurons would normally receive from
reduced activation of the right SCC afferents during leftward
head impulses.

A salient point of this study is how long it can take for
VOR gain to stabilize after acute vestibular neuritis. VOR gain
at the higher horizontal head velocities took more than a
year and a half to stabilize, so the patient was not be able
to compensate effectively for the vestibular deficit during this
period. Catch-up saccades are required to compensate when
VOR gain is inadequate to stabilize gaze in space during
head rotation. Once VOR gain has stabilized at any particular
level, the system is able to “learn” the size of the saccades
required to reorient gaze on the target for that given VOR
level, with overt visually driven saccades initially correcting
for any post-impulse gaze misalignment. However, while VOR
gain is changing, either decreasing or increasing, then the size
of the required saccades at any given head velocity also need

0.8 Rt. Laterals vs. Rt. Anterior

VHIT Gain

Right Lat Gain: Head Vel 180 to 220 deg/sec

0.2
* Right Lat Gain: Head Vel 80 to 120 deg/sec
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FIGURE 6 | Right lateral and anterior SCC VOR gains (vertical axis) as a
function of days (horizontal axis) after the onset of right vestibular neuritis.
Right lateral SCC VOR gain at higher head velocity (180-220°/s) in yellow
circles. Right lateral SCC VOR gain at lower head velocity (80-120°/s) in black
circles. Right anterior SCC VOR gain, at 120-150°/s head velocity, shown in
red diamonds. Mean and standard deviation. Note that VOR gain increase and
fluctuations from the lateral SCC at lower head velocity tends to match anterior
SCC VOR gain.

to change so that the combined vestibular and visual system
responses will be unable to accurately compensate until VOR
gains stabilize.

In our patient right lateral SCC VOR gain increased slowly
but steadily over a period of 500 days after the acute right
vestibular neuritis, to a reach final level similar to left lateral
SCC VOR gain (both about 0.65), with catch-up saccades
correcting for the remaining deficit. In our view, the time-course
of vestibular recovery we show here, more closely resembles
the time-course of peripheral nerve conduction recovery
from demyelination—as in acute inflammatory demyelination
peripheral neuropathy (Guillain-Barre syndrome), than from
axonal degeneration.

LIMITATIONS OF THE STUDY

This study was designed to demonstrate the value of ongoing
monitoring of peripheral VOR gain during a patient’s recovery
period, specifically demonstrating the ease of use of the vHIT
and consequently does not consider caloric or rotating chair tests.
As there is only one patient studied, it cannot be extended to
characterize a general time course of neuritis recovery, but rather
provides an example of one potential outcome.

During the 12th test (day 429), there was insufficient time
available to collect the low-velocity lateral SCC impulses in the
range of 80-120°/s, and so this point is not plotted on the
low-velocity lateral SCC VOR gain curves.

Frontiers in Neurology | www.frontiersin.org

26

July 2020 | Volume 11 | Article 732


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

McGarvie et al.

Monitoring VOR Recovery After Neuritis

CONCLUSIONS

The video head impulse test enables clinicians themselves to
monitor easily, accurately and regularly VOR gain from each
SCC. Monitoring VOR gain could help guide rehabilitation since
recovery of SCC function after acute vestibular neuritis can take
longer than expected.

We emphasize that this is not meant to be a study of a
particular disease. Rather it is an attempt to show how easy
it is with vHIT, a method comparable in degree of difficulty
to an audiogram, to monitor precisely and as often as needed,
semicircular canal function over weeks, months, or years. vHIT
can be used to determine whether semicircular canal function is
stable or is changing, with time or with treatment. We are not
specifically trying to characterize the recovery from vestibular
neuritis; we are trying to show that with the correct tools, we can
expand our understanding of the range of the outcomes of this
and any other vestibular disorder.
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Background: Previous studies have demonstrated spatial cognitive deficits in patients
with bilateral vestibulopathy (BVP). However, BVP patients frequently present with a
concomitant sensorineural hearing loss, which is a well-established risk factor of cognitive
impairment and incident dementia. Nonetheless, previous research on spatial cognitive
deficits in BVP patients have not taken hearing status into account.

Objective: This study aims to compare spatial cognition of BVP patients with healthy
controls, with analyses adjusting for hearing status.

Methods: Spatial cognition was assessed in 64 BVP patients and 46 healthy controls
(HC) by use of the Virtual Morris Water Task (VMWT). Al statistical analyses were adjusted
for hearing (dys)function, sex, age, education, and computer use.

Results: Overall, patients with BVP performed worse on all outcome measures of the
VMWT. However, these differences between BVP patients and healthy controls were not
statistically significant. Nonetheless, a statistically significant link between sensorineural
hearing loss and spatial cognition was observed. The worse the hearing, the longer
subjects took to reach the hidden platform in the VMWT. Furthermore, the worse the
hearing, the less time was spent by the subjects in the correct platform quadrant during
the probe trial of the VMWT.

Conclusion: In this study, no difference was found regarding spatial cognition between
BVP patients and healthy controls. However, a statistically significant link was observed
between sensorineural hearing loss and spatial cognition.

Keywords: spatial cognition, vestibular loss, hearing loss, hippocampus, Morris Water Maze

INTRODUCTION

A growing body of literature recognizes that the function of the vestibular system goes far beyond
balance and gaze stability. Both animal and human research suggests that the vestibular system
plays a critical role in cognition (1-4). According to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-V), cognitive functioning can be subdivided into six domains: language, learning

Frontiers in Neurology | www.frontiersin.org

29 August 2020 | Volume 11 | Article 710


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.2020.00710
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2020.00710&domain=pdf&date_stamp=2020-08-11
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:bieke.dobbels@uza.be
https://doi.org/10.3389/fneur.2020.00710
https://www.frontiersin.org/articles/10.3389/fneur.2020.00710/full
http://loop.frontiersin.org/people/644955/overview
http://loop.frontiersin.org/people/389361/overview
http://loop.frontiersin.org/people/313330/overview
http://loop.frontiersin.org/people/30372/overview
http://loop.frontiersin.org/people/194294/overview
http://loop.frontiersin.org/people/339074/overview
http://loop.frontiersin.org/people/257549/overview

Dobbels et al.

Impaired Spatial Cognition in Bilateral Vestibulopathy

and memory, social cognition, attention, executive function, and
visuospatial abilities (5). Of these, it seems that visuospatial
abilities, which compromises spatial memory and navigation, is
by far the most studied cognitive domain in animals and humans
with loss of peripheral vestibular input (2, 4, 6). For example,
spatial cognition has been studied in patients with vestibular
loss using the Virtual Morris Water Task (VMWT) (3, 7, 8).
This is a virtual version of the Morris Water Maze, considered
the golden standard for assessing spatial cognition in rodents
(9). Impaired spatial cognition has repeatedly been observed in
patients with bilateral vestibulopathy (BVP) (3, 7). Patients with
BVP suffer from a bilateral partial or complete loss of function of
the vestibular structures of the inner ear, vestibular nerves, or a
combination of both. BVP patients often present with oscillopsia
and gait imbalance as primary complaints (10).

The link between spatial cognition and the vestibular system is
of clinical importance for several reasons. First, cognitive training
might yield therapeutic opportunities for BVP. Conventional
treatment for patients with BVP is limited to counseling and
intensive daily vestibular physical therapy to improve gaze and
postural stabilization (11). However, these therapeutic strategies
often remain insufficient (12). Although the utility of cognitive
training has been demonstrated to enhance balance in the elderly
and in patients with mild cognitive impairment and dementia,
cognitive training is not included in the current treatment of BVP
(13, 14). According to a recent computational model, cognitive
training facilitates the central compensation process in BVP
patients by increasing the knowledge about self-motion (15).

Second, interest has been directed toward the link between
cognitive impairment and the vestibular system because of the
rising prevalence of dementia. As in BVP patients, impaired
spatial cognition is among the most frequently observed
cognitive deficits in patients with dementia. One of the hallmark
symptoms of Alzheimer’s disease is wandering behavior and
loss of topographic memory (16). The vestibular system, more
than any other sensory system, makes widespread cortical
projections, including to the hippocampus. The hippocampus is
thought to play a key role in the neuronal substrate underlying
spatial cognitive deficits in BVP patients (4). For instance,
in a leading study by Brandt et al, BVP patients showed
bilateral hippocampal atrophy and spatial cognitive deficits (7).
Interestingly, in Alzheimer’s disease, damage to the hippocampus
is the most important anatomopathological feature (17).

Furthermore, several studies have found significantly poorer
vestibular function in patients with dementia compared with
their healthy peers (18-20).

These observations have led to the hypothesis that vestibular
loss might cause cognitive decline and thus may contribute to
the development of dementia. Given the rising prevalence of
dementia and the lack of curative treatment, the identification of
potentially modifiable risk factors is crucial (21).

In the previous literature, however, little attention has been
paid to the hearing status of vestibular patients when drawing
conclusions about the link between cognitive decline and the
vestibular system. A systematic review pointed out that none of
the studies investigating cognition in BVP patients have adjusted
their analysis for the hearing status of the enrolled subjects (6).

However, because of the close anatomical relationship between
the vestibular system and the cochlea, hearing loss is observed
in up to half of BVP patients (22, 23). Hearing loss is a well-
established risk factor for dementia (24-26). Therefore, it is
uncertain whether the cognitive deficits observed in BVP patients
can be solely attributed to their vestibular loss as previously
assumed. The frequently associated hearing loss in BVP patients
might also play an essential role in their cognitive impairment (6).

The goal of this study is to compare spatial cognitive
performance, assessed using the VMWT, of BVP patients with
healthy controls. In contrast to previous studies, the analyses in
this study were specifically designed to take the hearing loss of
BVP patients into account.

METHODS
Study Design

The current study was a single-center, prospective, cross-
sectional study, recruiting from October 2017 until August 2018
at the Antwerp University Hospital. The study was approved
by the local ethics committee of the Antwerp University
Hospital/University of Antwerp (protocol number 16/42/426)
and informed consent was obtained in all study participants
before the start of the study. The study was registered on
ClinicalTrials.gov (NCT03690817). The majority of the enrolled
participants received general cognitive assessment at another
scheduled appointment on a different day. Results have been
published earlier (27).

Study Participants

BVP patients were recruited from the Otorhinolaryngology,
Head and Neck Surgery Department at Antwerp University
Hospital, Belgium. Inclusion criteria for the BVP group were (1)
BVP disease duration of more than 6 months and (2) definite
diagnosis of BVP as defined by the diagnostic criteria of the
Barany Society (28):

a) Horizontal angular vestibulo-ocular reflex (VOR) gain < 0.6
measured by the video head impulse test (vHIT), and/or

b) Reduced caloric response (sum of bithermal, 30 and 44°,
maximum peak slow phase velocity (SPV) on each side
<6°/s), and/or

¢) Reduced horizontal angular VOR gain < 0.1 upon sinusoidal
stimulation on a rotatory chair.

Control participants were recruited by means of the population
registries at the local city councils in southern Antwerp
(Belgium), by advertisements in the hospital, and by approaching
friends, family, and colleagues. Only control subjects with
no history of vertigo, scores <5 on the Dizziness Handicap
Inventory, and normal hearing thresholds at 0.25-8 kHz, based
on age and sex (defined by the BS 6951:1988, EN 27029:1991, and
ISO 7029-1984 standards), were enrolled in the study.

The following additional inclusion criteria were applied for
both BVP patients and healthy controls: (1) age >18 years, (2)
fluency in Dutch, (3) no history of neurological diseases (e.g.,
dementia, Parkinson’s disease, cerebrovascular accident, etc.), (4)
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absence of clinical signs indicating dementia or mild cognitive
impairment, and (5) normal or appropriate corrected vision.

Regarding the necessity of computer use in the VMWT, all
participants were asked about their frequency of computer use
(daily vs. 2-5 days/week vs. seldom/never). Education of all
participants was categorized as primary school, lower secondary
school, upper secondary school, and college/university.

Vestibular Testing

By enrollment in the study, all BVP patients received new
neuro-otological testing on site. The evaluation of the lower and
mid frequencies function of the lateral semi-circular canals was
performed by electronystagmography with bithermal caloric tests
and rotatory chair test (Nystagliner Toennies, Germany). At our
clinic, rotatory chair tests are performed using sinusoidal rotation
(0.05Hz) with a peak velocity of 60°/s (29). More detailed
methodology and normative data were previously described
(29). High-frequency function of all six semi-circular canals
was measured by the VHIT. In the standard procedure used at
our clinic, 10 valid head impulses are required for each canal.
Angular head velocity was determined by three mini-gyroscopes,
eye velocity by means of an infrared camera recording the right
eye, all incorporated in commercially available VHIT goggles
(Otometrics, Taastrup, Denmark). VOR gain was defined as
the ratio of the area under the eye velocity curve to the head
velocity curve from the impulse onset until the head velocity was
again 0 (30).

The Virtual Morris Water Task (VMWT)
To assess spatial learning and spatial memory retrieval, the
VMWT was used. This task was designed by Derek Hamilton
and was inspired by the original animal research tool, which
is considered the gold standard for testing spatial cognition in
rodents (9, 31). A 15.6-in. PC laptop monitor was used to display
the virtual environment generated by the VMWT software
version 1.10 (Neuro Investigations). In this task, participants had
to navigate toward a hidden platform as fast as possible. The
virtual environment consisted of a round pool, located in the
middle of a square room. Each wall of the room contained a
different visual cue on which a participant could rely to find his
way to the hidden platform. The cues were positioned in such
a way that the platform could not be encountered by simply
moving toward a single cue (see Figure 1). On the computer
screen, a first-person view of the virtual environment was shown.
Participants could move in the pool by using the arrow keys on
the keyboard. Backward movement or up-down movement was
not possible.

Before testing, all participants were given the same written
instructions. Afterwards, time to ask questions to the examiner
was foreseen. In both groups, four phase trials were performed:

Phase |—Exploration Trial

The first part consisted of one block of four trials with a hidden
platform. Participants were familiarized with the concept of the
game and the use of the key arrows. By observing the participant,
the examiner checked for good understanding of the task. When
necessary, supplemental explanations were given.

=

FIGURE 1 | The environment of the Virtual Morris Water Task. Overview of the
virtual environment used in the Virtual Morris Water Task, with on each wall a
different visual cue. The platform is indicated by the black square in the
northeast quadrant of the pool.

Phase ll—Hidden Trial

The test was started with 20 hidden platform trials. A virtual
environment with different visual cues was used than in the
exploration trial (see Figure 2). The hidden platform was located,
in all trials, at the same spot in the northeastern quadrant of the
pool. As it was submerged underneath the pool’s surface, it was
not visible to the participants. Starting locations during each trial
were sampled pseudo-randomly from the four cardinal direction
points of the pool. If participants were unable to find the hidden
platform after 60 s, the platform was made visible and a message
appeared prompting the participant to swim to the platform.
During each of these trials, three measures were computed:

- The latency, i.e., time to reach the platform.

- The covered path length, i.e., total distance traveled, divided by
the pool diameter.

- The heading error, when the participant has traveled a distance
>25% of the pool diameter from the start position; the angular
deviation is computed between the straight trajectory to the
center of the platform and the starting position (see Figure 3).

Performance during these hidden platform trials represent a
measure for spatial learning performance.

Phase lll—Probe Trial

Subsequently, the platform was removed from the pool,
unbeknownst to the participants. In this one trial, we measured
the percentage of time a participant spent in the platform
quadrant. A higher percentage was considered to be related to
a better spatial memory retrieval of the participant.
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FIGURE 2 | The user’s view during the Virtual Morris Water Task. Spatial
cognition was assessed by the Virtual Morris Water Task. This figure shows the
first-person view of the virtual environment, presented on a computer screen.

Position after travelling Straight trajectory

25% of pool diamter

Starting point

FIGURE 3 | Heading error in the Virtual Morris Water Task. During the hidden
trials of the Virtual Morris Water Task, the heading error («) is computed. When
the participant first reaches a distance >25% of the pool diameter from the
starting point, the angular deviation from a straight trajectory to the platform is
measured. The smaller the heading error, the better the spatial orientation of
the participant.

Phase IV—Visible Trials
The last part of the test represents a control task for motor
condition. Participants had to perform eight visible trials in
which the platform was visible and participants had to swim to
the platform as soon as possible. Again, latency and path length
were recorded for each trial.

Hearing Assessment

To correct cognitive outcome measures for the hearing status of
the enrolled participants, a pure tone audiometry was performed.
The unaided hearing thresholds were measured in a sound-
isolated booth. For air conduction, hearing thresholds were
determined at 125, 250, 500, 1,000, 2,000, 3,000, 4,000, 6,000, and
8,000 Hz using a two-channel Interacoustics AC-40 audiometer

and insert earphones. Bone conduction thresholds were tested
at 250, 500, 1,000, 2,000, 3,000, and 4,000 Hz. The high Fletcher
index, which is the mean of air conduction hearing thresholds at
1, 2, and 4kHz, was calculated for both ears. The hearing status
of a participant was defined by the high Fletcher index of the
better-hearing ear.

Data Collection and Statistical Analysis

Data were stored in OpenClinica LLC (Waltham, MA, USA),
a secured online database for electronic data registration
and data management developed for clinical research. For
statistical analyses, IBMS SPSS Statistics (IBM Corp. Released
2016. Version 24.0. Armonk, NY) and “R” was used (R:
A language and environment for statistical computing.
Released 2013. R Foundation for Statistical Computing,
Vienna, Austria).

Depending on distribution, demographic data were analyzed
with either t-test and x? test, or Mann-Whitney test and
Fisher’s exact test. Analogous to previous work, the 20 hidden
platform trials were divided into three blocks: block 1 with
trials 1-4, block 2 with trials 5-12, and block 3 with trials
13-20. First, for each performance variable of the hidden
trial (latency, path length, and heading error), a linear mixed
model was fitted. A random effect of individual was added
to account for the non-independence between observations
from the same individual. Fixed effects included group (BVP
vs. healthy controls), time (repeated measurements during
the three blocks of trials), and their interaction. The latter
interaction term evaluates whether there is a difference in
learning between BVP patients and healthy controls during the
VMWT. In other words, a statistically significant interaction
term points out that during all 20 hidden trials, one group
progressively found the platform faster compared with the
other group, indicating a better learning curve in this group
throughout the test.

In the absence of a significant interaction, linear mixed
models were fitted for all performance variables of the hidden
trials, with the main factors group (BVP vs. healthy controls)
and time (repeated measurements during the three blocks of
trials), without interaction term and hearing status as indicated
by the high Fletcher index. Using these models, we evaluated
whether there was a statistically significant different performance
between the two participant’s groups, BVP and healthy controls,
across all trial blocks. Moreover, using this model, we assessed
whether there was a statistically significant main effect of the
hearing status on VMWT performance. In all of these models,
the following covariates were added: age, sex, computer use,
and education.

To compare the spatial memory retrieval during the probe
trial, a multiple linear regression model was fitted with the main
factors group (BVP vs. healthy controls) and hearing status
(high Fletcher index of the better-hearing ear). Again, age, sex,
computer use, and education were entered as covariates.

Finally, mean path lengths and latencies during the 10 visible
trials were computed and used as dependent variables in a similar
multiple linear regression model.
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RESULTS

Participant Characteristics

Sixty-four BVP patients with a mean age of 59 & 14 years met
the study inclusion criteria; 60% of them were male. Forty-six
healthy controls with a mean age of 48 + 17 were enrolled in
the study; 44% of them were male (Table 1). The BVP group
was gender matched to the control group. BVP patients were on
average older, less educated, and had less computer experience

TABLE 1 | Demographic data.

BVP patients Healthy controls P-value

n =64 n =46
Age (mean, SD) 59 (14) 48 (17) <0.05
Sex (n, %) 0.1
Male 38 (60) 20 (32)
Female 26 (33) 26 (57)
Years of education (mean, SD) 133 17 (3) <0.05
Computer use (n, %) <0.05
Seldom/never 15 (27) 2 (6)
2-5 days/week 10 (18) 4 (11)
Daily 31 (55) 30 (83)
Hearing performance: pure tone audiometry
Fletcher index better-hearing 58 (34) 11(12) <0.05

ear (mean, SD in dB)

BVF, bilateral vestibulopathy; dB, decibel.

than healthy controls (p < 0.05). Hearing loss was more frequent
in BVP patients (High Fletcher index 58 £ 42 dB in BVP patients
vs. 11 £ 12 dB in healthy controls, p < 0.05). To diagnose
BVP, the Barany Society criteria needed to be fulfilled (28). Forty
percent of BVP patients met all Bardny Society criteria: a bilateral
reduced response on caloric testing, rotatory chair test, and vHIT.
In 30% of BVP patients, two out of three Barany Society criteria
were fulfilled, and in the remaining 30% of the BVP patients there
was only found a vestibular hypofunction in one of the three
vestibular tests (Figure 4). The mean gain of the left and right
VHIT was, respectively, 4.2 £ 0.3 and 0.47 = 0.3. The mean gain
on the rotatory swing was 0.08 £ 0.08.

An underlying cause of vestibular loss could not be identified
in 33.9% of BVP patients. With a prevalence of nearly 20%,
a mutation in the COCH gene causing DFNA9 was the most
frequent underlying non-idiopathic etiology in our BVP cohort
(35). In 16% of BVP patients, an infectious cause was found
(e.g., meningitis, neuritis, Lyme disease). Meniere’s disease and
head trauma accounted for, respectively, 6 and 11% of BVP
causes. In four BVP patients, an ototoxic cause was suspected
(three aminoglycosides antibiotics and one chemotherapy, not
further specified).

Results of the VMWT

Hidden Platform Trials: Spatial Learning

First, during the hidden platform trials, a significant main effect
of time was found for all outcome measurements, indicating
faster determination of the hidden platform location over time
(see Table2). No statistically significant interaction between

All three criteria
fulfilled (40%)

VHIT, calorics, rotatory chair

diagnosis.

FIGURE 4 | Vestibular test results of BVP patients. According to the Bérany criteria, only one of the vestibular tests have to be bilaterally impaired to establish a BVP

One criterium

fulfilled (30%)

VHIT (1,6 %)
Rotatory chair (4,7 %)

Calorics (23,4 %)

VHIT & rotatory chair (11,0 %)

VHIT & calorics (9,4 %)

Rotatory chair & calorics (9,4%)

Two criteria
fulfilled (30%)
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group X time was found in any of the outcome measures. This
indicates that, regardless of the absolute outcome measurements
in both groups, the learning curve in BVP patients was not
significantly slower than in healthy controls. This is also
illustrated by a similar slope of the curves in BVP patients and
controls showed in Figures 5-7.

Second, as shown in Figures 5, 6, BVP patients took both
more time and longer paths, compared with healthy controls, to
reach the hidden platform during all three trial blocks (1-4, 5-
12, and 13-20). Likewise, the heading error of BVP patients was
larger during all three trial blocks (see Figure 7). Importantly, in
linear mixed models no significant group effect for latency, path
length, or heading error was found. In other words, the worse

TABLE 2 | Results of the linear mixed models used for the hidden platform trials of
the Virtual Morris Water Maze.

P-value Group Hearing status Age
(effect size if (BVP vs. (high Fletcher index of

p < 0.05) healthy controls) better-hearing ear)

Latency 0.16 0.006 (0.11) <0.001 (0.86)
Path length 0.28 0.76 0.04 (0.01)
Heading error 0.32 0.56 <0.001 (0.9)

Outcome measures for spatial learning were (1) latency, (2) path length, and (3) heading
error. All analyses adjusted for age, sex, computer use, education, and hearing loss. A
p < 0.05 indicates a statistically significant main effect of the examined factor.

BVF, bilateral vestibulopathy.

performance of BVP patients compared with healthy controls
was not statistically significant. All these analyses were adjusted
for hearing status, age, sex, computer use, and education. Third,
a statistically significant association between hearing loss and
spatial learning was seen. The higher the Fletcher index, the
longer the latencies were during the hidden trials (p = 0.006,
effect size 0.11). As the Fletcher index increased by 1 dB, the
latency was 0.11 second longer. There was no significant effect
of hearing loss on path length or heading error.

Probe Trial: Spatial Memory Retrieval
During the probe trial, BVP patients searched 38% (£23.3) of
their time in the correct quadrant, whereas healthy controls spent
52.1% (£22.7) in the correct quadrant. However, this difference
was not statistically significant between the two groups (p-value
in multiple linear regression model of groups = 0.9).
Nonetheless, the analysis revealed a significant main effect
of hearing loss on relative amount of time spent in the correct
quadrant (p = 0.05, § —0.1). This indicates that the worse the
hearing, the poorer the memory retrieval. The results of the probe
trial are demonstrated in Figures 8, 9.

Visible Trials: Motor Control Condition

No significant effects of group or hearing status were found
during the visible platform trials regarding latency, path length,
and heading error. This indicates that BVP patients showed
no difference in their motor control condition, compared with

Latency (in s)

Hidden trials Hidden trials Hidden trials Visible

1-4 5-12 13-20 1-10
100 (s)

[ ev

[ ke
60
30

o
0

FIGURE 5 | Latencies from patients with bilateral vestibulopathy and healthy controls. This figure shows performance of patients with bilateral vestibulopathy (BVP,
red) and healthy controls (HC, blue) during the 20 hidden platform trials and 10 visible platform trials of the Virtual Morris Water Maze. The latency, defined by the time
in seconds needed to find the platform, is a measure for spatial learning. During all hidden platform trials, HC outperform BVP patients.
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worse than HC.

FIGURE 6 | Path length from patients with bilateral vestibulopathy and healthy controls. This figure shows performance of patients with bilateral vestibulopathy (BVP,
red) and healthy controls (HC, blue) during the 20 hidden platform trials and 10 visible platform trials of the Virtual Morris Water Maze. The path length, defined by the
relative distance to the pool diameter covered to reach the platform, is a measure for spatial learning. During all hidden platform trials, performance of BVP patients is

healthy controls. Results of the visible trials are shown in
Figures 5-7.

DISCUSSION

The present study was designed to evaluate whether BVP patients
suffer from spatial cognitive deficits compared with healthy
controls. Furthermore, the analyses in this study were especially
set out with the aim of evaluating the importance of concomitant
hearing loss of BVP patients regarding the suspected relationship
between cognition and the vestibular system.

In one of the largest BVP patient group so far, this study found
a worse performance on all outcome measures of the VMWT
in BVP patients compared with healthy controls. However, this
difference was never statistically significant between the BPV
group and the healthy control group. In contrast to earlier
studies, all statistical analyses of this study included correction for
hearing (dys)function. Although no significant group difference
was observed, it seemed that, on the other hand, hearing loss was
found to be statistically significantly associated with worse spatial
cognition. The worse the hearing of BVP patients, the worse the
spatial learning indicated by longer latencies in the hidden trial
of the VMWT. Likewise, in the probe trial, hearing loss resulted
in less time spent in the platform quadrant, which suggests worse
spatial memory retrieval.

Vestibular Loss and Spatial Cognition

Previous studies have not dealt with the hearing status of the
enrolled BVP patients when drawing conclusions about the
relationship between vestibular loss and cognitive decline (6).
Given the observed statistically significant effect of hearing
loss on spatial cognition, this study highlights the need to
correct for hearing loss when evaluating cognition in vestibular
patients. Furthermore, our findings raise intriguing questions
regarding the assumed link between cognition and the vestibular
system. According to our results, it could be questioned whether
the spatial cognitive deficits of BVP patients might be solely
attributed to their hearing loss and not to their vestibular loss.
However, it is important to bear in mind that the control group
in this study included subjects with normal age-appropriate
hearing. Hence, some of the control subjects suffered from
presbyacusis, but overall the prevalence of hearing loss in the
control group is low. Therefore, results should be interpreted
with caution and it cannot be concluded that hearing loss is
the only factor resulting in the spatial cognitive deficits of
BVP patients. Vestibular loss might play an additional role.
Moreover, previous studies observing spatial deficits in BVP
patients included patients with complete vestibular loss. In this
study, patients with BVP, as defined by the Bardny criteria,
were included. This implicates that also patients with partial
vestibular loss were included, for example, preserved function
on vHIT in the absence of caloric function (7). Future work
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FIGURE 7 | Heading errors from patients with bilateral vestibulopathy and healthy controls. This figure shows the performance of patients with bilateral vestibulopathy
(BVP, red) and healthy controls (HC, blue) during the 20 hidden platform trials and 10 visible platform trials of the Virtual Morris Water Maze. The higher the heading
error, the worse the performance and thus spatial learning. In all hidden trials, the heading errors of BVP patients are higher than those of HC.

is required to further unravel the link between cognition,
vestibular loss, and hearing loss. An interesting study protocol
would be to compare spatial cognition between four groups:
healthy controls, patients with hearing dysfunction and normal
vestibular function, patients with normal hearing and vestibular
dysfunction and finally, patients with both vestibular and
hearing dysfunction.

Nonetheless, for all future studies investigating cognition in
BVP patients, our results implicate that it is obligatory to take the
hearing status of BVP patients into account.

Hearing Loss, Spatial Cognition, and the

Hippocampus

In accordance with the present results, previous studies have
demonstrated a link between spatial cognition and hearing
loss. A recent meta-analysis showed a significant impairment
of visuospatial abilities in patients with hearing loss across
cross-sectional studies, using a wide variety of spatial cognitive
tasks (26).

Two recent animal studies investigated spatial cognition using
the Morris Water Maze (36, 37). Mice with presbyacusis were
found to have worse spatial learning and spatial memory retrieval
compared with mice with normal hearing (36). Likewise, mice
with noise-induced hearing loss showed poorer performance
during the Morris Water Maze (37). This was pointed out by

longer latencies during the hidden platform trials and less time
spent in the platform quadrant during a probe trial in mice with
noise-induced hearing loss compared with mice with normal
hearing. It is important to note that mice typically do not perform
well in the Morris Water Maze and authors suggest that they
might not use spatial strategy. Hence, caution should be taken
to extrapolate these findings to humans (38).

The hippocampus is the area of the brain that has long
been implicated in spatial memory. Animal and human studies
have shown altered functioning and even atrophy of the
hippocampus in subjects with vestibular loss [for review see
(4)]. Interestingly, the poorer spatial performance of mice with
hearing loss was also accompanied by a decrease of hippocampal
neurogenesis (37). As the Morris Water Maze does not rely
upon auditory function, authors hypothesize that the auditory
input plays a maintenance role for hippocampal function and
neurogenesis (37). However, it should be noted that exposing
mice to noise trauma does not only result in hearing loss but
might also induce peripheral vestibular damage (39, 40). This
has not been taken into account in the study. Hence, it is
possible that the decreased hippocampal neurogenesis observed
in mice with noise-induced hearing loss is (partially) related
to a loss of peripheral vestibular input. Vice versa, despite the
extensive previous research, many questions remain about the
neuroanatomical substrate underlying the association between
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the vestibular system, spatial cognition, and the hippocampus.
Little research has been carried out to investigate if subjects
with hearing loss have altered hippocampal function and volume.
Hence, it could conceivably be hypothesized that hearing loss
plays a role in the assumed neuroanatomical pathways between

Probe trial
100

[:] BVP
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90
80

70

60
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40

correct quadrant

30

20

Percentage of time searched in the

10

FIGURE 8 | Results of the probe trial of the Virtual Morris Water Task. This
boxplot shows the performance of BVP patients (red) and healthy controls
(blue) during the probe trial. Spatial memory retrieval was defined by the
relative amount of search time (%) spent in the correct quadrant of the pool.

the peripheral vestibular input and the hippocampal and cortical
areas involved in spatial cognition.

The VMWT to Assess Spatial Cognition in
BVP Patients

In previous literature, the VMWT seemed to be one of the
most used tools to assess spatial cognition in vestibular patients
(2). In patients with complete loss of vestibular input after a
bilateral vestibular neurectomy, distinct poorer performance was
observed on the hidden and probe trials of the VMWT (7). In a
more recent study of the same group, patients with severe but
incomplete BVP showed more subtle spatial cognitive deficits
(3). Likewise, in patients with a unilateral loss of vestibular
input, only one of the outcome measures was impaired in
patients with right unilateral vestibulopathy. In the patients with
left unilateral vestibulopathy, none of the outcome measures
differed significantly from controls (8). These results suggest that
with increasing loss of peripheral vestibular input, the spatial
cognition decreases. In our study, most BVP patients suffered
from a deep but incomplete loss of vestibular function. It is
possible, therefore, that the worse VMWT performance in our
BVP patients did not yield statistically significance level.
Furthermore, the purely stationary set-up of the VMWT
might underestimate the real-life spatial cognitive deficits of
BVP patients as a result of loss of vestibular input. Previous
research has established that, while navigating, an “inner neural
map” is created, based on peripheral vestibular input. This
neural representation of the external environment is computed
in the hippocampus and entorhinal cortex and consists of several
cooperative cell types: angular head velocity cells; head direction
cells; place and grid cells (41). Rodent studies have demonstrated
that vestibular input modulates the activity of the head direction
cells and the place cells (33, 42). As the VMWT is static, the
task does not rely on any vestibular input from real locomotion.

Percentage of time spent in the correct
quadrant

-20 0 40

OO o

FIGURE 9 | Hearing thresholds and performance in the probe trial. This figure indicates the worse the hearing (higher hearing thresholds or Fletcher indexes), the
worse the performance on the VMWT probe trial (Iless time spent in the correct quadrant).
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Hence, it is likely that real-life navigation tasks will be more
sensitive to reveal spatial cognitive deficits in BVP patients.

Moreover, attentional deficits are demonstrated in BVP
patients (3, 6, 43). According to Kahneman’s Capacity Model
of Attention in which an individual has a limited total amount
of cognitive resources available to divide among mental tasks,
dual tasking might be more demanding in BVP patients because
of the increased attentional need for keeping balance (34). As
subjects stay seated during the VMWT, attentional resources can
be fully directed toward the spatial memory task. This might
be a second reason why the VMWT underestimates the real-life
spatial cognitive deficits of BVP patients.

To sum up, the VMWT is a widely used method to
assess spatial cognition in humans (9). Several studies have
demonstrated spatial cognitive deficits in BVP patients, using the
VMWT (3, 7, 8). However, previous studies have not dealt with
the concomitant hearing loss of BVP patients. As hearing loss is
a risk factor for dementia, this might be an important forgotten
factor. This is the first study investigating spatial cognition by
use of the VMWT in a BVP group as large as 64 patients, and
with correction for the hearing (dys)function in all analyses. All
outcome measures of the VMWT were worse in BVP patients
compared with healthy controls; however, these differences
were not statistically significant. Contrarily, hearing loss was
statistically significantly associated with worse spatial learning
and spatial memory retrieval. Regarding our study protocol with
healthy controls without severe hearing loss, it is not excluded
that vestibular loss has an additional effect on spatial cognition.
Nonetheless, our findings confirm the negative repercussion of
hearing loss on spatial cognition (26), and highlight the need
to correct for hearing loss when investigating cognition in a
vestibular population group.

Both vestibular and hearing dysfunction are prevalent in the
elderly (32, 44, 45). Given the rising prevalence of dementia, and
the current lack of therapy, future studies are needed to identify
modifiable risk factors (16). Therefore, the link between cognitive
decline and the hippocampus on the one hand and hearing
loss and vestibular loss on the other hand needs to be further
unraveled. To develop a full picture, a study protocol that would
additionally include patients with normal vestibular function but
different levels of sensorineural hearing loss would be interesting.
Furthermore, considering the static and single task paradigm
involved in the VMWT, real navigation tasks might give more
insights in the potential spatial cognitive deficits related to the
loss of vestibular input.

Limitations

The subjects in our HC group were not perfectly matched to
BVP patients regarding age, education, and computer experience.
As HC were on average younger, more educated, and more
computer experienced, VMWT performance could be relatively
overestimated in the HC group. Regarding the observed negative
effect of hearing loss on spatial cognition (longer latencies and
less time spent in the correct quadrant), it is important to bear
in mind that the majority of patients with hearing loss were in
the BVP group. Therefore, it is not excluded that vestibular loss
plays an additional role in spatial cognition, which could not
be observed in this study protocol using healthy controls with

normal hearing. Second, there was a correlation with hearing loss
and age. Although all models were corrected for age, it is not
excluded that age might play an important role in the observed
link between spatial cognition and hearing loss.

CONCLUSION

The present study assesses spatial cognitive performance in one
of the largest BVP cohorts so far. The study was especially
designed to determine the relative importance of hearing loss
in spatial cognition of BVP patients, as this has been frequently
overlooked. We found worse spatial cognitive performance on all
outcome measures of BVP patients. However, these differences
were not statistically significant between the BVP patients and
healthy controls, when corrected for age, gender, education, level
of computer use, and hearing loss. Interestingly, only hearing loss
was found to be statistically significantly associated with worse
spatial cognition. These findings highlight the need to correct
for hearing loss in future studies investigating cognition in BVP
patients. As the control group did not include subjects with severe
hearing loss, an additional effect of vestibular loss on spatial
cognitive performance cannot be excluded.
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Mal de Debarquement syndrome (MdDS) is composed of constant phantom sensations
of motion, which are frequently accompanied by increased sensitivity to light, inability
to walk on a patterned floor, the sensation of ear fullness, head pressure, anxiety, and
depression. This disabling condition generally occurs in premenopausal women within 2
days after prolonged passive motion (e.g., travel on a cruise ship, plane, or in a car). It
has been previously hypothesized that MdDS is the result of maladaptive changes in the
polysynaptic vestibulo-ocular reflex (VOR) pathway called velocity storage. Past research
indicates that full-field optokinetic stimulation is an optimal way to activate velocity
storage. Unfortunately, such devices are typically bulky and not commonly available.
We questioned whether virtual reality (VR) goggles with a restricted visual field could
effectively simulate a laboratory environment for MdDS treatment. A stripes program for
optokinetic stimulation was implemented using Google Daydream Viewer. Five female
patients (42 + 10 years; range 26-50), whose average MdDS symptom duration was 2
months, participated in this study. Four patients had symptoms triggered by prolonged
passive motion, and in one, symptoms spontaneously occurred. Symptom severity was
self-scored by patients on a scale of 0-10, where O is no symptoms at all and 10 is the
strongest symptoms that the patient could imagine. Static posturography was obtained
to determine objective changes in body motion. The treatment was considered effective
if the patient’s subjective score improved by at least 50%. All five patients reported
immediate improvement. On 2-month follow-ups, symptoms returned only in one patient.
These data provide proof of concept for the limited-visual-field goggles potentially having
clinical utility as a substitute for full-field optokinetic stimulation in treating patients with
MdDS in clinics or via telemedicine.

Keywords: Mal de Debarquement syndrome, velocity storage, readaptation, rocking, swaying, bobbing

INTRODUCTION

Yakushin SB, Zink R, Clark BC and
Liu C (2020) Readaptation Treatment

of Mal de Debarquement Synarome Mal de Debarquement syndrome (MdDS) is a debilitating phantom sensation of motion that

With a Virtual Reality App: A Pilot
Study. Front. Neurol. 11:814.
doi: 10.3389/fneur.2020.00814

generally occurs within 48h after prolonged transportation (motion triggered, MT) or with
no specific motion preceding it (spontaneously occurred, SO) (1). The most frequent motion
sensations are of rocking (forward back), swaying (side-to-side), bobbing, walking on a trampoline,
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or gravitational pull in a specific direction. Motion sensations
are frequently accompanied by psychosomatic symptoms such as
brain fog, fullness of ears, heavy head and heavy leg sensations,
fuzzy vision, fatigue, and high sensitivity to fluorescent lights,
computer screens, and unsteadiness in crowds (2). The distinct
difference between MdDS and the other vestibular disorders is
that symptoms of MdDS are temporarily relieved by passive
motion (1).

Head rotation is sensed by hair cells located at the ampulla of
the semicircular canals of the inner ear. When the head is rotated
at a constant velocity, primary vestibular afferents sense this
rotation for &4 s from the rotation onset (3-5). At the same time,
when the subject is rotated in darkness at a constant velocity,
this rotation induces eye nystagmus that lasts 12-20s (6), which
is longer than the response time of the primary afferents. Thus,
information about head velocity must be stored in the brain to
produce such an extended eye response. In the 1970s, two groups
of scientists simultaneously came to the concept that they called
velocity storage mechanism (integrator) (7, 8). Despite minor
differences in the two proposed models, both suggested that
velocity information is temporarily stored in the brain. Because
nystagmus dies away within 12-20s, the integrator was modeled
with a leak of stored velocity signal. Both models assumed that
the vestibulo-ocular reflex (VOR) is composed of 3-neuronal
(direct) VOR pathway that is more or less independent of the
polysynaptic velocity storage (indirect) pathway.

Over the next three decades, the spatial properties of the
velocity storage were intensively investigated (9-11). One of
the most important findings was that velocity storage could be
identically activated either by head rotation or by optokinetic
stimulation (OKS) (7). If the subject is kept in darkness in
the upright position after the horizontal optokinetic nystagmus
(OKN) was induced, OKN is followed by horizontal optokinetic
after nystagmus (OKAN), which dies away with the time constant
of velocity storage (12, 13). A second important finding was that
when horizontal OKN is induced with the subject tilted relative
to gravity, it induces vertical or torsional OKAN components,
depending on head orientation relative to gravity. As a result,
when nystagmus is initiated off the vertical axis, the axis of eye
rotation (eigenvector) during OKAN tends to align with the axis
of gravity (12, 13).

OKN through velocity storage mechanism complements the
function of the vestibular system by prolonging eye movement
response to constant velocity of rotation in light (9, 10). While
gain (slow-phase eye velocity/stimulus velocity) of the vestibular
function is optimal at high frequencies (14-16), the gain of OKN
is optimal at low frequencies and low peak velocities (17).

Lesion of the foveal area in primates did not affect the
profile of slow-phase eye velocities of OKN (18). This implies
that true OKN and velocity storage are generated by the visual
periphery (19). As such, it is logical to assume that full-field
OKN stimulation should be stronger than visual stimulation of
the restricted visual field. Indeed, it has been shown that edges
of the visual field affect OKN (20). Thus, OKS with restricted
visual field may not be as effective as a full-field OKN. While
the size of the visual field is a factor (21), however, it is less
relevant for low-speed OKN, which is commonly used for MdDS

treatment (22, 23). Human horizontal visual field is about +=105°,
while vertical is only 50 and 70° when looking up and down,
respectively (24). It was previously demonstrated that goggles
with limited field (+44° horizontally and +36° vertically) can
adequately activate velocity storage (13). The visual field of our
virtual reality (VR) goggles was approximately £45° horizontally
and vertically, which is comparable with what was previously
used to activate velocity storage (13). Thus, the purpose of this
project was to determine whether limited-field OKN produced
by VR goggles could substitute for full-field OKN in successful
treatment of MdDS. The velocity storage integrator is a network
of neurons between left and right rostral medial and superior
vestibular nuclei (25). Neurons that code velocity storage utilize
GABAg as a transmitter (26-28). Their firing rate is not related
to eye movement per se but is related to head velocity. This is
why they are called vestibular-only (VO) neurons. Their firing
rate, however, is modulated by OKN (29-31). VO neurons do not
project directly to the oculomotor plant (32) but rather are a part
of the polysynaptic (indirect) VOR pathway (31). Many of them
project to the spinal cord and are part on the vestibular postural
control (33).

The gain (eye velocity/head velocity) of the direct VOR
can be modified (adapted) within minutes by changing the
visual feedback in response to head rotation (34-36). However,
induced changes are reversed back within the same time if
conditions change (37, 38). VOR gain adaptation can be induced
with a specific context (39-41). Contextual adaptation is more
prolonged, and gain changes induced in 1h can last for several
days (42, 43).

Similar to the direct 3-neuronal VOR pathway, horizontal
(yaw), vertical (pitch), and torsional (roll) components of velocity
storage can be adapted (44). This is a key foundational premise
for the MdDS treatment approach proposed by Dai et al. (2,
45). The full-field OKN induces a sensation of body rotation
in the direction opposite to stripes motion (vection) that
is indistinguishable from actual rotation in light with stripes
stationary in space (46). It was recently demonstrated that
amounts of vection and velocity storage are directly correlated
(47). Thus, according to VOR readaptation hypotheses, when
the ship is turning relative to the coastline, it induces horizontal
OKN (yaw axis rotation), if the passenger is facing the ship’s
direction of motion. At the same time, all ships are oscillating
side-to-side at ~0.2 Hz, which is a dominant frequency of water
oscillation in the ocean (48). The ship’s side-to-side oscillations
induce head oscillations about the naso-occipital (roll) axis.
Simultaneous head rotation about 2-axis according to Euler’s
rotational theorem is inducing rotation about third (pitch) axes
(49). Thus, if the passenger is facing the motions, oscillations
about pitch axis can be stored in the velocity storage part of the
VOR pathway (44, 50). Similarly, if the patient stands sideways
to the ship’s long axis, oscillations in roll can be stored as a
contextual learning. This stored information is interpreted by
the brain as a sensation of body rocking or swaying, when the
passenger steps off the ship.

It was proposed that permanent changes in VOR that occurred
in MdDS patients after traveling could be reversed by activating
the polysynaptic velocity storage path of VOR with a full-field
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OKN, while the head is oscillated side-to-side or up-down.
Head oscillations side-to-side induce cross-coupled sensations of
head motion forward-back (44). Head motion up—down induces
sensations of swaying side-to-side. Thus, to treat rocking, the
velocity storage should be activated in the direction that is
opposite to what was experienced during traveling. If the stored
sensation is rocking, the head during the treatment should be
oscillated side-to-side. If the sensation is side-to-side swaying, the
head should be moved up-down (44). If the head is oscillated at
the frequency of phantom motion, in both cases, this treatment
induces sensations of motion that are out of phase with the
phantom motion. As a result, the induced and stored sensations
should cancel each other, and phantom sensation is reduced
or cured.

METHODS
Study Participants and Study Overview

We sought to conduct a proof-of-concept study examining the
utility of this limited-field OKN VR system in delivering VOR
readaptation treatment to patients with MdDS. To this end, five
women volunteered to undergo VOR readaptation treatment
using the limited-field OKN VR system. Over the last 5 years,
the Vestibular Treatment Center of Mount Sinai has provided
treatment of MdDS daily, with about five to six applications
each week. Patients for the present study were selected from this
applicant database. Local patients were preferred because they
could be called back for the original treatment if the VR goggle
treatment did not work. Thus, four out of five patients in this
study were local. Only female patients were considered because
MdDS is more common among females than among males. All
study participants reported experiencing MdDS symptoms for at
least 1 month, and four of the five subjects attributed their MdDS
symptoms to passive motion exposure (e.g., a cruise). Additional
characteristics of the study participants are described in the
results. Three of the study participants underwent four treatment
sessions, one underwent seven, and another one underwent two
treatment sessions. The Mount Sinai Institutional Review Board
(IRB) approved the protocol, and all subjects provided written
informed consent.

On the first treatment day, spontaneous nystagmus, static
post-urography, and Fukuda tests were administered to
determine the direction of the OKN visual stimulus and the
frequency of the head oscillation as previously described (2, 45).
Treatment was delivered with OKN at 5°/s.

Development and Implementation of the

Limited-Field OKN VR System

We developed a limited-field OKN VR system using a mobile
Google Daydream app using the Unity3D graphics engine, which
we have previously described (51). This app is not currently
publicly available, but researchers interested in utilizing this
app can contact the Ohio Musculoskeletal and Neurological
Institute at omni@ohio.edu for more information. In brief,
stripes moving left, right, up, and down were implemented in
four different programs. The speed of stripes could be adjusted
in 5°/s increments from 0 to 20°/s. During the treatment,

stripes’ orientation to gravity remained unchanged despite
head motions. Initially, Google Cardboard was selected as the
development hardware for the intended MdDS treatment app.
A prototype was implemented using Open Graphics Library for
Embedded Systems (OpenGL ES) in the native Android Software
Development Kit (SDK). While the prototype app was functional,
we found out that many Google Cardboard goggles on the market
were hard to secure firmly on one’s head and had difficulty
avoiding slight movement while the head was in motion. In
the second phase of the project, to provide a better VR user
experience, we switched to Google Daydream viewers and used
Unity3D, a mobile graphic engine, to develop a Daydream VR
mobile app. Key considerations in the design were (1) adjusting
the environment to extend upward in an almost cone-like shape
to accommodate the tendency for users to look upward when in
a virtual space; (2) placing the lighting in the same position as
the camera; (3) not having a “floor;” such that the lines result in a
sphere-like setting; (3) having a simple and easy-to-use interface;
(4) developing four different applications including clockwise
vertical lines, counterclockwise vertical lines, upward horizontal
lines, and downward horizontal lines; and (5) accompanying
audio with each speed that is easily adjustable, so the user
will always be aware of the current rotation speed in degrees
per second.

Google Daydream only runs on mobile phone models that
are explicitly identified as Daydream-ready phones to ensure that
they possess sufficient processing power in Daydream mode to
reduce latency and prevent nausea. Furthermore, the 3D model
used in our program is simplistic, with only simple textures and
low polygon counts, much simpler than a typical mobile 3D game
scene. On our test devices—Google Pixel 2 and Pixel 2 XL—there
were no perceptible latency issues at all.

During some treatment sessions, patients heads were
manually passively moved side-to-side to treat the sensation of
rocking (forward-backward) (45) or up-down to treat swaying
(side-to-side) (2). Manual head deviation from upright in each
direction was ~20°. To maintain repeatable motion, we played
metronome music, which comprised seven notes on a musical
scale (heptatonic scale) played in ascending and descending
order of pitch (A-B-C-D-E-F#-G#-A). During treatment, the
patients sat in a stationary chair with the head in the upright
position with their eyes closed. The musical metronome was
started, and the head was moved when the ascending scale
reached tone D. At the time of tone A, the head would be in a
maximally deviated position, and as the scale went in descending
order to low A, the head would reach maximal deviation
from upright in the alternate direction. The metronome was
programmed to play over a specific time. When the music
stopped, head motions stopped too, and the patient was asked
to close their eyes, while the Oculus frame was removed from the
subject’s head.

To determine the direction of stripes for rocking and swaying,
we performed a Fukuda step test (52, 53). If the Fukuda was
positive (rotation >20°), stripes were moved in the direction
opposite to body rotations. Some patients reported sideways
gravitational pull sensations. For these patients, the stripes were
implemented in the direction opposite to the pull.
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Static Post-urography and MdDS Severity
Static post-urography was obtained with eyes open and closed
with feet 27cm apart using a Wii board (Nintendo Inc.).
Data were wirelessly transferred to the computer. Fast Fourier
transform was used to determine the frequency of rocking and
swaying (45). To compare postural stability after individual
treatments, the displacement of center of pressure (COP) over
a 20-s period was computed as well as the root mean square
(RMS) of the postural displacement along X- (xRMS) and Y-axes
(YRMS) (2).

Symptom severity was self-scored by the patients on a scale
of 0-10, where 0 is no symptoms at all and 10 is the strongest
symptoms that the patient could imagine (54). Symptom self-
scoring was obtained before and after each treatment session.
When treatment was completed, scores prior to and after the
treatment were compared. We a priori considered that treatment
would be considered successful if a patent’s improvement in
pretreatment and post-treatment self-scores was >50%.

Treatment Procedures

Treatment Approach for Rocking and Swaying

During the treatment, patients sat in a regular (not revolving)
chair. The goggle frame was adjusted to a comfortable level
prior to treatment. The software was run by the researcher. The
patient was then asked to close their eyes and place the goggle
frame on their head. The metronome software was run on a
computer. Then the patient was asked to open their eyes while
the researcher provided passive head motions at the frequency
of the metronome. We first moved the head at the frequency of
body oscillation. If effective, the head was also moved at lower
frequencies. Typically, frequencies of 0.2Hz for 1 min, 0.1 Hz
for 3min, and 0.05Hz for 5min were considered. If the body
was rocking (forward-back), the head was moved side-to-side.
If the body was swaying (side-to-side), the head was rocked
(up-down) (44).

Treatment Approach for Sideways Gravitational Pull
During this treatment, the patient sat as described above.
The head, however, remained stationary upright. If the patient
complained of a sideways gravity pull, the stripes were moved in a
direction opposite to the pull direction. If the patient complained
of sensations of pulling backward or walking on a soft ground or
a sensation that their body is too light, then stripes going upward
were used. If the patient complained of being pulled forward,
walking on a moving sidewalk at the airport sensation, or body
heaviness, the stripes were moved down.

Statistical Analysis

For this proof-of-concept study, we sought to compare changes
before and after treatment. Here, we used the Wilcoxon matched-
pairs signed-rank test to compare two groups of data. The
Pearson chi-square test was used for categorical data. A preset
alpha level of significance of 0.05 was required for statistical
significance. All statistical analyses were performed using SPSS.

TABLE 1 | Demographical data.

Patient ID Age Trigger MdDS Score  Score Score
duration before after  follow-up
VRGO017 50 stress 3 months 6 0 1.5
VRGO018 39 cruise 1 month 4 0.5 3
VRGO19 46 cruise 2 months 5 2 1
VRG020 26 boating 2 months 1-4 0-1 1-3
VRG021 48 long car ride 2 months 3-4 1 0-0.5

TABLE 2 | Phantom sensations of motion experienced by patients.

PatientID Rocking Swaying Bobbing Trampoline Gravitational
walking pull
VRGO17 + + — + Yes, right,
backward
VRGO18 + + - + Yes, down,
forward
VRG019 — + - — Yes, back
VRG020 + - — + Yes, right
VRG021 - + - + Yes, right
RESULTS
Descriptive Characteristics of the Study
Participants

Five female patients aged 42 + 10 years (range 26-50) were
treated for MdDS with VR goggles (Table 1). Two patients had
their symptoms triggered immediately after several days on
cruises, one after several hours of boarding, and one immediately
after a car ride. There was no specific trigger for symptoms
in a fifth subject. Diagnoses were confirmed by an ENT and
neurologists in three patients. Two of the patients self-diagnosed
with motion-triggered MdDS. Patients’ self-scoring of their
symptoms prior to treatment, on average, ranged from 3 to 6.
All five patients reported improvement. On average, symptom
improvement was 76% (range 60-100%). None of the patients
reported any sign of motion sickness while using the device.
Among all phantom sensations of motion, bobbing is less
common (2) and was not reported by any participants in this
study (Table 2). Each patient reported a sensation of gravitational
pull at least in one direction. The number of other motion
symptoms did not correlate with MdDS severity. While patients
VRGO17 and VRGO18 had all the symptoms besides bobbing,
they scored their pretreatment symptom severity as 6 and 4,
respectively. Patient VRGO19 experienced only swaying but
scored their pretreatment severity as 5. Two other patients had
larger numbers of symptoms compared to those of VRG019
but had lower pretreatment scores. The same is true for post-
treatment scores. While a significant improvement was reported,
patient VRGO19 had the highest post-treatment score compared
to that of all other patients. Thus, the number of motion
sensations experienced by individual patients did not correlate
with symptom severity self-scores or with treatment effectiveness.
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TABLE 3 | Psychosomatic symptoms reported by patients.

Patient ID Brain fog Fullness of Heavy head Heavylags Fuzzy vision Fatigue Sensitivity to Sensitivity to Unsteadiness
ears fluorescent light computer screen in crowds
VRGO17 + + - - - + - - +
VRG018 - + + + + - - + -
VRG019 - - - - - + - - +
VRG020 - + + - + - + - -
VRG021 + + + + - + + + +

In addition to phantom motion sensations, patients
experienced psychosomatic symptoms (Table 3). The number
of psychosomatic symptoms reported by patients also did
not correlate with symptom severity self-scores or with
treatment effectiveness.

None of the patients in this study reported vection, which is
frequently reported with full-field stimulation (2, 45).

Effect of Treatment on MdDS Severity

Self-Score

The average pretreatment symptom severity self-score was 4.2 £
1.4 ranging from 1 to 6. In four patients, the severity level was
consistent from day to day, and in one, it varied from 1 to 4 over
the course of the day and from day to day (Table 1).

On the first day of examination, patient VRGO017 reported
sensations of rocking, swaying, and gravitational pull to the right.
The patient could not maintain a standing upright posture with
eyes closed; therefore, the Fukuda test could not be done. An
OKN direction to the left for readaptation treatment was chosen
based on gravitational pull to the right (2). The patient was
first treated for gravitational pull and reported improvement
after watching stripes going left for 2 min. After this treatment,
post-urography revealed rocking at 0.1-0.2 Hz. The patient was
treated for rocking at 0.2 Hz for 2 min and at 0.1 Hz for 3 min.
After that, post-urography revealed gravitational pull back, which
was treated by stripes going up for 2min. Overall, on day 1,
the patient reported significant symptom improvement from a
score of 6-2 (Figure 1A, red circles). The next day, the patient
reported that almost all symptoms returned back by 5 p.m. on
day 1. Post-urography revealed small rocking at ~0.4Hz and
swaying at ~0.3 Hz, reduced sensation of pull to the right, and
a strong pull back. The patient was treated for the backward
pull for 13min and reported significant improvement of all
symptoms. Post-urography revealed small rocking at 0.2 Hz,
and the patient was treated for that for 2min. The patient
reported some pull back, and the treatment for pull back was
repeated for 5min. Overall, the patient reported significant
symptom decrease from a score of 5-1 on that day (Figure 1A,
blue circles). On day 3, the patient reported that, regardless
of all potential triggering activities that patient had on day 2,
symptoms remained at score 1. Small gravitational pull back was
treated for 4 and 5min. After that, small rocking at ~0.2 Hz
was treated for 1 min. The patient reported further symptom
improvement to score 0.5 on that day (Figure 3A, green circles).
On day 4, the patient reported that symptoms stayed at a score

of 0.5 since the last treatment. Post-urography revealed small
rocking at 0.2 Hz or gravitational pull back. Treatment for pull
back was performed for 5min, and then that for rocking for
1 min. After that, the patient reported no symptoms (Figure 1A,
pink circles). Thus, the possible reason for symptoms returning
after day 1’s treatments is because gravitational pull back, which
was compensated by body tilting in the opposite direction,
was interpreted and treated as rocking. After gravitational
pull back was treated on days 2-4, symptom improvements
immediately after treatment remained unaffected by daily
activity (Figure 1A).

Patient VRGO18 reported symptoms of rocking, swaying,
and trampoline walking, which intensified due to prolonged
traveling. The patient was treated for these symptoms and
reported improvement from a score of 4-0.5 on day 1 (Figure 1B,
red symbols). Treatment, however, remained effective only
for 2h, after which symptoms returned to the baseline. In
the morning on day 2, after a good night’s sleep, symptoms
were reduced to a score of 2. Treatment on day 2 brought
the symptoms to score 0 (Figure 2B, blue traces). On day 3,
the patient woke up with a migraine that brought symptoms
to score 3 (Figure 1B, green symbol). It was recommended
for the patient to stay home on that day. The next day,
the patient called reporting very low symptoms at score 0.5
and refused to come in for further treatments (Figure 2B,
purple circle).

Patient VRGO019 experienced swaying at 0.25-0.31 Hz and
bobbing sensations. The Fukuda test was inconclusive (right
45° once out of two tests). Post-urography revealed some
gravitational pull back. The patient was treated for swaying by
a head up-down motion at 0.3 Hz for 1 min with no effect and
then for back pull for 1 min, with some improvement reported.
After that, rocking rather than swaying was observed. The patient
was treated for rocking at 0.2 and 0.25Hz for 1 min each and
reported only a small pull back that was treated for 2 min. Overall,
the patient reported improvement from a score of 5-3 on day 1
(Figure 3C, red circles). The patient came back only 6 days later,
when symptoms increased to a score of 4-5. Patient reported
significant swaying, rocking, and pull back. The patient was
treated for pull back for 3 min first and reported less sway and
less gravitational pull. Then the patient was treated for rocking
for 1 min with no effect. After that, OKN direction was reversed,
and the patient was treated for rocking at 0.3, 0.1, and 0.05 Hz for
1, 3, and 5 min, respectively, and reported only a small pull back
sensation. After pull back treatment for 5 min, overall symptoms

Frontiers in Neurology | www.frontiersin.org

45

August 2020 | Volume 11 | Article 814


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

Yakushin et al.

MdDS Treatment With Virtual Reality

FIGURE 1 | Overall symptom severity self-scores before and after readaptation treat
Overall symptoms score obtained before, after and on follow-ups.
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decreased to a score of 2. The patient never came back for more
treatments (Figure 1C, blue circles).

On the first day of examination, patient VRG021 had mild
symptoms with a score of 1 while sitting but reported sensations
of the ground moving side-to-side with a score of 2-4 when

walking. Additionally, the patient reported pull forward and
small pull right sensations. The Fukuda test was 20° to the left
in both trials. Thus, pull right and Fukuda results contradicted
in terms of best OKN direction for the treatment. There were no
other clues to determine the direction of OKN. Because of this,
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the pull back was treated first for 1 min. After this, we treated
swaying by an arbitrarily chosen OKN going left and head up-
down motion at 0.2Hz for 1 min. No changes were reported.
Treatment was repeated with OKN going right. The patient
reported some improvement. Treatments for swaying with OKN
going right were repeated several times, and the patient reported
significant improvement (Figure 1D, red symbols). Long driving
(80 miles) back home induced some symptoms as well as an
increased sensitivity to light. On day 2, treatment for pull forward
was repeated three times for 2min each. When swaying was
treated with OKN to the right for 2 min, the patient’s reported
symptoms increased. Based on this report, OKN direction was
changed to the left, and treatment for swaying was repeated
nine times at frequencies 0.2 and 0.05Hz. No improvement
was reported (Figure 1D, blue circles). On day 3, treatment
with OKN to the left was continued with no actual success
(Figure 1D, green circles). On treatment day 4 (after the
weekend), the patient reported virtually the same symptoms with
the addition of a strong brain fog. Thus, OKN direction to the
left was not effective. Treatment was repeated with OKN to the
right, and significant improvements in brain fog and postural
stability were reported (Figure 1D, pink circles). Treatment was
continued with OKN to the right for 3 more days, with gradual
symptom improvement on each sequential day (Figure 1D, red,
blue, and green squares). Thus, OKN direction on days 1-
3 was incorrect, and the treatment induced more symptoms.
When OKN direction was reversed, the patient, similar to all
other patients, reported gradual symptom improvement on each
sequential day.

The last patient, VRGO021, could not maintain a standing-
upright posture with eyes closed; therefore, the Fukuda test
was not done. The major symptoms on the first examination
on day 1 were strong gravitational pull back and some pull
to the right. The patient was treated repeatedly for pull back
sensation for 2, 2, and 4 min, and improvement from a score
of 3.5-1.5 was reported (Figure 1E, red circles). On day 2,
the patient reported symptom improvement with some pull
back and swaying. After 5min of treatment for pull back, the
patient reported small sway and pull right sensation. The patient
was treated for both sensations consecutively and reported
small symptom improvement from a score of 3-2 on that day
(Figure 1E, blue circles). After that treatment, the patient felt
improvement until a large crowd triggered some symptom back.
Since the major symptom was the pull back sensation, on day
3, the patient was treated only for gravitational pull back for
10, 5, and 5min, consecutively (Figure 1E, green circles). On
day 4, the patient still had some gravitational pull back and
a small sway. The patient was effectively treated for pull back
for 10 and 5min and in between was treated for sway with
OKN going left for 1 min. The treatment for sway was not
effective, but the treatment for pull back improved the patient’s
symptoms to a score of 1. When their average pretreatment
score was compared to their last post-treatment score, all
patients reported significant improvements (Figure 1F, blue vs.
orange columns).

Treatment protocol in this study was similar to that used for
readaptation treatment with full-field OKN (2). That is, we first

targeted symptoms that bothered the patient the most. Typically,
within one treatment day, symptoms dropped by at least 50%;
however, the next day, patients may have had some symptoms
rebound, although still below pretreatment levels. Improvement
gradually accumulated over four treatment days.

Treatment for rocking was used 62 times for these five
patients. In 35 cases (56%), patients reported symptom
improvement. In 21 cases (34%), patients did not notice a
difference, and in six cases (10%), patients reposted worsening
of symptoms. All six worsening cases were reported by subject
VRGO029, when the sway sensation was treated.

The gravitational pull back sensation was treated 23 times.
In 19 cases (83%), patients reported immediate improvement.
In four cases (17%), patients were uncertain about the effect.
The gravitational pull forward sensation was applied 10 times.
In seven cases (70%), patients reported immediate improvement.
In two cases (20%), there was uncertainty about treatment effect,
and in one case (10%), a worsening of the symptoms was
reported. The sideways pull was treated seven times. In five cases
(71%), immediate improvement was reported, and in two cases
(29%), patients did not note the difference.

Follow-Up Study

Prior to treatment, only patient VRGO17 did not report
significant changes in symptoms with any daily activity. In the
other four patients, symptoms could be elevated by prolonged
traveling, fluorescent lights, flickering of computer screens, use
of elevators and escalators, and exposure to crowds. After the
treatment, patients VRG019 and VRGO021 no longer reported
strong symptom fluctuations by daily activity. The scores of all
three patients remained low when followed up 4 & 1 months after
the treatment (Figure 1F, gray columns, Table 1).

In patient VRGO18, prior to treatment, prolonged (>1h)
driving or taking the subway intensified symptoms. After the
treatment, prolonged daily traveling remained a strong trigger.
The patient was invited back to the lab 7 months after VR
treatment and was treated for 2 days with full-field OKN. The
treatment reduced symptoms from a score of 3-0.5, although
the patient experienced worsening symptoms after traveling
home. When followed up 11 months after VR treatment, the
patient reported symptoms with a generally low score of 0 with
occasional spikes to a score of 2. The patient also reported that
since the last treatment, she is limiting daily driving to short
distances only.

Patient VRG020 was also invited back 3 months after VR
treatment and treated for 2 days with full-field OKN. Treatment
was effective on each day, but sitting at work in front of a
computer screen with strong fluorescent lights on reversed the
treatment effects. On the last follow-up 9 months after VR
treatment, the patient reported symptom improvement. At the
same time, over the last month, the patient is self-quarantined
at home and completely avoids fluorescent lights and long time
spent in front of a computer screen.

Thus, the treatment remained effective in three out of five
patients (60%) during normal daily activity and perhaps would
be effective in all patients if specific triggers were avoided.

Frontiers in Neurology | www.frontiersin.org

47

August 2020 | Volume 11 | Article 814



Yakushin et al.

MdDS Treatment With Virtual Reality

Effect of Treatment on Static Posture
Treatment of Rocking

Figure 2 shows a typical example of rocking at ~0.15Hz
experienced by MdDS patient VRG018 (Figures 2A,B, black
traces). Rocking was first treated by activation of velocity
storage with OKN to the left and moving the head side-to-
side at 0.2Hz for 2min (Figures 2A,B, blue traces). Rocking
was substantially reduced after the first treatment (Figure 1B).
Patient was additionally treated for 3 min, while their head
was moved side-to-side at 0.1 Hz (Figure 1B, red traces). Prior
to treatment, static posturography revealed some swaying and
substantial rocking (Figure 2C, xRMS = 3mm, yRMS = 21,
trace 20s = 477 mm). After the first treatment at 0.2 Hz, both
swaying and rocking were reduced (Figure 2D, xRMS = 1 mm,
yRMS = 7, trace 20s = 196 mm). The second treatment at
0.1 Hz only partially reduced body motion (Figure 2E, xRMS
I mm, yRMS = 4, trace 20s = 180mm). Thus, postural
stability was improved by ~65% (67, 67, and 60%) after the first
treatment and 70% (67, 81, and 62%) after the second treatment.
There was no further postural improvement after the second
treatment (p = 0.18).

The postural stability was recorded on 21 occasions before and
after treatment for rocking/swaying. The percentage changes in
COP (xRMS, yRMS, and trace duration over 20 s) were computed
and averaged. The average postural improvement was 6 £ 35%
(ranging —98 to 53%).

Treatment of Gravitational Pull
Patient VRGO17 reported persistent sensations of gravitational
pull back. The static post-urography revealed cyclic body
oscillations very similar to the rocking shown in Figures 2, 3. The
average body position, however, drifted backward (Figures 3A,B,
black trace). Additionally, the X-Y plot of COP revealed that
as the body resisted the pull back sensation, it had some
small sway (Figure 3C, xRMS = 2mm, yRMS = 11 mm, trace
20s = 259). Pull back sensation was first treated by the
upward OKN for 4min. The sensation of pulling backward
was reduced but not eliminated (Figures 3A,B, blue traces).
This is also seen in the COP plot: while the magnitude of
sway reduced, the backward drift was slower but of the same
approximate magnitude (Figure3D, xRMS = 1mm, yRMS
= 6mm, trace 20s = 199 mm). Treatment was repeated for
another 5min. No pull back sensation was reported after the
second treatment (Figures 3A,B, red traces). The COP plot
confirms great reduction of gravitational pull back (Figure 3E,
xRMS = 2mm, yRMS = 5mm, trace 20s = 163 mm). Thus,
average improvement of postural stability after the first and the
second treatments was 39 and 30%, respectively (p = 0.999).
Gravitational pull back is the most common sensation among all
five MdDS patients (Table 2). Despite the fact that gravitational
pull direction varies among the patients, it was effectively treated
for all patients in this group. Sensation of swaying was reported
by four patients and was successfully treated with VR goggles;
however, static post-urography indicates that none of the patients
sway without actual rocking.

The postural stability was recorded on 10 occasions after the
treatment for pull back sensations and on two occasions for pull

TABLE 4 | Subjective vs. objective data cross-tabulation.

Objective
Subjective —1 0 1 Total
-1 0 1 1 2
0 4 5 3 12
1 2 4 13 19
Total 6 10 17 33

forward sensations. The average improvement was 32 £ 27%
(ranging —3 to 89%) for pull back and 28% (ranging —13 to 68%)
for pull forward treatments.

Subjective and Objective Evidence of the
Treatment’s Effectiveness

After 33 individual treatments for gravitational pull, the postural
data and change in subjective scores were available. The
subjective changes in symptoms were compared with the
percentage of average postural improvement. Average postural
improvement was computed as an average improvement of three
values: XRMS (%), YRMS (%), and trace 20s (%). Results were
categorized as follows: category 1, improvement >10%; category
0, abs[improvement] <10%; and category —1, worsening of
posture > —10%. Similarly, subjective score was categorized
as follows: category 1, symptom improvement; category 0, no
changes; category —1, symptom worsening. No correlation was
found between subjective and objective changes in symptoms.
Data are summarized in a cross-tabulation (Table 4).

Table 4 indicates that subjective and objective improvements
were reported 19 and 17 times and coincide with 13 cases. Less
coincidence was observed when no changes were reported and
observed (5 out of 12 subjective and 5 out of 10 objective cases).
Thus, in total, in 18 cases out of 33, objective and subjective
symptom changes coincide. Because the sample size is too small,
the chi-square test was insignificant (p = 0.167). Alternatively,
this could be an indication of significant contribution of
psychosomatic symptoms in overall scoring.

DISCUSSION

The purpose of this pilot project was to determine whether
limited-field OKN produced by VR goggles may have clinical
utility for treatment of MdDS. While the interpretation of the
findings must be taken in the context of this not being a
clinical trial, these data do suggest that further examination of
a VOR readaptation protocol using VR goggles with a restricted
visual field is warranted. This assertion is based on all five
patients in this study showing positive responses to treatment
with the limited-field OKN stimulation. Thus, limited-field OKN
stimulation may be an effective stimulus for the activation of
the velocity storage to the extent that it could be used for
MdDS treatment.

Full-field OKN is believed to be the most efficient way to
activate velocity storage (22, 55). Full-field stimulation is also the

Frontiers in Neurology | www.frontiersin.org

48

August 2020 | Volume 11 | Article 814


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

Yakushin et al.

MdDS Treatment With Virtual Reality

most efficient way to induce circular vection (46). Additionally,
the amount of circular vection is correlated with the duration
of OKAN (56), which is directly related to the activation of
velocity storage (47, 57). Furthermore, OKAN can be induced by
peripheral vision, while the central (foveal) vision is blocked or
lessened (18, 56). Nevertheless, the central vision also plays a role,
since OKN velocities are higher if central vision is activated (18),
and velocity storage cannot be activated if OKN in the foveal area
is in an alternate direction with the peripheral vision (56). Thus,
OKS with a restricted visual field may not be as effective as a full-
field OKN. While the size of the visual field is a factor (21), it
is less relevant for low-speed OKN, which is commonly used for
MdDS treatment (22, 23).

In the original readaptation paper, the authors argued that
the sensation of self-motion (vection) could be critical for
MdDS treatment (45). Vection is generated by activation of the
peripheral vision (58). In the present study, visual periphery was
not activated, and none of the five patients experienced vection,
yet treatment remained effective. OKN and therefore velocity
storage, however, appear to have been activated by a small visual
field (21, 58). Thus, vection is not likely critical for MdDS
treatment. Thus, this study indicates that lack of vection and
limited size of the visual field are not crucial factors, in activation
of velocity storage to the limit, necessary for MdDS treatment by
VOR readaptation.

Over the last 5 years, more than 600 patients had been
treated for MdDS at Mount Sinai. About half of them were
from New York City or in driving distance from Mount Sinai.
This indicates that several thousands of patients may suffer
from MdDS across the United States and suggests that more
treatment options need to be available. The current equipment
used for MdDS treatment at Mount Sinai is bulky and expensive
and cannot be purchased for immediate use since it requires
several substantial modifications. Thus, this treatment could not
be easily replicated in its present form. VR goggles, however,
are commercially available, are relatively inexpensive, and could
provide a uniform environment for use in multiple laboratories to
study the treatment effectiveness of VOR readaptation protocols
for MdDS. The effectiveness of VR goggles vs. full-field OKN
needs to be further investigated, though this study demonstrates
the feasibility of this approach.

One of the difficulties of the proposed approach is that each
patient has a unique set of symptoms, which require a unique
treatment protocol. Figure 3 demonstrate the complexity of the
approach. Not only could the symptoms vary on different days
or after individual treatments, but success is also dependent on
whether the correct treatment is performed at the right time.
The same treatment could be very effective at the beginning,
but not later in the day. For example, rocking was eliminated
on day 1, but gravitational pull sensation remained strong.
When gravitational pull was eliminated on day 2, it had a long-
lasting effect on the patient’s symptoms. Some of the patients
treated at Mount Sinai used an OKN web-based application to
reduce their symptoms at home in case they were retriggered
(http://mdds.nyc/okn-stripes-visualization/). The treatment is
based on the protocol that was developed during in-lab testing.
The home setup requires the computer to be connected to a

large-screen TV or short-throw video projector. The effectiveness
of the home treatment, however, was largely varied based
on each individual home setup. The VR goggles used in
this study is a promising approach for MdDS self-treatment
at home.

It has been reported that scrolling on a computer screen
or just watching a cellphone screen is frequently a trigger for
MdDS symptoms (2). While visual sensitivity to screens was
not measured in this study, it should be noted that none
of the patients reported any discomfort while watching the
OKN stripes in this study. However, this could be because our
small sample size did not include any patients with high visual
sensitivity. Thus, further testing of VR goggles is required on
larger populations of MdDS patients to determine how flickering
of the cell phone screen affects MdDS patients with heightened
visual sensitivity.

Thus, the limitation of this study is the small and not
randomly selected group of patients. Our patient group may
not include all types of MdDS patients who were treated
with full-field stimulation in terms of sensitivity to visual
motion, sensitivity to brightness of the screen, motion
sickness, anxiety, claustrophobia, etc. Due to the individual
variabilities and drop-off from the study, the protocols of each
patient are different. Thus, this study is lacking comparison
between full-field and limited-field stimulation groups;
there was no sham/placebo; there was no blinding/masking.
To eliminate potential problems, a larger study of MdDS
patients’ treatment using VR goggles vs. full-field stimulation
is required.

In conclusion, MdDS is composed of constant phantom
sensations of motion, which are frequently accompanied by
increased sensitivity to light, inability to walk on a patterned
floor, the sensation of ear fullness, head pressure, anxiety, and
depression. It has been previously hypothesized that MdDS is
the result of maladaptive changes in the polysynaptic VOR called
velocity storage. Past research indicates that full-field OKS is an
optimal way to activate velocity storage. Unfortunately, the full-
field OKS devices are typically bulky and not commonly available.
We questioned whether VR goggles with a restricted visual
field could effectively simulate a laboratory OKS environment
for MdDS treatment. While the interpretation of our findings
must be taken in the context of the limitations of the study,
these data do suggest that further examination of a VOR
readaptation protocol using VR goggles with a restricted visual
field is warranted.
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Background: Prolonged static whole-body roll-tilt has been shown to bias estimates of
the direction of gravity when assessed by static paradigms such as the subjective visual
vertical and the subjective haptic vertical.

Objective: We hypothesized that these shifts are paradigm-independent and thus
predicted a post-tilt bias as well for self-adjustments along perceived vertical (subjective
postural vertical, SPV). Likewise, rotatory optokinetic stimuli, which have been shown
to shift the SPV when presented at the time of adjustments, may have an lasting effect
on the SPV, predicting a shift in the perceived direction of gravity in the direction of the
optokinetic rotatory stimulation.

Methods:  Self-adjustments along perceived vertical by use of a motorized
turntable were recorded at baseline and after 5min of static whole-body roll-tilt
(orientation = +90°, adaptation period) in 10 healthy human subjects. During adaptation
subjects were either in darkness (no OKN stimulation) or were presented a full-field
rotatory optokinetic stimulus (velocity = +60°/s). Statistical analysis of adjustment errors
for the different conditions was performed using a generalized linear model.

Results: After 5min of static whole-body roll-tilt in darkness, we observed significant
(o < 0.001) shifts in the SPV averaging —2.8° (adaptation position: —90°) and 3.1°
(+90°), respectively. Adding an optokinetic rotatory stimulus resulted in an additional,
significant shift of SPV adjustments toward the direction of the previously presented
optokinetic rotation (optokinetic clockwise rotation: 1.4°, p 0.034; optokinetic
counter-clockwise rotation: —1.3°, p = 0.037). Trial-to-trial variability of turntable
adjustments was not significantly affected by adaptation.

Conclusions: Prolonged static roll-tilt results in a significant post-tilt bias of the perceived
direction of gravity when assessed by the SPV, confirming previous findings from
other vision-dependent and vision-independent paradigms. This finding emphasizes
the impact of recent whole-body roll orientations relative to gravity. Such adaptational
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Post-tilt Bias in Subjective Postural Vertical

shifts in verticality estimates may be explained in the context of Bayesian optimal observer
theory with a bias of prior knowledge (i.e., expectation biased by experience). Our findings
also have clinical implications, as the observed post-tilt bias may contribute to postural
instability when standing up in the morning with an increasing risk for falls and fall-related
injuries in humans with preexisting balance disorders.

Keywords: graviception, vestibular, Bayesian modeling, adaptation, postural vertical

INTRODUCTION

Human spatial orientation and navigation combines and weights
sensory input from different end organs, including the vestibular
organs [semicircular canals (SCCs) and otolith organs], pressure
sensors in the skin and the visual system (1). For verticality
perception, accurate, and precise adjustments have been shown
for whole-body positions near upright, whereas for roll-tilted
positions systematic roll over- and underestimation has been
demonstrated for vision-dependent paradigms such as the
subjective visual vertical (SVV) (2-4), but not for vision-
independent paradigms such as the subjective haptic vertical
(SHV) (5) or the subjective haptic horizontal (6). These
differences emphasize the role of central integration of sensory
input and also point to resulting biases.

Perceived direction of vertical also depends on the subject’s
recent history. Specifically, when returning back upright after
prolonged static roll-tilt, a systematic bias (termed post-tilt bias)
in the SVV can be seen (2, 7-10). This bias has exponential
decay characteristics (10). It has been postulated that the sensory
stimulation during the prolonged roll-tilt shifts the expectation of
the body roll position toward the roll-tilt position, and this prior
expectation biases perception when upright (10).

Previously, we have shown a similar pattern using a vision-
independent paradigm (i.e., the SHV), proposing that this
post-tilt bias most likely is of central origin (consistent with
the shifting null hypothesis) (11). In most studies [including
ours (10, 11)], subjects were passively brought into the roll-
tilted adaptation position and back upright afterwards again.
In daily life, however, self-positioning along perceived vertical
is repeatedly required, e.g., when standing up in the morning
after a night’s sleep. Such an active task will integrate SCC input
and thus differs from the SVV and the SHV task. Nevertheless,
otolith input will be available for all these different tasks and
thus likely will be integrated as well (12). Since the otolith organs
are the only sensors that directly sense the pull of gravity (13),
they are considered essential for verticality perception in all
these tasks and thus may play a central role in adaptational
effects in both active self-positioning in space and paradigms
collected while remaining in a static whole-body roll-tilted
position such as the SHV or the SVV. Thus, we predict a
similar post-tilt bias when subjects are asked to align themselves
along the perceived direction of vertical, a task referred to as
the “subjective postural vertical” (SPV) [see (14) for review].
In addition to the proposed modulatory effect of prolonged
whole-body static roll-tilt on the SPV, we hypothesized that
task performance could be additionally biased by optokinetic

rotatory stimuli. When presented during the SVV task, this
results in a significant, roll-tilt dependent bias of perceived
vertical (15), whereas only minor shifts can be seen when using
a vision-independent paradigm (16). This prompted us to use
this stimulus for adaptational purposes during prolonged static
roll-tilt, postulating an additional modulatory effect on verticality
perception when back upright. Noteworthy, for the SVV and the
SHV we did not observe such a modulatory effect of optokinetic
stimulation on perceived vertical when assessed immediately
after returning back upright (11). This was possibly related to
the fact that the SVV and the SHV task were performed in static
positions, thus any adaptational effects on the percept of whole-
body rotations may not have had any impact on these paradigms.
In contrast, for the self-adjustments in the SPV task SCC input is
also available. Hence, we predicted a modulatory effect on human
self-positioning in space performance both by prolonged static
roll-tilt and by rotatory optokinetic stimuli.

MATERIALS AND METHODS
Study Subjects and Ethics Statement

Six males and four females (aged between 23 and 42 years)
completed the SPV paradigm and were included in the study.
All participating subjects agreed to and signed a written
informed consent, obtained after a meticulous explanation of the
experimental procedure. The local ethics committee (Cantonal
Ethics Committee Zurich, BASEC 2016-00023) approved the
experimental protocol. The protocol was in accordance with the
ethical standards of the 2013 Declaration of Helsinki for research
involving human beings.

Experimental Setup

All data was collected on a three-axis motor-driven turntable
(prototype built by Acutronic, Jona, Switzerland) and the
participants were secured on the turntable with a four-point
safety belt. The head was restrained using a thermoplastic mask
(Sinmed, Reeuwyk, The Netherlands) which covered most of the
head, thus allowing a natural straight-ahead position. The mask
supported the wearing of glasses, if needed. Pillows were placed
in the gaps the sides of the chair and body regions prone to
unwanted movements (i.e., the shoulders, hips, and legs).

The most important organs for graviception are the otolith
organs, which are located in the head. Therefore, the subjects’
orientation in the roll plane will be referred as head-roll
orientation, even though roll movements of the turntable
were whole body. The roll axis of the motorized turntable
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corresponded to the naso-occipital line passing between the  and for self-motion perception (21). Before data collection, the
subject’s eyes. participants were instructed how to use the joystick and practiced
The optokinetic rotatory stimulus was projected onto a sphere  turntable roll movements, thus allowing them to perform the
placed 1.5 m in front of the subject by means of a turntable-fixed  turntable adjustments accurately and precisely.
video projector. The rotating optokinetic stimulus was generated For the control trials, participants were brought to 90° right-
with the Psychophysics Toolbox (17, 18) and GNU Octave  ear down (RED) or 90° left-ear down (LED) position and after
(version 3.2.3), and consisted of randomly placed white dots on  being roll-tilted for only 55, aligned themselves along perceived
a black background (15). Three different visual-stimulus trial  earth-vertical in darkness. This was performed 10 times from
conditions were applied: baseline (no optokinetic stimulation),  each starting position, in a pseudo-random order. Afterwards
a clockwise rotating optokinetic stimulus (optokinetic CW) and  the adaptation trials were recorded, where subjects were roll-
a counter-clockwise rotating stimulus (optokinetic CCW). A tilted 90°, either RED or LED and remained in these roll-tilted
joystick, mounted on a safety bar in front of the subject, could be  positions for 5 min (adaptation period) in each trial. During this
tilted left or right to produce CCW and CW chair acceleration  period subjects were either kept in darkness (i.e., “optokinetic
proportional to the angle of deflection, with a maximum of  off” condition) or they were presented a full-field optokinetic
30°/s?. Turntable and joystick orientation signals were safely  stimulus rotating either into the clockwise (“optokinetic CW”
stored on a computer hard disk after they have been digitized at ~ condition) or counter-clockwise (“optokinetic CCW” condition)

200 Hz for further analysis. direction. In total, there were six different test conditions (two
whole-body roll orientations, three visual stimulus conditions
Experimental Paradigm for each whole-body roll orientation) and each condition was

In all participants, SPV control trials were obtained at the recorded three times in every subject. The order of these 18
beginning of a single experimental session, followed by the  test trials was random, and after each trial another adaptation
adaptation trials (see Figure 1 for illustration of the experimental ~ period was provided. Between trials (while upright) the lights
paradigm). For all passive turntable movements (e.g., to reach ~ were turned on briefly.

the roll-tilted position for adaptation) we used a constant For both the control trials and the test trials subjects were
acceleration and deceleration of £10°/s2. For all subject-guided  instructed to move the turntable as quickly and as precisely as
turntable roll movements the turntable acceleration/deceleration  possible along the shortest path such that they are in an upright
was set to +30°/s%. Importantly, these values were clearly above  position by use of the joystick. An acoustic signal indicated the
the detection thresholds of the semicircular canals (19, 20)  start of the subject-guided turntable movement. During these

A B c
baseline turntable post-tilt turntable
self-adjustment

adaptation period

self-adjustments o o
optokinetic ~ optokinetic

TY s € darkness
! 1

N\

FIGURE 1 | llustration of the required task at baseline (A), during the 5-min adaptation period (B) and immediately afterwards (C). (A): repetitive baseline turntable
self-adjustments starting from 90° right-ear down (RED) and 90° left-ear-down (LED) in random order (for illustrative purposes only a single trial starting from 90° RED
is show) along the perceived earth-vertical are collected. Angle g represents the deviation of the turntable self-adjustments relative to earth-vertical, thus for perfect
self-adjustments along earth-vertical g = 0. (B): during the adaptation period, subjects remain in a static roll-tilted position (referred to as a, set to £90°, only 90° RED
shown for illustrative purposes) either in darkness (“no optokinetic stimulation” condition) or while watching an optokinetic stimulus that is rotating in either clockwise
(“optokinetic CW” condition) or counter-clockwise (“optokinetic CCW” condition) direction. No self-adjustments are performed during this period. (C): Single turntable
self-adjustment along perceived earth-vertical in darkness (i.e., no optokinetic stimulus is shown) after the adaptation period. Again, g represents the deviation of the
turntable self-adjustments relative to earth-vertical.
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FIGURE 2 | Individual turntable adjustments relative to earth-vertical are plotted against time in a single subject (#10). Whereas, baseline trials (A) are shown in green,
post-adaptation (test) trials (adaptation period not shown) are plotted in blue (adaptation position: 90° LED) and in red (adaptation position: 90° RED), respectively, for
the different test conditions (B-D).

subject-guided adjustments subjects were kept in darkness during
all trial conditions. There was no specific time limit, and subjects
were required to confirm the completion of adjustments by
pushing a button placed next to the joystick.

Definition of Terms Frequently Used
Clockwise shifts relative to the earth-vertical axis (as seen by
the subject) have positive signs, while counter-clockwise shifts
have negative signs. We will use the term trial-to-trial variability
when referring to the within subject standard deviation (SD). In
relation to trial-to-trial variability, the term precision reflects the
inverse, i.e., the degree of reproducibility. Furthermore, accuracy
is defined as the magnitude of the mean adjustment error in
a given paradigm. For the SPV the direction of rotation was
always toward upright and defined by the starting position (either
90°RED or 90°LED).

Data Analysis

Extracted data from the SPV paradigm was sorted according to
the whole-body roll orientation and the different control and test
conditions using interactive programs written in Matlab 2017b
(The MathWorks, Natick, MA, USA). The chair position when
the subject pressed the button to confirm they were finished
the adjustment was taken as perceived vertical body position for
that trial.

Differences in adjustment errors and variability values for
baseline trials and post-adaptation trials were calculated in
all subjects. Mean values (1 SD) were used when pooling
individual data points as our data was normally distributed
(tested at the level of individual trial conditions using the Jarque-
Bera hypothesis test of composite normality, jbtest.m, Matlab
2017b). A generalized linear model (GLM) using SPSS 25 (IBM,
Armonk, NY, USA) was applied for all statistical analyses if not
specified otherwise. Main effects included the trial condition

(n = 4; baseline vs. optokinetic off vs. optokinetic CW vs.
optokinetic CCW), and the turntable adaptation position (n =
2, £90° roll-tilt). We kept the level of significance at a p-value of
0.05, and Fisher’s least significant difference (LSD) method was
used to correct for multiple comparisons when using the GLM.

The raw data supporting the conclusions of this manuscript
will be made available by the authors, without undue reservation,
to any qualified researcher.

RESULTS

Turntable self-adjustments were completed on average after 9.0
=+ 2.3 s in all subjects. Statistical analysis yielded no main effect
for the starting turntable orientation (df = 1, chi-square
0.927, p = 0.336) and the trial condition (df = 3, chi-square
= 7.747, p = 0.052) on adjustment time. Furthermore, no
significant interactions (df = 3, chi-square = 1.720, p = 0.632)
were identified.

Figure 2 illustrates single SPV adjustments in a typical subject
both at baseline (panel A) and after adaptation without (panel
B) and with (panels C and D) optokinetic rotatory stimulation,
demonstrating a shift of adjustments toward the previous
adaptation position in all test conditions.

For baseline trials, adjustment errors were small, averaging
at 0.5 £ 0.7° (mean =+ STD) (90°LED adaptation position) and
at 0.5 £ 1.0° (90°RED adaptation position), respectively. For
the different post-tilt conditions, average offsets ranged between
—2.3 £ 2.1 and —5.3 & 2.8° for 90°LED and between 3.6 £ 2.2
and 6.8 & 2.7° for 90°RED (see Figure 3 for details).

Post-tilt Offsets —Effect of Adaptation

Position
Statistical analysis (GLM) of post-tilt adjustment errors for the
SPV paradigm demonstrated significant main effects both for
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FIGURE 3 | Overall average (+1 SD) turntable adjustment errors are shown for both baseline and post-tilt conditions. For the post-tilt trials the specific adaptation
condition (either 90° left-ear down (LED, lines in blue) or 90° right-ear-down (RED, lines in red) and the visual background (no optokinetic stimulus, optokinetic CW,
optokinetic CCW) is illustrated. Note that in the post-tilt period all trials were collected in total darkness, i.e., no optokinetic stimulation was present.

the condition (df = 3, chi-square = 17.840, p < 0.001) and the
adaptation position (df = 1, chi-square = 183.216, p < 0.001).
Furthermore, a significant interaction was found between these
two parameters (df = 3, chi-square = 71.751, p < 0.001).

Pairwise comparisons indicated significant differences in
adjustment errors of the different test trials depending on
the adaptation position (90°LED vs. 90°RED) and also in
comparison with the control trials (without adaptation). This
was true both for those post-adaptation trials without preceding
optokinetic stimulation (RED vs. LED, p < 0.001) and for
those with CW (p < 0.001) and CCW (p < 0.001) optokinetic
stimulation, respectively. In contrast, there was no effect of the
starting position (90°LED vs. 90°RED) on adjustment errors in
the control trials (p = 0.974). Furthermore, adjustment errors
were significantly different in post-adaptation (test) trials (with
or without optokinetic rotatory stimulation) compared to the
baseline trials; this was true both for LED (p < 0.002) and RED
(p < 0.001). In all test conditions, deviations were toward the
previous adaptation position, as shown in Figure 3.

Post-tilt Offsets —Effect of Optokinetic

Stimulation

Pairwise comparisons were applied to further assess the observed
main effect for the condition (baseline vs. no optokinetic vs.
optokinetic CW vs. optokinetic CCW). They demonstrated
significant shifts in adjustment errors for trials with optokinetic
CW (p = 0.034, D 14 £+ 0.6°) and optokinetic CCW

(p = 0.037, D = 1.3 £ 0.6°) stimulation compared to baseline
adjustments into the direction of optokinetic stimulation. In
contrast, no significant differences were observed comparing test
trials without optokinetic stimulation and baseline trials (with
both adaptation/starting positions pooled, p = 0.763, D = 0.2
=+ 0.6°). Comparing the different test trials, SPV adjustments
were significantly different between those two conditions with
optokinetic stimulation (CW vs. CCW, p < 0.001) and between
the optokinetic CCW conditions vs. the no optokinetic condition
(p = 0.017). In contrast, there was no significant difference in
offset when comparing the optokinetic CW condition and the no
optokinetic condition (p = 0.069).

Pairwise comparisons found that the optokinetic stimulation
effected the final vertical position only when the optokinetic
stimulus moved in the same direction and the adapted title
position (that is, CW when RED, and CCW when LED).
For SPV adjustments after 5min adaptation in 90° LED
position, adding optokinetic stimulation during the adaptation
period resulted in significantly different adjustment errors
for optokinetic CCW stimulation (p = 0.001), but not for
optokinetic CW stimulation (p = 0.383) in comparison to
darkness (i.e., no optokinetic stimulation) during adaptation. The
effect of optokinetic stimulation on turntable adjustment errors
was confirmed when directly comparing optokinetic CW and
optokinetic CCW conditions (p = 0.015).

Likewise, for SPV adjustments after 5min of adaptation in
90° RED position, adding optokinetic stimulation during the
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FIGURE 4 | Overall average (& 1 SD) trial-to-trial variability of turntable adjustments are shown for both baseline and post-tilt conditions. For the post-tilt trials the
specific adaptation condition (either 90° left-ear down (LED, lines in blue) or 90° right-ear-down (RED, lines in red) and the visual background (no optokinetic stimulus,
optokinetic CW, optokinetic CCW) is illustrated. Note that in the post-tilt period all trials were collected in darkness, i.e., no optokinetic stimuli were shown.

adaptation period resulted in significantly different adjustment
errors for optokinetic CW stimulation (p = 0.001), but not for
optokinetic CCW stimulation (p = 0.942) in comparison to
the no optokinetic stimulation condition. Again, the effect of
optokinetic stimulation on SPV adjustment errors was confirmed
when directly comparing optokinetic CW and optokinetic CCW
conditions (p < 0.001).

Trial-to-Trial Variability of SPV Adjustments
Average (£1 SD) trial-to-trial variability for the different baseline
and test trials was in the range between 1.7 & 0.7 and 3.1£1.6° as
illustrated in Figure 4. Statistical analysis (again using a GLM)
showed no main effect for the starting position (df = 1, chi-
square = 1.054, p = 0.305) and the trial condition (df =
3, chi-square = 2.985, p = 0.394) on trial-to-trial variability.
In addition, no significant interactions were noted (df = 3,
chi-square = 2.585, p = 0.460).

DISCUSSION

This study was driven by the hypothesis that prolonged static
whole-body roll-tilt results in a shift of the internal representation
of the direction of gravity (i.e, the “null position”), termed
“post-tilt bias” (22), and that visual cues presented during the
adaptation period further modulate subsequent self-adjustments.
Using a subjective postural vertical (SPV) paradigm, we found
turntable self-adjustments to be significantly biased toward the

previous adaptation position. For instance, when the subject
was previously roll-tilted to the right, the SPV was tilted to
the right when subjects were asked to position their body
vertically. Presenting an optokinetic rotatory stimulus during
the adaptation period resulted in additional offsets in verticality
perception, with shifts pointing into the direction of rotation of
the visual stimulus. Thus, our data confirms the presence of a
post-tilt bias for the SPV paradigm and therefore emphasizes
the impact of recent whole-body roll orientation on self-
adjustments in the roll plane. These findings also have clinical
implications as they point to systematic errors in spatial
orientation after prolonged whole-body horizontal orientation,
e.g., when getting up in the morning after a good night’s sleep,
which may contribute to falls and fall-related injuries, especially
in the elderly.

The Effect of Prolonged Whole-Body Static
Roll-Tilt on Self-Adjustments Along

Perceived Vertical

After 5 min of static whole-body roll-tilt in darkness, we observed
average shifts in the SPV of 2.8° (adaptation-position = 90°
LED) and 3.1° (90° RED), respectively. Noteworthy, adjustment
errors always deviated toward the previous adaptation position.
To our knowledge, such adaptational effects have not been
previously described for the SPV. Thus, our data demonstrates
that prolonged static whole-body roll-tilt is not only affecting
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static assessments of verticality perception after returning back
upright [by use of e.g., the subjective visual vertical (SVV) or
the subjective haptic vertical (SHV)] but is also biasing self-
adjustments along perceived direction of gravity. Therefore, our
findings further emphasize the impact of the subject’s recent
orientation relative to gravity on verticality perception.

A post-tilt bias, either toward or (less frequently) away from
the previous roll-tilted position, has been previously described
for the SVV (2, 7-10) and has been shown to exponentially
decay with a median time constant of 71s (10). More recently,
we have demonstrated such a post-tilt bias also for the SHYV,
i.e., a vision-independent paradigm (11), further supporting the
hypothesis that prolonged static roll-tilt results in a mostly
paradigm-independent shift of the internal estimate of direction
of gravity.

Changes in prior knowledge (or likelihood) in a Bayesian
optimal observer model may explain such a shift in the
graviceptive null position, as previously discussed by Tarnutzer et
al. (10). Specifically, Bayesian optimal observer theory proposes
a mechanism where the human brain combines all available
sensory cues available in a weighted fashion according to their
relative reliabilities and prior likelihood to generate an internal
estimate of the direction of gravity (3, 4, 23-26). Thus, in subjects
previously being roll-tilted, the prior will be biased toward this
roll-tilted position, systematically shifting the resulting posterior
probability distribution (4).

Thus, in an experimental setup, shifting prior knowledge
has been shown to be a promising approach to study
multisensory integration when internally estimating direction
of gravity. Shifts in both the SVV, the SHV and the SPV by
such adaptational paradigms emphasize the impact of prior
knowledge. Noteworthy, besides the subject’s roll orientation
relative to gravity, also the direction of rotatory optokinetic
stimuli and the resulting deviation in mean eye position from
normal by an optokinetic nystagmus may bias the prior when
assessed by the SPV, as discussed below.

The Effect of Optokinetic Rotatory Stimuli
on Self-Adjustments Along Perceived
Vertical

Interestingly, for self-adjustments to perceived vertical
(performed in darkness) we observed a significant effect of
rotatory optokinetic stimuli presented during the adaptation
period. Specifically, SPV adjustments were shifted on average
by 1.3-1.4° toward the direction of rotation of the previously
presented optokinetic stimulus.

While optokinetic rotatory stimuli have been proven very
powerful in biasing verticality perception when using vision-
dependent paradigms such as the SVV when presented at the
time of the adjustments (15, 27), minor to non-significant
shifts only were observed when using other, vision-independent
paradigms as the SHV to assess internal estimates of direction of
gravity while presenting a rotatory stimulus (16). Noteworthy, an
effect of optokinetic stimulation on the SPV, i.e., another, vision-
independent paradigm assessing verticality perception, has been
described by Dichgans et al. (27). Specifically, asking participants

to continuously adjust their whole-body roll orientation to
perceived upright while watching a rotatory stimulus, resulted in
a shift of 8.5° on average. In contrast, Bisdorft et al. reported no
effect of a rotatory optokinetic stimulus (velocity = 60°/s) on the
SPV presented during passive whole-body rotation (28).

Furthermore, using the same rotatory optokinetic stimulus
during adaptation, we have previously found no significant effect
on the subsequent post-tilt bias for both vision-dependent (SVV)
and vision-independent (SHV) static paradigms (11). Taking our
current findings into consideration, we propose that the effect of
prolonged rotatory optokinetic stimuli on verticality perception
is paradigm-dependent.

We found an asymmetry in the impact of the optokinetic
rotatory stimulus on the SPV. Specifically, significant shifts in
turntable self-adjustment errors were noted when the static roll-
tilt position and the direction of the rotatory stimulus were into
the same (CW or CCW) direction. Thus, shifts were significant
when adding CW optokinetic stimulation during whole-body
static roll-tilt in 90° RED position (shifting perceived vertical
into CW direction as well) and when adding CCW optokinetic
stimulation during whole-body static roll-tilt in 90° LED position
(shifting perceived vertical into CCW direction as well). In
conditions when the prolonged whole-body static roll-tilt and
the optokinetic stimulus point in opposite directions, no effect
of optokinetic stimulation was observed in comparison to the
condition with adaptation performed in darkness. This speaks
against a simple additive (or subtractive) effect of these two
mechanisms (i.e., the shift in verticality perception by prolonged
static whole-body roll-tilt and the shift by prolonged optokinetic
rotatory stimulation), but favors a more complex interaction with
integration of the visual input only if the tilt direction from
upright is in the same direction as the rotating visual stimulus.
Thus, our findings propose that for shifting the gravitational
null vestibular input is weighted more than concomitant
visual input.

Previous studies have demonstrated that the SVV in patients
with acute unilateral vestibular loss is strongly tilted toward
the side of the lesion, whereas in the same patients the
SPV was found to remained veridical, suggesting different
weighting of the participating sensory systems for determining
the SPV and the SVV (29). These authors concluded that
the SPV is derived mainly from somatosensory input, which
potentially explains why non-vestibular cues such as optokinetic
stimulation had an outlasting effect in our adaptation paradigm
when using the SPV but not when using the SVV or
the SHV.

In a recently published study, a modulatory effect of dynamic
visual stimuli on the SPV was reported (30). Specifically, in this
study subjects were first presented a visual stimulus (duration
= 205) that was moving downward along the body-longitudinal
axis while subjects were roll-tilted 18° to the left side. During the
subsequent passive chair rotation to the right side they had to
indicate when they felt aligned with earth-vertical. Compared to
control trials (without a visual stimulus), test trials with a visual
stimulus that was moving downwards with constant acceleration
resulted in a shift of subsequent passive SPV adjustments of
0.7° toward the previous roll-tilt position. These findings are
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consistent with our observation that directed optokinetic stimuli
may result in a bias of verticality perception that outlasts the
duration of stimulus presentation, consistent with the concept
of modulatory effects of prior knowledge in the framework of
Bayesian optimal observer theory.

LIMITATIONS

Our study has several limitations, including a moderately large
sample size (n = 10) and a limited number of trials (n =
3) per test condition due to the restriction to a single trial
after each adaptation period. We therefore cannot make any
conclusions on the decay characteristics of the post-tilt bias
for self-adjustments along the perceived direction of gravity.
Furthermore, calculations of trial-to-trial variability have to be
taken with caution and therefore the reported non-significant
differences in variability amongst different trial conditions is a
preliminary finding.

CONCLUSIONS

Prolonged static whole-body roll tilt results in a significant “post-
tilt” bias of perceived direction of gravity when assessed by
the SPV, confirming previous findings from other paradigms
including the SVV and the SHV and emphasizing the impact
of recent whole-body roll orientation relative to gravity. Such
adaptational shifts in verticality estimates may be explained in the
context of Bayesian optimal observer theory with a bias of prior
knowledge. Furthermore, the significant impact of optokinetic
rotatory stimuli on subsequent self-adjustments along perceived
vertical, whereas such an effect was not found for the SVV
and the SHV previously, is potentially explained by differences
in weighting of the sensory input available when centrally
integrated. Our findings also have clinical implications, as the
observed post-tilt bias may contribute to postural instability
when standing up in the morning, increasing the risk for falls and
fall-related injuries in patients with preexisting balance disorders.
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The Anatomical and Physiological
Basis of Clinical Tests of Otolith
Function. A Tribute to Yoshio Uchino

lan S. Curthoys™

Vestibular Research Laboratory, School of Psychology, The University of Sydney, Sydney, NSW, Australia

Otolithic receptors are stimulated by gravitoinertial force (GIF) acting on the otoconia
resulting in deflections of the hair bundles of otolithic receptor hair cells. The GIF is the
sum of gravitational force and the inertial force due to linear acceleration. The usual clinical
and experimental tests of otolith function have used GiFs (roll tilts re gravity or linear
accelerations) as test stimuli. However, the opposite polarization of receptors across
each otolithic macula is puzzling since a GIF directed across the otolith macula will excite
receptors on one side of the line of polarity reversal (LPR at the striola) and simultaneously
act to silence receptors on the opposite side of the LPR. It would seem the two neural
signals from the one otolith macula should cancel. In fact, Uchino showed that instead
of canceling, the simultaneous stimulation of the oppositely polarized hair cells enhances
the otolithic response to GIF —both in the saccular macula and the utricular macula. For
the utricular system there is also commissural inhibitory interaction between the utricular
maculae in each ear. The results are that the one GIF stimulus will cause direct excitation
of utricular receptors in the activated sector in one ear as well as indirect excitation
resulting from the disfacilitation of utricular receptors in the corresponding sector on
the opposite labyrinth. There are effectively two complementary parallel otolithic afferent
systems —the sustained system concerned with signaling low frequency GIF stimuli such
as roll head tilts and the transient system which is activated by sound and vibration.
Clinical tests of the sustained otolith system—such as ocular counterrolling to roll-tilt
or tests using linear translation—do not show unilateral otolithic loss reliably, whereas
tests of transient otolith function [vestibular evoked myogenic potentials (VEMPs) to
brief sound and vibration stimuli] do show unilateral otolithic loss. The opposing sectors
of the maculae also explain the results of galvanic vestibular stimulation (GVS) where
bilateral mastoid galvanic stimulation causes ocular torsion position similar to the otolithic
response to GIF. However, GVS stimulates canal afferents as well as otolithic afferents
so the eye movement response is complex.

Keywords: vestibular, otolith, utricular, saccular, vemp
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Physiological Basis for Otolith Clinical Testing

INTRODUCTION

The canals and the otolithic sensory regions of the inner
ear function as an integrated system—in response to head
movements, otolith signals interact with canal signals to generate
appropriate sensations, eye movements, and postural responses
(1). Loss of otolith function disrupts that neural interaction
and causes patient reports of disorientation as well as postural
unsteadiness (2). Many patients arrive at clinics complaining of
dizziness, vertigo, postural unsteadiness but tests in these patients
may show all semicircular canals have normal function (2).

In parallel with the aim of clinical testing of the semicircular
canals, clinical tests of otolith function seek to identify the level of
otolith function in each ear and whether there is unilateral loss of
otolith function. However, the structure of the otoliths is unusual
and, as we show below, tests which prima facie appear that they
should be indicators of the level of otolith function in each ear
do not provide clinically useful data about asymmetry of otolith
function. In particular, the opposite polarization of receptors
across each otolithic macula is puzzling since a gravitoinertial
force (GIF) stimulus directed across the otolith macula will excite
receptors on one side of the line of polarity reversal (LPR at
the striola) and simultaneously act to silence receptors on the
opposite side of the LPR. It would seem the two neural signals
from the one otolith macula should cancel. In fact, Uchino’s
detailed physiology in the VN show exactly the opposite!l—
that instead of canceling, the simultaneous stimulation of the
oppositely polarized hair cells enhances the otolithic response to
GIF—Dboth in the saccular macula and the utricular macula.

In the labyrinth of each ear the otolithic receptors are laid
out on two sheets of cells called maculae—the utricular macula
and the saccular macula—and the receptors and afferents within
each macula form two complementary otolithic systems—the
sustained system concerned with signaling low frequency GIFs
and the transient system which is activated by high frequency
stimuli such as sounds and vibration (1). Tests of the sustained
otolith system do not show unilateral loss reliably, whereas
tests of transient (dynamic) otolith function do show unilateral
otolithic loss.

A good example of a test using the sustained system is the
response to maintained head tilt. Figure 1 shows a side-on view
of the utricular macula of a guinea pig—the white layer being
the otoconia adhering to the upper surface of the otolithic

Abbreviations: ACS, air conducted sound; BCV, bone-conducted vibration; OM,
otolithic membrane; GIF, gravitoinertial force—the effective stimulus for otolithic
receptors; HSV, horizontal slow phase eye velocity; VSV, vertical slow phase
eye velocity; TSV, torsional slow phase eye velocity; SCD, semicircular canal
dehiscence; LPR, line of polarity reversal; type I, excitatory neurons in the
vestibular nucleus; type II, inhibitory neurons in the vestibular nucleus; VN,
vestibular nucleus; ABD, abducens nucleus; GVS, galvanic vestibular stimulation;
VEMP, vestibular evoked myogenic potential; oVEMP, ocular vestibular evoked
myogenic potential; cVEMP, cervical vestibular evoked myogenic potential; Fz, the
midline of the forehead at the hair line; OCR, ocular counterrolling—torsion of the
eye in a direction opposite to the gravitoinertial force; OTR, the ocular tilt reaction.
A triad of ipsilesional roll head tilt, ipsilesional ocular torsion and skew deviation
with the ipsilesional eye lower in the orbit; ipsilesional, on the same side as the loss
or lesion; contralesional, on the opposite side to the loss or lesion (in other words,
the healthy side).

FIGURE 1 | A lateral view of the right utricular macula in a guinea pig. The
white layer is the otoconia adhering to the upper surface of the gelatinous
otoconial membrane (OM) on the macula. The upturn is at the rostral end of
the macula where it is attached to bone and where the afferent neurons leave.
The rest of the macula (the flat plate) rests on a membrane stretched across
the labyrinth (the membrana limitans) so that most of the utricular macula
effectively floats on fluid (3-5). Figure reproduced with permission of the
Aerospace Medical Association from Curthoys (3).

membrane. The human utricular macula is similar. During a
roll head tilt, gravity displaces the crystals (the otoconia) and so
stimulates the otolith utricular receptors (Figure 2A) and causes
both eyes to roll around the line of sight and to maintain a rolled
position during the maintained head tilt. A roll head tilt, left ear
down, causes both eyes to roll so the upper pole of both eyes is
rolled in the orbit by a few degrees to the right. This response
is termed ocular torsion or ocular counterrolling (OCR). It has
been presumed that loss of the otoliths in one labyrinth should
result in asymmetrical OCR for the two directions of lateral head
tilt, just as unilateral loss of the semicircular canals results in
asymmetrical horizontal vestibulo-ocular responses. At the acute
stage roll head tilts to the affected side do show reduced OCR,
but that is not the case in patients with long term unilateral
loss—there is no systematic asymmetry in OCR responses for
roll-tilts to the left or right (7). However, tests of the transient
otolith system, do show unilateral otolithic loss acutely and
chronically. In this review we examine the peripheral anatomy
and physiology of the otoliths underlying these very different and
puzzling outcomes.

Summary of Otolith Anatomy and
Physiology

Vestibular Receptor Hair Cells

In the human there are around 33,000 receptors in each utricular
macula [synapsing on around 6,000 afferents (8)] and 18,000
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FIGURE 2 | Simplified schematic diagrams of otolithic type | receptors, the line of polarity reversal and the spatial organization of the utricular and saccular maculae.
(A) Showing two type | receptors on either side of the line of polarity reversal (LPR). The primary afferent neuron forms a calyx ending which envelops the whole
amphora-shaped receptor cell body. Other receptors are barrel shaped and are called type Il receptors. The kinocilium is the longest cilium and is identified by the
letter K in this schematic. A gravitoinertial force directed from right to left (such as a roll tilt of the head left ear down) will displace the otoconia above the macula which
will deflect the hair bundles of the receptors and so facilitate the type | receptor on the right because the cilia of that receptor will be deflected toward the kinocilium,
but simultaneously disfacilitate the receptor on the left whose cilia will be deflected away from the kinocilium. (B) Schematic representations of the view looking
straight down on the two utricular maculae during a laterally directed GIF to the left (shown by the large arrow). The small arrows represent the preferred directions of
receptors on the maculae and the systematic change in preferred direction and the opposite polarization on either side of the line of polarity reversal (LPR—dashed
line) are shown. The two utricular maculae are mirror images of one another. The medial sectors are identified by the letter M and the lateral sectors by the letter L. The
GIF (large arrow) simultaneously facilitates left medial and disfacilitates left lateral receptors. (C) Showing the approximate spatial configuration of the utricular and
saccular maculae in the head. The band of receptors adjacent to the line of polarity reversal is called the striola. In the utricular macula the receptors point toward the
LPR, whereas in the saccular macula the receptors point away from the LPR [from Curthoys (6), Copyright © 2020 Karger Publishers, Basel, Switzerland].

anterior

macula

striola

receptors in each saccular macula (9) [synapsing on around 4,000
saccular afferents (8)]. Projecting from each otolithic receptor cell
are hair-like cilia and deflections of these hair bundles stimulate
the receptor. The hair bundles project into the gelatinous
otoconial membrane (OM), the upper surface of which is covered
by otoconia (Figures1, 2A). Each receptor has one distinct
cilium (the kinocilium, K) which serves as a unique feature which
identifies the preferred direction of stimulation of that receptor—
its “morphological polarization” or directional preference (10).
Intracellular recording from isolated receptors has shown that
for all receptors, deflections of the receptor hair bundle toward
the kinocilium are facilitatory (excitatory), deflections away
from the kinocilium are disfacilitatory (11-13) (Figure 2A).
There is a systematic change in the directional preference of
the individual receptors around the utricular macula (9). This
structural organization is shown schematically in Figures 2B,C
as small arrows on the surface of the maculae, representing the
different preferred directions of receptors all over the macula.
This spatial ordering of the directional preference of receptors
in the otolithic maculae (Figure 2C) contrasts with the uniform
directional preference of all receptors on each semicircular canal
crista (9). Each otolithic maculae is divided into two sectors in
which the hair cells have exactly opposite directional preferences
(9) (Figures 2B,C).

The line dividing the two sectors is called the line of polarity
reversal (LPR) and the thin band of receptors on either side of the
LPR is called the striola.

Gravity is usually the stimulus generating hair bundle
deflection. A gravitoinertial force in one direction displaces the
dense crystals of the otoconia of the otolith organs, and so the
hair bundles of the otolithic receptor hair cells, embedded in the
otoconial membrane, tuned to that direction are deflected and
activated. Recently it has been shown that sound and vibration
are very effective stimuli for one class of otolithic receptors and
afferents—those with irregular resting discharge originating from
receptors at the striola (14). Other stimuli [small electric currents
called galvanic vestibular stimulation (GVS) delivered by surface
electrodes on the mastoids] activate all vestibular receptors and
afferent neurons on the side of the cathode electrode and inhibit
afferents on the side of the anode electrode (15-17). Each one of
these stimuli has been used in possible clinical tests of otolithic
function and they are discussed below after considering the
anatomy and physiology of the otoliths.

The receptor organization of the otolithic maculae means
that in response to the one GIF stimulus, some otolithic
receptors and afferents have an increased activation (facilitation)
whereas others in the same macula have decreased activation
(disfacilitation) to exactly the same stimulus (Figure 2B). It
seems that these two opposite responses should cancel. In
fact the opposite is true—Uchino’s results have shown that
because of interposed inhibitory neurons, their simultaneous
stimulation acts to enhance the response to the GIF in a manner
analogous to the enhancement to angular acceleration by bilateral
inhibitory interaction in processing of semicircular canal neural
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information (18-20). In the semicircular canal system this is
called mutual commissural inhibitory interaction and it has been
shown to enhance the neural response of single VN neurons
to angular acceleration (19) (see Figure 3). In the following I
show how Uchino’s results apply in the otolithic system, but
some general features of vestibular afferents and physiological
conventions in this area need to be clarified.

Sustained and Transient Otolithic Systems
As well as providing information about the direction of
the GIE the afferents from each otolithic macula provide
information about different temporal aspects of the stimulus. As
a simplification these different neural channels are characterized
as the sustained and the transient systems (14, 21, 22). They are
most likely extremes of a continuum.

Afferents arising from the striola which have irregular resting
activity and constitute the origin of the transient system—they
prefer high frequency GIF stimuli and are activated by sound or
vibration. In the otolithic maculae the striola is a comparatively
thin band with a small number of receptors and afferents, and it is
afferents from this band which respond to vibration [see (23) for a
review]. The thin band can be seen by inspection of whole mount
preparations of the maculae (14, 24). There are many more
receptors and afferents in the extra-striolar area, and afferents
from the extra-striolar area have regular resting discharge and
constitute the sustained system. The sustained afferents prefer
maintained or low frequency GIFs stimuli and do not respond to
sound or vibration at physiological levels (22, 25-27). Afferents
in the two systems have different responses to stimulus onset,
different thresholds for activation by electrical stimulation and
different adaptation rates to maintained stimulation (6). This
differential receptor and afferent organization of the otoliths is
analogous to the organization of the retina with 1,000,000 cones
concentrated at the fovea specialized to detect fine detail but
125,000,000 receptors in the rest of the retina (28).

In the present paper the focus is on the sustained system
since diagrams in Uchino’s papers show that his results probably
originated mainly from isolated electrical stimulation of the
extra-striolar macula areas (29, 30) from where the sustained
afferents mainly originate. The physiology of the transient system
and the clinical testing of it have been extensively reviewed
recently (1, 21, 23, 31, 32) and so they will be covered only briefly
in this paper.

Otolith Physiology— General

The opposite polarization of receptors across each macula is
puzzling since a GIF directed across the utricular macula will
excite receptors on one side of the LPR and simultaneously
act to disfacilitate (silence) receptors on the opposite side of
the LPR (Figure 2B). It would seem the two neural signals
from the one utricular macula should cancel. In fact, detailed
physiology in the VN show exactly the opposite—that instead
of canceling, the simultaneous stimulation of the oppositely
polarized hair cells, both in the saccular macula and the utricular
macula, enhances the otolithic response to the GIF similar to the
enhancement shown above for the semicircular canals. Uchino
called this phenomenon cross-striolar inhibitory interaction. In

the case of the utricular macula this enhanced response is
further complemented by inhibitory interaction between the
two labyrinths which Uchino called commissural inhibitory
interaction (29). Below I discuss how cross-striolar inhibition
works and then I address commissural inhibitory interaction. The
following shows how Uchino’s results operate in the VN, using
schematic figures derived from Uchino’s representations. These
patterns of response organization were shown by intracellular
recording of single neurons in the VN and measuring their
response to isolated electrical stimulation of distinct locations on
each otolithic macula and measuring the excitatory or inhibitory
responses in VN neurons to such stimulation [summarized in
(29, 33)].

The naming convention used to describe the response of
central semicircular canal neurons is used here to describe
otolithic neurons. Specifically type I neurons are excitatory
neurons in the VN receiving monosynaptic afferent projections
from primary otolithic afferent neurons and having multiple
central projections. Type II neurons are inhibitory neurons in
the VN which are activated by an axon branch from a type I
neuron projecting to, and so inhibiting, other type I neurons.
The schematic figures [redrawn from the schematic figures used
by Uchino (29, 33, 34)], depict exemplars of these neural types
and their established connections to show how these neural
types are activated and interact. These principles operate for a
limited number of otolithic neurons—many otolithic neurons are
outside the interactive “loops” described below.

Cross-Striolar Inhibition in the Saccular
System

This section explains how cross-striolar inhibitory interaction
works within each saccular macula. Figure 4 shows a schematic
representation of the saccular macula with receptors projecting
to the VN. Receptors in the ventral sector (b) are activated
by the GIF—the force of gravity (thick arrow)—and facilitate
the primary afferent neurons (p) which in turn project to and
activate the neuron in the VN labeled type I (c) whose firing
rate accordingly increases. Simultaneously receptors in the dorsal
sector of the saccular macula (a) are deflected away from the
kinocilium, so they disfacilitate their primary afferent neurons
(dashed lines) and so disfacilitate the type I neurons in the VN
labeled d. An axon branch from the facilitated type I neuron
(c) projects to an inhibitory VN neuron [type II (e) shown with
a—sign] which inhibits the VN neuron receiving input from
the dorsal sector (d)—further silencing this disfacilitated neuron.
In turn this disfacilitated VN type I neuron exerts less drive to
the inhibitory type II neuron (f) which exerts less inhibition
on the activated type I neurons. Less inhibition from (f) is
equivalent to activation of (c)—this release from inhibition is
called disinhibition. So, the type I neuron (c) receives both direct
excitation from the ventral sector of the saccular macula and
also additional excitatory drive by disinhibition from receptors
in the dorsal sector. The outcome of the cross-striolar inhibitory
interaction is an enhanced neural signal with the difference in
firing between the two opposing sectors being greater than would
be the case without the inhibitory interaction. So instead of
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FIGURE 3 | The commissural inhibitory interaction of the semicircular canals to angular acceleration during a leftward head turn. The figure represents a view looking
down on the horizontal canals and the vestibular nuclei of the brainstem. The primary afferents from the horizontal canal on the side to which the head is turned (left in
this example) are facilitated (activated) and in turn they activate VN type | neurons (excitatory neurons receiving afferent input). Simultaneously the corresponding
primary afferents on the opposite (right) side are silenced (disfacilitated) because the fluid flow deflects the cilia away from the kinocilium and so the VN neurons they
serve are disfacilitated [Conventions: solid lines and hexagons—neurons which are activated; dashed lines and hexagons—neurons whose activity (firing rate) is

angular acceleration
to left

right

reduced or silenced; hexagons containing a—sign are inhibitory neurons]. The result is that the angular acceleration causes an imbalance in the neural activity of type |
neurons in the two VN. That imbalance is enhanced by an axon branch from the activated left type | projecting to the right side, activating an inhibitory neuron (type II)
and the increased inhibition it exerts on its target type | neuron further silences the type | neuron on the right side. In this way the imbalance occurring at the periphery
is further enhanced. In turn the silencing of those right VN type | neurons acts to reduce inhibition on the left VN type | neuron and so acts to increase its firing and so
further enhance the difference in neural activity between the two VN. That release from inhibition is called disinhibition. Note that this “closed loop” depicts the activity
of only a small group of canal neurons in the VN: other VN neurons (shown as z in the figure and shown as light gray) are outside this closed loop. These data are

based on results by Shimazu and Precht (18); Markham et al. (19).

canceling, the effect of the cross-striolar inhibitory interaction
between the oppositely polarized sectors is to enhance the neural
response to the stimulus. Once again it should be noted that this
“closed loop” is only part of the story—the afferents from each
sector project to other VN neurons outside this loop (z) which
are grayed out in this and the following figures.

Uchino referred to this whole process as cross-striolar
inhibition, and it applies in both saccular and utricular maculae.
He reported that more than 61% of saccular neurons tested
in the VN showed cross-striolar inhibitory interaction, but
cross-striolar inhibitory interaction is not as widespread in the
utricular macula (it was only seen in 30% of utricular neurons
tested) (29, 30). The two saccular maculae function largely
independently since there is virtually no bilateral interaction
between the two saccular maculae in each labyrinth—no
commissural inhibition (34) —whereas utricular neurons receive
commissural inhibition (as shown below) as well as this cross-
striolar inhibition (30).

Cross-Striolar Inhibition in the Utricular
System

The analysis for the utricular macula is identical to that given
above for the saccular system. Consider a GIF stimulus directed
across the left utricular macula from right to left (Figure 5). It
will activate receptors in the left medial sector which project
to and activate a type I neuron in the VN (c). Simultaneously
receptors in the left lateral sector (a) will be disfacilitated. These
project to a type I in the VN (d), and so its activity will be
reduced. An axon branch from the facilitated type I (c) projects
to an inhibitory (type II) VN neuron (e shown with a—sign)
which inhibits the VN type I neuron (d) receiving input from the
lateral sector—further silencing the disfacilitated neuron. In turn
this disfacilitated VN type I neuron (d) exerts less drive and so
less inhibition via the type II neuron (e) on the activated type
I neuron (c). So, the activated type I neuron (c) receives both
direct excitation from the medial sector of the utricular macula
and additional excitatory drive by disinhibition from receptors
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FIGURE 4 | Cross-striolar inhibition in the saccular macula—see text for full explanation.

nucleus

in the lateral sector. The outcome of the cross-striolar inhibitory
interaction is an enhanced neural signal with the difference in
firing between the two sectors being greater than would be
the case without the inhibitory interaction. In summary: in
both the utricular and saccular maculae, cross-striolar inhibitory
interaction serves to enhance the response to the GIF stimulus.

Commissural Inhibition in the Utricular

System

Medial Sectors

The utricular system also receives an additional enhancement
due to inhibitory interaction between the two labyrinths which
Uchino called commissural inhibitory interaction (30). Consider
a GIF directed from right to left across a subject’s head, during
a roll head tilt to the left [see the schematic representation of
both utricular maculae (Figure 6)]. This stimulus will activate
(facilitate) receptors in the medial sector of the left utricular
macula (labeled b) because the direction of the stimulus is aligned
with the preferred directions of medial sector utricular receptors
on the left. It will simultaneously act to disfacilitate receptors
in the medial sector of the contralateral right utricular macula
(labeled c) because the direction of the stimulus is opposite to the
preferred direction of receptors in the right medial sector. The
afferents from these excited left medial sector receptors project to
and activate neurons in the ipsilateral (left) VN (type I neurons)
(labeled k in Figure 6). The axon of that neuron projects to
a contralateral inhibitory type II neuron (s) on the right side,
increasing its firing and so increasing the inhibition exerted by
s onto the type I neuron (f) in the right VN which is receiving
disfacilitated afferent input from the medial sector of the right

utricular macula. These afferents and type I neurons on the
right are already firing at a reduced firing rate (shown as dashed
lines) since the stimulus direction is opposite to their preferred
direction, and so the stimulus itself is acting to disfacilitate the
receptors and afferents. In turn the reduced firing of the right
sided type I (f) will reduce the inhibition from the left side via the
inhibitory neuron type II (u) acting on the left type I (k) allowing
it to fire at an even higher rate (disinhibition).

The outcome is that the stimulus—a roll head tilt left ear
down—will cause an imbalance in neural activity between the
two VN—a high firing rate for type I neurons on the left and
a low firing rate for type I neurons on the right. In this way,
commissural inhibitory interaction between the corresponding
medial sectors on each side acts to enhance the imbalance in
the neural activity in response to the stimulus. Once again, the
otolithic neural response depends on two sources of facilitation—
direct facilitation from the ipsilateral activated otolithic receptors
and reduced inhibition (disinhibition) originating from the
contralateral disfacilitated receptors. Again, other VN neurons
(gray) are outside this loop.

Commissural Inhibition in the Utricular

System

Lateral Sectors

There is comparable mutual inhibitory interaction in the VN
between afferents from the two lateral sectors of the utricular
macula (a and d) (Figure 7), but now for the same GIF directed
from right to left it is the right lateral sector which is activated
and the left lateral sector which is disfacilitated. Inspection of
response of the medial and the lateral circuits in Figure 7 raises
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FIGURE 6 | Commissural inhibition in the utricular macula—see text for full explanation.
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the question—why doesn’t the right lateral sector activation
simply cancel out the left medial sector activation so there
is no imbalance in activity between type I neurons in the
two vestibular nuclei? Don’t they just cancel centrally? The
following are three reasons that the response from the left medial
sector predominates:

1. the area of the medial sector (and so the number of afferents)
is larger than the area of the lateral sector (35).

2. cross-striolar inhibition favors the medial sector (60% of
neurons tested) vs. lateral sector (30% of neurons tested) (30).

3. commissural inhibition is more frequent for medial sector
afferents (56%) than for lateral sector afferents (44%).

So, taking all of this together, the left medial response is larger
because both cross-striolar and commissural inhibition favor the
medial sector. Confirmation of the medial sector predominance
comes from recordings of VN neurons to roll-tilt, which shows
more VN neurons activated by medial sector stimulation (48%
by ipsilateral ear down tilt) than are activated by lateral sector
stimulation (26% contralateral ear down tilt) (36).

A final consideration is that anatomical evidence indicates
that the medial and lateral sectors of the utricular macula
have different projections. Both project to the brainstem and
cerebellum (37) but the lateral sector projection to the cerebellum
is greater.

OTOLITH STIMULATION AND RESPONSES

This section relates the basic neurophysiology of the peripheral
otolith system to potential clinical tests of otolithic function
by gravity or low frequency linear acceleration and so testing
predominantly the sustained system. The effect on otolith
function by such procedures as unilateral vestibular loss, selective
otolith ablation, and galvanic stimulation on responses in
sensory, oculomotor and postural control systems are discussed.
There are extensive literatures about the response of each of
these systems to otolithic stimulation or manipulation, and here I
note general principles which are of interest for the development
of clinical otolithic tests, rather than presenting an exhaustive
review. Most clinical tests of otolith function have focused on
measuring eye movements to otolithic stimulation, in particular
to stimuli such as roll-tilt. Whilst ocular torsion has usually
been measured it is important to note that each quadrant of the
utricular macula projects to different eye muscles (38).

Tests of the Sustained System of Otolith

Function

Responses to Roll Head Tilt in Healthy Subjects and
After Unilateral Vestibular Loss

At rest the central otolithic neuronal signals in the VN from
the bilateral medial utricular maculae are presumed to be
in equilibrium. However, stimulation or unilateral loss will
upset that balance and generate responses. The oculomotor
response to roll-tilt consists of mainly ocular torsion (also called
counterrolling—OCR). In response to the increasing lateral GIF
across the utricular macula as the head rolls, the eyes roll with the

upper poles of both eyes being displaced in the orbit in a direction
opposite to the GIF (39-44). The OCR is usually a very small
fraction of the roll-tilt angle (about 8-10 deg maximum in healthy
people). Increasing the roll-tilt stimulus systematically increases
the magnitude of the GIF vector across the medio-lateral sector of
the maculae and so progressively increases the neural imbalance
between utricular neurons in the two nuclei. As roll-tilt increases
there is a non-monotonic increase in OCR which is likely mainly
due to utricular stimulation, although there is evidence for a
small contribution to OCR from the saccular macula at large roll-
tilt angles (45, 46). Direct electrical stimulation of the utricular
nerve in cats (47) caused torsion of both eyes with the upper
poles of the eyes rolled away from the side being electrically
stimulated. This torsion occurred primarily because of utricular
activation of the contralateral inferior oblique and ipsilateral
superior oblique muscles (48). Additionally, there were small
horizontal and vertical components.

Complementing the results of increasing roll-tilt stimulation
is the evidence that unilateral section of the vestibular nerve
causes both eyes of human patients to adopt a maintained
rolled eye position (49-51), rolled toward the operated side
(Figure 8). This result follows from the physiological analysis
above. In a healthy individual if one labyrinth is suddenly
silenced, for example by surgical removal or severe neuritis then
the equilibrium between the two VN is lost with otolithic type
I neurons in the VN on the lesioned side being silenced and
otolithic type I neurons on the intact side presumably having
normal resting activity. Such an imbalance corresponds to the
utricular neural response to roll head tilt to the healthy side which
causes a small OCR toward the opposite (lesioned) ear. Such an
imbalance of utricular otolithic neural activity corresponds to the
imbalance of semicircular canal neural activity after unilateral
loss in the semicircular canal system (52-54). Acutely in the case
of the semicircular canals the imbalance results in nystagmus
and vertigo. Acutely, in the case of the utricular maculae the
imbalance is equivalent to a large roll-tilt and drives the head and
eyes to roll toward the lesioned side and to maintain this rolled
position (49, 55). There are simultaneous postural changes—head
tilt to the affected side, falling to the affected side. This loss-
induced torsion and postural change reduce over time in the
process called vestibular compensation (20). It is argued that
this maintained ocular torsion position is probably an otolithic
response rather than a canal response because canal loss induces
a change in eye velocity (nystagmus) rather than a maintained
eye position and because isolated loss of the utricular macula with
canals intact in guinea pigs caused similar responses (56).

In patients weeks or months after unilateral vestibular loss
there remains a small ocular torsion which is usually only
a few degrees, but it causes a small systematic bias of the
perceived orientation of a horizontal (or vertical) visible line in
an otherwise darkened room so that the line no longer appears to
be horizontal (or vertical) (20, 49, 57) (Figure 9). This perceptual
error occurs because the ocular torsional position is rolled by
a few degrees toward the affected ear and the orientation of
the retina is a major determinant of visually perceived vertical
or horizontal in an otherwise darkened room (43). This small
perceptual error is called the visual bias (49, 58, 59). It occurs
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FIGURE 7 | (A,B) Schematic representation of the two utricular maculae and examples of afferent neurons projecting from the medial sector of each macula (A) and
lateral sectors (B) of each utricular macula to synapse on central excitatory otolithic neurons (hexagons) in the VN. The figure shows the commissural interaction in the
medial (A) and lateral (B) sectors.

Before and after right vestibular neurectomy

Left eye Right eye
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FIGURE 8 | Fundus photographs of the left and right eyes of a patient before and 1 week after a neurectomy of the right vestibular nerve showing the unique pattern
of retinal blood vesels in each eye. The blood vessel patterns show very clearly that after unilateral vestibular neurectomy both eyes adopt a maintained roll eye
position, rolled toward the patient’s lesioned (right) side. Reprinted by permission from Springer Nature, Curthoys et al. (49) © 2020.
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with horizontal lines [subjective visual horizontal (SVH)] or
vertical lines [subjective visual vertical (SVV)]. Although they are
not large, the ocular torsion position angle and the visual bias
appear to be an almost permanent legacy of probable otolithic
origin after unilateral vestibular loss (49, 60). Over time this
ocular torsion and the visual bias decrease but never completely
vanish. The visual bias is a simple useful clinical indicator of
asymmetric sustained otolithic function (49, 61, 62) (Figure 9).
Why does the maintained roll of the eye persist? It appears that
the reduced afferent input from the affected utricular macula
results in permanently slightly reduced neural input projecting to
the ipsilateral superior oblique and contralateral inferior oblique
eye muscles so that the eye adopts a rolled eye position—rolled
toward the affected ear. It should be noted that maintained
ocular torsion is not necessarily a specific indicator of peripheral
otolithic loss—it can occur with central lesions along the pathway
from the otolithic receptors to the eye muscles (63). Ocular
pathology can also cause changes in SVV.

One other otolith oculomotor response after unilateral
peripheral vestibular loss is skew deviation which refers to
vertical misalignment of the two eyes after unilateral vestibular
loss with the ipsilesional eye being lower in the orbit than the
contralesional eye. This is usually a very small effect which
can be identified clinically by alternately covering each eye and
identifying if a vertical refixation is needed. However, lesions of
central vestibular pathways also generate skew (63).

Acutely after unilateral vestibular loss the OCR response to
maintained roll-tilt stimulation shows a temporary reduction in
OCR for roll-tilts to the affected ear (64, 65), but testing OCR
to roll-tilt in chronic patients weeks after unilateral loss shows
there is no asymmetry of OCR—it fails to identify which side is
affected (7, 40, 66, 67). The empirical result is that measuring
OCR to left and right roll-tilt does not reliably indicate the
affected side after unilateral loss in chronic patients, whereas the
visual bias shows the affected side in acute and chronic patients.
It appears that vestibular compensation is acting to nullify the
initial asymmetrical OCR response.

Unilateral Centrifugation

Another way of generating sustained GIF stimulus depends on
the fact that the two otoliths are around 3.6 cm from the midline
of the head (68, 69). As a result, a constant velocity rotation
of a patient on a rotating chair with the center of the head
positioned exactly over the axis of rotation induces a GIF across
each utricular macula. This is called unilateral centrifugation
(70, 71). At high rotational velocities (e.g., 300 deg/s) this GIF
achieves a reasonable magnitude but in healthy people being
directed outward, it is opposite in each labyrinth, so the effects
of the opposite GIFs cancel, and no systematic torsion occurs
(71). However, if the subject’s head is displaced 3.6 cm laterally
so that one labyrinth is exactly over the axis of rotation, the
GIF during high velocity rotation [300 deg/s at 7 cm generates
about 0.2¢ laterally (70)] and so stimulates the utricular macula
in the “off-axis” ear causing torsion and perceptual responses,
so the utricular function of that ear can be measured (70).
This unilateral centrifugation test shows unilateral loss both
acutely and in chronic patients (70-72). The rotational velocities

required are very high (around 300 deg/s and so potentially
dangerous), the resulting torsion is small (just a few degrees),
variable between patients (71) and difficult to measure so this
method has not proved to be a widely used practical clinical test
of unilateral otolith function.

Oculomotor Response to Linear Translation

A lateral translation of the head causes deflection of the utricular
receptor hair bundles because of inertia. The otoconia, attached
to the upper surface of the otoconial membrane, tend to stay
in place and so drag the hair bundles of utricular receptors
opposite to the lateral translation (Figure 10A). In this way
lateral translation should cause OCR opposite to the translation
direction, and that result has been reported in humans (73)
and chinchillas (74). There were also small horizontal eye
movements—lateral translation to the left causes both eyes
to move horizontally to the right (75, 76), depending on
many factors such as fixation direction and distance (77). This
compensatory horizontal eye movement response is due in
part to utricular afferents which project to ipsilateral abducens
nucleus (33, 78, 79), but other cerebellar pathways probably
contribute (77).

This horizontal eye movement to lateral linear acceleration
(80) has been used to try to identify the unilateral utricular loss,
by analogy with the success of the horizontal eye movement to
angular acceleration identifying the side of unilateral semicircular
canal loss (81). A horizontal angular acceleration toward the
affected ear results in a reduced horizontal compensatory eye
velocity response and so permanently identifies the affected
semicircular canal (82). That result occurs essentially because
of the uniform receptor organization on the crista in each
horizontal canal, and the projections from the canals to the
contralateral abducens nuclei (20). Corresponding to that canal
result is the evidence that acutely after unilateral loss linear head
translations toward the affected ear cause reduced compensatory
horizontal eye movements (80). But in contrast to the permanent
reduced response for angular acceleration stimulation of the
affected canal, the reduced horizontal eye velocity response for
ipsilesional lateral accelerations is very short-lived and testing
6 weeks after loss, shows there is no detectable reduction in
the horizontal eye velocity to lateral translation toward the
affected ear (80). Two other factors should be noted: the whole
body lateral linear accelerations were very small stimuli—about
0.24 g (80), with very long rise time (so jerk was small), and
had a very long latency around 35-45ms (80) compared to a
latency of about 7 ms for the horizontal eye velocity response to
semicircular canal stimulation (82, 83).

Whilst the reduced horizontal eye velocity for linear
accelerations toward the affected ear seems consistent with the
reduced horizontal eye velocity response for angular acceleration
of the canal after unilateral loss—both giving reduced horizontal
eye movement responses for stimuli directed to the affected
side—the result for linear accelerations after unilateral loss
in fact is not readily explicable by the receptor organization
of the utricular maculae and their neural projections! This
conundrum is shown in Figure 10B—the linear acceleration
of the head toward the affected ear causes the otoconia to
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FIGURE 9 | (A) To show the very close relationship between the change in ocular torsional position after unilateral vestibular neurectomy and the corresponding
change in the setting of a visual line to the subjective visual horizontal (49) in patients after unilateral vestibular loss. This setting is called the visual bias test. This close
correspondence justifies the use of the perceptual result to indicate the torted position of the eye. Reprinted by permission from Springer Nature, Curthoys et al. (49) ©
2020. (B) Results of the visual bias clinical test of otolith function in a patient with a left side loss. The patient made 30 successive settings to where they judged the
gravitational horizontal to be: 10 settings with binocular viewing (BIN), 10 with left eye only (LE), and 10 with right eye only (RE). CCW, counterclockwise from the
patient’s point of view (i.e., the line is set so the left side is below the true gravitational horizontal); CW, clockwise from the patient’s point of view. The results show a
very consistent shift of the perceived horizontal so after left unilateral loss, the visual bar is set left side down from the patient’s point of view, which corresponds to the
rolled horizontal meridian of the eye, as shown in Figure 8. (C) Similar results from a patient with a right-side vestibular loss which causes the visual line to be set so
that the right side of the line is set down, corresponding to the rolled horizontal meridian of the eye. Most subjects and patients can perform this task with very small
variability as shown here (Settings consistently >2° are outside the normal range).
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FIGURE 10 | (A) Schematic figures to show how the hair bundles of utricular receptors are deflected identically for a roll-tilt left ear down and a horizontal head
translation to the person’s right. (B) The effect of lateral linear acceleration toward the affected ear in a patient with unilateral vestibular loss (the X shows the affected
utricular macula). The linear acceleration directed toward the affected ear causes the otoconia to remain in place because of inertia and so the hair bundles of all the
utricular receptors are deflected opposite to the linear acceleration. This direction of hair bundle deflection is an excitatory stimulus for receptors in the medial sector of
the utricular macula, and an inhibitory stimulus for receptors in the lateral sector. The medial excitation would be expected to generate a compensatory horizontal eye
velocity response, however in human patients there is instead a (temporary) reduced horizontal eye velocity response for linear accelerations directed to the

affected ear.

horizontal eye velocity to lateral linear accelerations in patients is
exactly the opposite—the linear acceleration toward the affected
ear causes a reduced compensatory horizontal eye movement
response (80). To accommodate this puzzling result, Lempert
suggested that it must be receptors in the lateral sector of the

remain in place because of inertia, so the hair bundles of
the receptors on the remaining utricular macula are deflected
opposite to the direction of the linear translation. As shown
in Figure 10B, because of their respective polarizations, that
means that receptors in the medial sector of the healthy macula

are excited, while those in the lateral sector are inhibited.
However, excitation of the medial sector receptors should cause
an increased oculomotor response (as it does for the torsional
response to lateral roll-tilt of the head) but the empirical result for

utricular maculae which generate compensatory horizontal eye
velocity responses to lateral linear accelerations (80). In the case
of unilateral loss, the receptors in the lateral sector would be
inhibited by the lateral linear acceleration stimulus to the affected
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ear and so their inhibition would cause a reduced horizontal
eye movement response, as is observed. Further compounding
the puzzle is the fact that the projections from the utricular
macula to abducens are from utricular macula to ipsilateral
abducens nucleus (78, 79) so utricular activation would generate
an ipsilateral eye rotation for ipsilateral utricular stimulation
(23, 84), although the precise origin of these projections from
the utricular macula (medial or lateral sectors) to the ipsi lateral
abducens is unknown. We can best summarize the story of
lateral linear accelerations by noting the logical and empirical
problems which the results of linear acceleration on horizontal
eye movements after unilateral loss have shown (77, 85). This
puzzling result has not been explained. The long latency for the
horizontal component to lateral linear accelerations suggests the
involvement of indirect pathways, such as via the cerebellum.
Indeed, Maklad et al. have shown that afferents from the
two sectors of the utricular macula have different projection
patterns—in the mouse afferents from the medial sector project
mainly to the brainstem and afferents from the lateral sector
project mainly to the cerebellum (37).

In summary clinical tests based on asymmetry of ocular
responses to roll-tilt or to lateral translation do not provide a
reliable indicator of the side of unilateral otolithic loss in long
term patients, so using these tests, the clinician cannot reliably
determine whether the left or right utricular macula has been
compromised. The visual bias test and unilateral centrifugation
are indicators of sustained otolith function which do show the
affected side in chronic patients.

Tests of the Transient System of Otolith Function
Returning to the peripheral otolithic sense organs—each otolithic
macula contains a band, a stripe, around the LPR and the band
is called the striola. In this band the receptors and afferents
are structurally and functionally specialized. The hair bundles
are shorter and stiffer than those in the extrastriola area and
they are only tenuously attached to the otolithic membrane [see
(9, 14, 23)]. Recordings from primary afferents originating from
this region with irregular resting activity show they are activated
and are even phase locked up to high frequencies of sound and
vibration (e.g., 500 Hz and up to 3,000 Hz) (14, 22, 26, 86). That
result means that each otolithic sense organ has two modes of
responding—for low frequency GIFs and low frequency vibration
the otolithic macula responds as an accelerometer, but for high
frequency stimuli it responds as a seismometer (23, 83, 85, 86).
How can that dual mode of responding occur? At low frequencies
the otoconia and hair bundles move relative to the receptor
cell body, but at high frequencies the receptor cell body moves
relative to the otoconia and hair bundles. In both cases the hair
bundles are deflected relative to the receptor cell body, so the
receptor is activated, but the dynamics of that deflection are
completely different (87).

The response of the otolithic receptors to sound and vibration
seems at odds with what is regarded as the usual response
of otoliths to gravity and low frequency linear acceleration.
Evolution provides an insight. Fish do not have cochleas but have
otolithic maculae. Fish primary otolithic neurons are activated
by to vibration and show precise phase locking up to high

frequencies (88) and show directional tuning (89). It appears that
these features of otolithic processing have been transferred to
mammals. This high frequency mode is particularly important
since the myogenic responses triggered by the high frequency
activation of these receptors at the striola do show unilateral
otolithic loss in both acute and chronic patients (90) which is in
sharp contrast to the failure of the low frequency otolithic stimuli
(testing mainly the sustained system) to detect the affected side
as we have shown. The two main measures of the transient
system are short latency vestibular evoked myogenic potentials
(VEMPs)—the ocular VEMPs from beneath the eyes recording
primarily utricular functional status and the cervical VEMPs
recording primarily the saccular functional status (2, 21, 87, 91)
(Figure 11). The evidence for the ability of VEMPs to detect
unilateral loss was shown first by Colebatch and Halmagyi for
cVEMPs (94) and Iwasaki et al. for oVEMPs (90), and both results
have been confirmed in many studies since, so that these tests
are now standard clinical tests of unilateral otolith function as is
covered in the recent reviews devoted to VEMPs noted above.

The sustained and transient modes of otolithic operation have
an interesting consequence—that there could be a dissociation
between the results of the low frequency and high frequency
tests. That has been confirmed in healthy subjects by Zalewski et
al. (95) who found no correlation between ocular torsion (bias)
(low frequency) and oVEMPs (high frequency), indicating the
two types of tests are probing different functions. In the case
of patients, complete unilateral loss of otolith function abolishes
both high and low frequency responses, but in other patients, one
or the other of the high frequency or low frequency response
modes could be affected whilst leaving the other mode intact.
Cherchi has reported exactly this dissociation between tests of
sustained and transient utricular function after vestibular neuritis
(96). It will likely also occur in patients after treatment with the
ototoxic antibiotic gentamicin which preferentially attacks the
type I receptors at the striola (97, 98) and so would degrade the
transient system but leave the sustained system functioning. It
would be expected that some such patients would have reduced
or absent oVEMPs (transient function) but preserved ocular
counterrolling to roll-tilt stimulation (sustained function).

In summary, Short latency myogenic responses to sound or
vibration stimulation of the otoliths do show clinically important
clear permanent response asymmetries after unilateral vestibular
loss, due to loss of the transient system originating from receptors
at the striola of the utricular and saccular macula.

Effect of Isolated Otolithic Macula Loss

In animal studies it has been possible to carry out selective lesions
restricted to the utricular macula or to the saccular macula (56,
99). In guinea pigs isolated loss of just the utricular macula in one
labyrinth causes strong postural changes at the acute stage (yaw
head turn, head roll-tilt toward the affected side) (99). These are
similar to the responses found with complete unilateral vestibular
loss since isolated unilateral utricular loss will upset the bilateral
balance between the two VN just as a total unilateral loss does.
These responses diminish over time in vestibular compensation.
Comparable data from isolated utricular loss in human patients
is rare (2). One patient inadvertently received what was probably
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FIGURE 11 | Examples of the oVEMP response of healthy subjects (grand means left column) and a typical patient with right side unilateral vestibular loss in response
to bone conducted vibration stimulation (92) on the forehead at Fz using the 4810 Mini-Shaker driven by a condensation click (MT +) and 6 ms tone bursts at 500 Hz
(MTB). Bone conducted vibration delivered at Fz stimulates both ears about equally and results in small symmetrical oVEMP n10s (arrow heads) beneath both eyes
(93). The response is similar for a single tap (MT +) or a brief tone burst (MTB). For the patient the asymmetrical response is clear: the n10 component of the oVEMP
(arrowhead) is absent under the eye contralateral to the patient’s affected ear because the oVEMP is a crossed response (90). Copyright © 2008, Karger Publishers,
Basel, Switzerland.

an isolated utricular loss and was described as showing an “ocular ~ current (5-10 mA or less) cathodal stimulation of one mastoid
tilt reaction” (61). The patient showed ipsilesional maintained  and simultaneous anodal stimulation of the opposite mastoid
torsional eye position, roll head tilt toward the affected ear and  using surface electrodes with large surface areas [small area
skew deviation with the ipsilesional eye being lower in the orbit. electrodes cause discomfort and even skin burns (100)]. With

In total unilateral vestibular loss, the saccular macula is  maintained (DC) stimulation this bilateral stimulus causes both
destroyed as well as the utricular macula, but the interaction in  eyes to adopt a rolled eye position, rolled away from the cathode.
the saccular system is predominantly between opposing sectors  Since the response is a maintained torsional eye position rather
within each macula (cross-striolar inhibitory interaction within  than an eye velocity response it is held to be of otolithic origin.
each macula) with very little commissural inhibitory interaction. = However, it is important to emphasize that GVS activates both
Thus, the removal of one saccular macula in a unilateral  canal and otolith receptors and afferents (15-17, 101). Neural
labyrinthectomy should remove both opposing sectors and so  recordings from all vestibular sensory regions show that GVS
not cause a bilateral imbalance of saccular activity. In guinea  is not a specific otolithic stimulus—so caution is needed in
pigs, selective unilateral removal of just the saccular macula  interpreting the results of GVS as purely otolithic, although there
had little measurable effect on posture or oculomotor responses  is a clear otolithic component. The canal contribution becomes
(56, 99). Such a result is consistent with cross-striolar inhibition  clear if the GVS is delivered in darkness where, in addition to the
because both interacting sectors within the one saccular macula  torsion, nystagmus is seen (Figure 12). Vision usually suppresses
are removed so there is no imbalance of saccular activity. There  the GVS-induced nystagmus, as shown in Figure 12 it reduces
is a remaining saccular macula in the opposite labyrinth to  the eye velocity response to GVS. Transient GVS stimulation has

signal GIF. been proposed as a clinical test of peripheral function and it is
affected in Meniere’s Disease (103-105).
Galvanic Vestibular Stimulation (GVS) This mainly torsional eye movement response to GVS is in

All vestibular receptors and afferents from both canals and  accord with the physiology discussed above. Cathodal galvanic
otoliths are activated by small cathodal and inhibited by small ~ stimulation of the left mastoid will activate all afferents from
anodal currents (15), which in human subjects are usually passed ~ both sectors of the left utricular macula, and simultaneous anodal
between electrodes on the mastoids. This is bilateral Galvanic  stimulation of the right mastoid will disfacilitate all afferents
Vestibular Stimulation (GVS) and it usually consists of low  from both sectors of the right macula. As a result, afferents from
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FIGURE 12 | Time series of the eye movements of two healthy subjects (S1 and S2) to a square wave of bilateral galvanic stimulation with fixation off (A) and on (B),
showing the current (mA), the ocular torsion position (OTP) and horizontal (HSV), vertical (VSV) and torsional (TSV) eye velocity. The ordinate for each graph is degrees
(for OTP) or degrees/sec for the eye velocity records. GVS causes large changes in torsion position, with and without fixation. In darkness the eye velocity responses
are clear, confirming that GVS activates all semicircular canals as well as the otoliths. However, the importance of vision is shown by how the eye velocity responses
are greatly reduced in the presence of a fixation point [from Figure 5 of (102)]. There is considerable variability between subjects for the same GVS stimulus. Reprinted
by permission from Springer Nature, MacDougall et al. (102) © 2020.

the left medial sector will be facilitated, and those from the  neuron (via disinhibition) and so an ocular torsion response of
right medial sector will be disfacilitated, just as occurs during  both eyes. The enhanced activation should drive the response so
a real roll tilt of the head left ear down—toward the cathodal the eyes should tort toward the anodal side. Both of these results
side. The result will be activation of afferents from the left  have been reported (100, 102, 106).
utricular macula and simultaneous reduction of commissural For the saccular system left cathodal stimulation and
inhibition from the right side since the afferents from the medial =~ right anodal stimulation will simultaneously facilitate
sector on the right have a reduced firing rate. This bilateral  afferents from dorsal and ventral sectors of the left saccular
stimulus should cause maintained rolled ocular torsion opposite ~ macula, and disfacilitate afferents from both sectors of the
to the cathode because the stimulus pattern for the two medial ~ right saccular macula. Since there is little commissural
sectors is comparable to that caused by a real roll-tilt to the interaction in the saccular system there should be little
left ear. The left lateral sector afferents will be activated, and  or no contribution from the saccular macula on the
the right lateral sector afferents will be silenced by the anodal  opposite side.
current to the right mastoid. But just as discussed above for
real roll-tilt, the contribution of the lateral sectors is apparently
outweighed by the contribution from the medial sectors. It SUMMARY
seems that during the GVS the activation of afferents from
the lateral sectors (and their commissural interaction) should  Acutely after unilateral loss there are asymmetrical ocular
just cancel the effect of the stimulation of the medial sectors.  responses to roll-tilt and to lateral linear acceleration. However,
One argument has been that this cancellation does not happen  these asymmetries reduce over time such that long term
because the macula areas of the opposing receptors are not  patients (6-10 weeks) show no consistent asymmetry to roll-
equal (9, 35). Another consideration is the very differential  tilt stimuli (7). Similarly, patients 6 weeks after surgery show
projections of the medial and lateral sectors shown by Maklad  no asymmetry for linear lateral translations (81, 107). This
etal. (37). Afferents from the lateral sector project extensively to  is in sharp contrast to the semicircular canal system where
the cerebellum. response asymmetries after unilateral loss are permanent as
Unilateral galvanic stimulation causes smaller but clear eye  shown by the head impulse test (108-110). Clinical tests based
movement responses. Unilateral cathodal stimulation of one  on asymmetry of oculomotor responses to roll-tilt or lateral
mastoid will activate afferents from both sectors of the left  translation do not show a reliable difference for the two opposite
utricular macula and so activate ipsilateral type I neurons from  directions of gravitoinertial force so using these tests the clinician
the medial sector and so cause both eyes to roll away from the = cannot determine whether the left or right utricular macula
cathodal side. Unilateral anodal stimulation of the right mastoid ~ has been compromised. The clinical value of VEMPs is that
will disfacilitate the afferents from both sectors of the right they do allow identification of the affected side in unilateral
utricular macula and so reduce the activity of the all afferents  loss and even allow the clinician to gauge whether it is the
from the right including the right medial type I VN neuron. In  utricular or saccular macula (or both) which are affected in both
turn that disfacilitation will reduce the inhibition acting on the  acute and chronic patients. It seems that over time vestibular
left VN neuron, resulting in increased activation of the left VN compensation takes place—and so except for the visual bias,
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unilateral centrifugation and VEMPs—the asymmetry between
the two sides is reduced.

This review shows how the inhibitory interactions in the
vestibular nuclei (VN) between neurons receiving afferents from
the otolithic maculae [as summarized by (29, 33)] explain
the results of several clinical and experimental tests of otolith
function. Uchino has shown that inhibitory interaction in the
vestibular nuclei (VN) is fundamental for the operation of
the peripheral otolithic system (29). That within each macula
there is inhibitory interaction across the striola (called cross-
striolar inhibition) and in the case of the utricular macula
there is additionally inhibitory interaction between the afferents
from each labyrinth (commissural inhibitory interaction). The
essential outcome of inhibitory interaction is that the one
GIF stimulus will cause two sources of excitation of neurons
in the vestibular nuclei (VN)—from both direct facilitation
of some utricular receptors in one sector complemented
by indirect excitation resulting from the disfacilitation from
utricular receptors in the opposing sector. Utricular mutual
commissural inhibitory interaction parallels the commissural
inhibitory interaction between afferent input from the two
horizontal semicircular canals to angular acceleration. It is
important to emphasize the neurons showing this inhibitory
interaction are only a small proportion of all the otolithic
neurons—many otolithic neurons are outside the inhibitory
interaction loops. There are effectively two complementary
otolithic systems—the sustained system concerned with signaling
low frequency GIF stimuli and the transient system which is
activated by high frequency stimuli such as sounds and vibration
(1). Most clinical tests of the sustained otolith system using
low frequency GIF stimuli do not show unilateral loss reliably,
whereas tests of transient otolith function do show unilateral
otolithic loss. The transient otolithic system has been reviewed
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Objective: Cerebellar diseases frequently affect the ocular motor neural
velocity-to-position integrator by increasing its leakiness and thereby causing
gaze-evoked nystagmus (GEN) and rebound nystagmus (RN). Minor leakiness is
physiological and occasionally causes GEN in healthy humans. We aimed to evaluate
the characteristics of GEN/RN in healthy subjects for better differentiation between
physiological and pathological GEN/RN.

Methods: Using video-oculography, eye position was measured in 14 healthy humans
at straight ahead eye position before and after, and during 30s of ocular fixation at 4
horizontal eccentric targets between 30° and 45°. We determined the eye drift velocity
and the prevalence of nystagmus before/during/after eccentric fixation.

Results: Eye drift velocities during (range: 0.62 4+ 0.53°/s to 1.78 £ 0.69°/s) and after
eccentric gaze (range: 0.28 4+ 0.52°/s to 1.48 4+ 1.02°/s) increased with the amount
of gaze eccentricity (30°-45°). During continuous eccentric gaze, eye drift velocities
decreased by 0.41 + 0.18°/s at 30°, and 0.84 + 0.38°/s at 45° gaze eccentricity. GEN
was elicited in 71% of subjects at 30° gaze eccentricity. Twenty-one percent showed RN
thereafter. This prevalence increased to 100% (GEN)/72% (RN) at 45° gaze eccentricity.
RN found after 30° gaze eccentricity was of low velocity (0.82 + 0.21°/s) and occurred
after minor drift velocity decrease during prior eccentric gaze (0.43 + 0.15°/s).

Conclusion: GEN and RN should be tested using horizontal gaze eccentricities
of <30°, since most healthy subjects physiologically show GEN and RN at higher
eccentricities. In case of an uncertain result, both the reduction of eye drift velocity during
eccentric gaze and the velocity of RN can be analyzed to distinguish physiological from
pathological nystagmus.

Keywords: video-oculography, nystagmus, cerebellum, gaze-holding, clinical examination, gaze-evoked
nystagmus, rebound nystagmus
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INTRODUCTION

Cerebellar diseases frequently affect the ocular motor neural
velocity-to-position integrator. This is a neural network within
the brainstem and the cerebellum that generates the position
command for the ocular motor neurons to enable stable
eccentric gaze (1-4). Already in its normal state, it exhibits
some “leakiness” as indicated by centripetal drifts occurring in
darkness in healthy individuals attempting eccentric gaze (5, 6).
Cerebellar loss-of-function (such as due to drug/alcohol toxicity,
malnutrition or cerebellar neurodegeneration/deficits) causes an
increase of integrator leakiness thereby leading to gaze-evoked
nystagmus (GEN) (1-4, 7-9) and rebound nystagmus (RN)
(10-12). GEN is a centrifugal nystagmus occurring at eccentric
eye positions, while RN describes a centripetal nystagmus that
appears upon the return of gaze to the primary position (straight
ahead) after prolonged eccentric gaze.

In clinical neurologic examination, GEN and RN are tested by
asking the patient to visually fixate a horizontal eccentric target
at roughly 20-30° for up to 20 s (to check for GEN) before asking
the patient to look at a subsequent target at primary position
(to check for RN). Video-oculography is frequently used for
quantification of GEN and RN.

GEN is commonly seen as a clinical sign of a cerebellar lesion,
which helps to identify patients with acute vestibular syndrome
due to deficits of central vestibular pathways (8, 13). Yet, GEN has
frequently been described in healthy subjects with a prevalence of
up to 21% already at 10° horizontal gaze eccentricity, increasing
up to 93% at extreme lateral gaze (14, 15). RN is also seen as
a sign of cerebellar disease. In fact, RN can emerge before any
other signs of cerebellar disease are detectable and therefore brain
MR-imaging has been recommended in any unexplained case
of RN (12, 16). Like GEN, RN has been described in healthy
subjects, albeit most commonly only after continuous gaze at
larger eccentric gaze angles between 40° and 60° (17-19).

While RN is often examined in daily clinical practice, only few
studies have described the characteristics of physiological RN and
its relation to physiological GEN. Thus, the aim of this study
was to evaluate physiological GEN and RN in healthy human
subjects before, during, and after prolonged gaze at different
horizontal eccentricities using video-oculography. The results
can ease distinguishing physiological GEN or RN from their
pathological counterparts.

METHODS

The study protocol was approved by the local ethics committee
(cantonal ethics commission Zurich, KEK-ZH-2012-0150) 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
subject. Participants with neurologic/psychiatric disease, and
subjects who were regularly taking medication were excluded.
In total, 14 healthy participants (seven male/seven female, aged
29.7 £ 13.3 years) were included.

Abbreviations: GEN, gaze-evoked nystagmus; RN, rebound nystagmus.

Experimental Setup

All recordings were obtained with the participant seated on a
chair with their head being stabilized in upright position using a
thermoplastic mask (Sinmed, BV, Reeuwijk, Netherlands). Visual
targets were generated by LEDs mounted on a hemispherical
screen at 1.5m distance or a laser projecting to this screen at
eye level of the participant. Aside from these visual stimuli,
the experiment was conducted in complete darkness. Binocular
horizontal eye movements were recorded at 220Hz with
two head-mounted infrared cameras (EyeSeeCam, Munich,
Germany). At all times, the left eye was covered using a lens filter,
preventing binocular vision but still allowing for recording by
the infrared camera. Participants were asked to fixate a flashing
red target (20ms every 2s, to allow for staying eccentrically
without being able to fixate) without moving their head. A total
of four trials was conducted per subject. Each trial consisted of
three parts. First, “baseline” eye position at the straight ahead
horizontal eye position (primary position) was measured for
5s (step A). Then eye position during 30s of eccentric gaze
was assessed (termed “induction phase,” step B). Immediately
afterwards, eye position was measured again at the straight ahead
eye position for 10s (step C). After step C the light in the room
was turned on for 60 s to prevent contamination of the following
trial from prior testing. In each of the four trials the gaze angle
of step B was changed (30°, 35°, 40°, and 45° temporally of
the viewing eye), while steps A and C were measured at the
straight ahead horizontal eye position. In case of interruption
during step B or step C (e.g., missing the target position), the trial
was repeated.

Data Analysis

Data analysis was performed using custom-written interactive
programs in MATLAB Version R2016b (The Mathworks, Natick,
MA, USA). Velocity traces were obtained as the derivative of
horizontal eye position traces. The appearance of GEN and
RN was assessed by extracting the occurrence of at least 3
consecutive saccades (within 10s) in centrifugal (for GEN) or
centripetal (for RN) direction with preceding eye drifts in the
opposite direction.

Eye drift velocity for steps A and C was calculated as the
median eye velocity over a time window of 2-5s (average of
3.12 & 1.16 5) after gaze reached the target position (identified by
visual inspection). This time window was interactively adjusted
depending on data quality and depending on the duration and
vigor of the eye drift. This time window was defined for each
participant once, and remained the same for all parts of all
trials of the same participant. For each trial, the data from both
eyes (viewing and non-viewing eye) were pooled as validated
by previous works (6, 20). In addition, the median eye velocity
at the beginning and the end of eccentric gaze fixation period
(step B) was extracted using the same time window as described
above (i.e., with a time window of, e.g., 3s the median of the
first 3 s and the one of the last 3 s of the eye drift velocity during
step B was calculated). Statistical testing was conducted using
SPSS (IBM, Armonk, NY, USA). The data is shown as mean
=+ standard deviation. One-way repeated measures ANOVA was
used to determine the dependence of the eye movements on the
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FIGURE 1 | Representative eye movement traces of a single subject before,
during, and after sustained eccentric gaze at 30°, 35, 40°, and
45° respectively.

eccentricity of the induction phase. The p-values were corrected
for multiple comparison using Bonferroni adjustment. Principal
component analysis was used to evaluate correlations between
dependent variables providing the goodness-of-fit (R?-value), the
p-value, and the slope of the fit including the 95% confidence
interval (CI).

RESULTS

In this study, we evaluated the appearance of eye drift and
physiological nystagmus before, during, and after prolonged
horizontal eccentric gaze between 30° and 45° (induction phase)
in healthy human subjects. Eye movement traces showing

TABLE 1 | Absolute eye drift velocity at the beginning, during and after the
induction phase.

Eccentricity of
the induction

Absolute eye drift velocity

phase At the beginning During the induction After the
of the phase (reduction of induction phase
induction phase eye drift velocity) at 0°
30° 0.62 £ 0.53°/s 0.41 £0.18°/s 0.28 £ 0.52°/s
35° 0.82 £0.72°/s 0.58 £+ 0.26°/s 0.61 £0.61°/s
40° 1.22 £ 0.83°/s 0.70 £ 0.30°/s 0.96 + 0.65°/s
45° 1.78 £ 0.69°/s 0.84 £0.38°/s 1.48 £ 1.02°/s

horizontal eye position before, during, and after prolonged
eccentric gaze at all tested eccentricities in a representative
subject are depicted in Figure 1. Physiological GEN was elicited
in all 14 subjects, while physiological RN could only be
elicited in 11 subjects. At 30° physiological GEN manifested
in 10 participants, while physiological RN only manifested
in three participants. These values increased to 10/6 at 35°,
13/11 at 40°, and 14/10 at 45° for physiological GEN and
RN, respectively.

The mean eye drift velocity at 0° during baseline
measurements (i.e., before the induction phase) was 0.03 =+
0.28°/s. The eye drift velocities found at the beginning, during
and after the induction phase are summarized in Table 1. Using
one-way repeated measure ANOVA statistically significant
changes in eye drift velocity could be shown for both the
velocity at the beginning of the induction phase [F(j 95425.407)
= 26.508, p < 0.001] as well as thereafter [F(339) = 16.921,
p < 0.001]. Post hoc analysis revealed the eye drift velocities
to increase depending on the eccentricity of the induction
phase (Figure 2).

During prolonged eccentric gaze, the eye drift velocity
decreased (Table 1). Yet, physiological GEN persisted during the
continuous eccentric gaze holding in 7 (64%), 8 (80%), 13 (100%),
13 (93%) subjects for eccentric gaze at 30°/35°/40°/45°,
respectively. Using principal component analysis, a strong
relationship between the drop of eye drift velocity during the
induction phase and the subsequent emergence of centrifugal eye
drift when returning gaze to the primary position was observed
in all our subjects [R?> = 0.82, p < 0.001, slope = 0.52 (95%-
CI =0.43-0.67)].

Eye drift did not always result in nystagmus. Therefore, we
decided to separately pool subjects who displayed nystagmus
and subjects who did not. Subjects who displayed physiological
GEN had significantly higher eye drift velocities (1.33 & 0.75°/s)
at the beginning of the induction phase in comparison to
those who did not (0.35 % 0.25°/s, unpaired t-test, p <
0.001). Furthermore, those subjects who displayed physiological
RN showed a significantly higher reduction of eye drift
velocity during the induction phase (beginning minus end
of induction phase, 0.79 + 0.33°/s) in comparison to those
who did not (0.45 £ 0.20°/s, unpaired t-test, p < 0.001). In
the subjects, in whom physiological RN was elicited already
at 30° of eccentric gaze, we measured a RN eye drift
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FIGURE 2 | Average eye drift velocities of all subjects during 30's of eccentric
gaze (A) and after subsequent return to primary position (B). For each box, the
central line indicates the median value. The bottom and top of the box indicate
the 25th and 75th percentiles, while the whiskers extend to the most extreme
data points that are not considered outliers. The outliers are marked with “+.”
One-way repeated measures ANOVA demonstrated statistically significant
changes in eye drift velocity depending on the eccentricity of the induction
phase for both eye drift during and after 30's of eccentric gaze. The p-values,
corrected for multiple comparison using Bonferroni adjustment, are shown in
each panel (ns for p > 0.05, * for p < 0.05, ** for p < 0.01, *** for p < 0.001).

velocity of 0.82 £ 0.21°/s which corresponded to the small
decrease of eye drift velocity during the induction phase (0.43
+ 0.15%/s).

DISCUSSION

This study provides a quantitative description of eye drift
and physiological RN/GEN before, during, and after prolonged
horizontal eccentric gaze at 30-45° in healthy human subjects.

In our study, physiological GEN could be elicited in all tested
subjects with the prevalence being dependent on eccentricity
(71% at 30° up to 100% at 40-45°). While the prevalence found
at extreme eccentric gaze matches prior studies (15, 21, 22),
the prevalence at lower eccentricities such as 30-35° was higher
[71% in our study vs. 0-58% in prior studies (14, 15, 19)].
Eye drift velocities of physiological GEN were rarely reported.
Furthermore, the reported values had large variabilities ranging
from as low as 0.26°/s up to 28°/s (6, 21, 22), in comparison
to our mean values of 0.62 £ 0.53°/s to 1.78 & 0.69°/s. Similar
to previously reported, velocities of eye drift decreased during
continuous eccentric gaze, thus increasing gaze stability (23).
Unlike physiological GEN, physiological RN was only found with
a prevalence of 21% after eccentric gaze at 30°. The prevalence
increased with the eccentricity of prior gaze up to 79% after
extreme lateral gaze. This is in contrasts to most prior studies
that only described physiological RN after eccentric gaze of 40° or
more (17-19, 24), while confirming a single study of five subjects
that also found physiological RN after eccentric gaze at 30° (25).
Velocities were rarely reported, but if so, ranged between 0.3 and
6.8°/s (24, 25) in comparison to our range of 0.28 £ 0.52°/s to
1.48 £ 1.02°/s.

In comparison to studies performed in patients with cerebellar
disease, GEN eye drift velocities found in our study were at the
low end of reported velocities (1-24°/s) (9, 11, 23, 26, 27). Eye
drift velocities of RN in patients with cerebellar disease were
rarely reported. However, the values found in our study were
largely lower in comparison to the previously reported range of
2.29-30°/s (23, 28).

Studies on cerebellar disease commonly included patients
by mere appearance of nystagmus disregarding the actual
drift velocities or a possible correlation between GEN and
RN. This is similar to routine clinical examination. Eye drift
velocity cannot directly be quantified by eye. Accordingly,
the amount of saccades and the repetitive occurrence thereof
(which is easily quantifiable) is commonly used for the
evaluation of nystagmus. The weakness of this procedure
is evident if one considers that GEN already occurred in
71% of subjects at a relatively low eccentricity of 30°. We
demonstrate that even persistence of GEN over time is not a
solid sign for being pathological. While prior reports described
GEN to be pathological if persistent over 20s (27, 29),
we observed that (although the velocity of drift decreased
during prolonged eccentric gaze) GEN commonly persisted
for the duration of 30s (in 64-100% of subjects depending
on gaze eccentricity). Furthermore, while the velocities found
in our study were generally at the low end of ranges
presented in prior studies in patients, these results still
indicate that certain cases might have been wrongly identified
as pathological.

Similar to physiological GEN, physiological RN was also
elicited using all induction eccentricities tested. However, this
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study demonstrates differences that can be used to distinguish
physiological from pathological RN. In those cases where
physiological RN was elicited after eccentric gaze at 30°, velocities
were largely lower than in patients [average of 0.82 & 0.21°/s in
our study vs. previously reported range of 2.29-30°/s (23, 28)].
Secondly, the amount of adaptation that occurred prior to the
appearance of physiological RN during eccentric gaze may be an
important sign to be observed, as it was much lower than the
values reported in a previous study using a similar methodology
in patients with cerebellar disease (average of 0.43 % 0.15°/s in
our study vs. 2.40°/s) (23).

The exact mechanism of RN and its relation to GEN are
unknown. In this study, we found a high correlation between
the decrease of physiological GEN and subsequent physiological
RN. This finding supports current hypothesis suggesting that
during sustained eccentric gaze, different adaptive mechanisms
alter the neural integrator to enhance gaze stability at this
eccentric gaze position by decreasing the centripetal eye drift
by a change of the set-point (gaze angle with least eye drift),
which then causes a gaze-instability at primary position (23-25),
altogether suggesting that RN and GEN are physiological
phenomena of the same neural integrator that are exacerbated by
cerebellar disease.

LIMITATIONS

Our study has several limitations. Firstly, we only tested
14 subjects, which is a rather small sample size. Secondly,
parameters used during our study are different from parameters
that are generally used during bedside examination. These
include the duration of eccentric gaze (this study: 30s,
bedside: maximally 20s), the horizontal eccentricity of gaze
(this study: 30-45°, bedside: 20-30°), the prevention of fixation
(this study: experiment conducted in darkness with one eye
covered, bedside: binocular vision in a lit room) and the
fixation target (this study: flashing target appearing for 20 ms
every 2s, bedside: continuously visible target). Thus, no direct
correlation to the clinical examination is possible. However, the
parameters used in this study are known to provoke occurrence
of nystagmus. The occurrence of only minor physiological RN
after eccentric gaze at 30° for 30s is thus of high importance.
The results improve the significance of any RN that is found
during general clinical examination with parameters that are
easier (e.g., less gaze eccentricity, reduced duration of eccentric
gaze, improved fixation) than in this study. Lastly, methods
used during the testing were similar, however not the same as
in prior reports, thus comparisons have to be made cautiously.
Direct comparisons can only be made with one study (23)
that used the same methods testing patients with cerebellar
degeneration. In the future further studies directly comparing
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Meniere’s disease (MD) is an inner ear disorder inducing tinnitus, aural fullness,
sensorineural hearing loss, and vertigo episodes. In the past few vyears, efforts
have been made to develop objective measures able to distinguish MD from other
pathologies. Indeed, some authors investigated electrophysiological measures, such as
electrocochleography and vestibular evoked myogenic potentials or imaging techniques.
More recently, the video head impulse test (vHIT) was developed to assess the
vestibulo-ocular reflex (VOR). In the last few years, authors aimed at identifying how
VvHIT may help to identify MD. The objective of this manuscript is to review the
different vHIT results in MD patients. We will discuss the usefulness of these findings
in the identification of MD, how these results may be explained by pathophysiological
mechanisms associated with MD, and finally provide directions for future studies.

Keywords: Meniere disease, vestibular system, endolymphatic hydrops, caloric, vHIT

INTRODUCTION

Meniere’s disease (MD) is an inner ear pathology that induces episodes of vertigo, ear fullness,
tinnitus, and fluctuating sensorineural hearing loss. A commonly accepted pathophysiological
mechanism of MD is endolymphatic hydrops (EH) (1). Indeed, EH is a disorder where the
endolymph accumulates in the cochlea and in the vestibular organs (2) and is revealed to be a
frequent finding in histopathological and imaging studies of the inner ear of MD patients (3). The
American Academy of Otolaryngology—Head and Neck Surgery (AAO-HNS) (4) has defined the
diagnostic criteria that are based on the presence/absence and duration of the different symptoms
described above allowing the classification of patients in different MD categories, such as probable,
possible, definite, and certain. These criteria and the classification have been reviewed in 2015 with
the idea to improve diagnosis, leaving only probable and definite MD (5). However, the diagnosis
of MD remains difficult probably due to the lack of a gold standard test.

In the past few years efforts have been made to develop an objective test able to accurately
identify MD. Previous studies aimed at identifying MD markers either at the cochlear level or
at the vestibular level using, respectively, electrocochleography and vestibular evoked myogenic
potentials. No consensus could be reached from these studies regarding their efficacy in the
identification of MD [for review, see (6-8)]. More recently, the video head impulse test (VHIT) was
developed to assess the vestibulo-ocular reflex (VOR), and efforts have been made to understand
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how MD influences VHIT results. However, studies are
sometimes contradictory as some found reduced VOR results,
whereas others found enhanced VOR results. Moreover,
contradictory findings have been observed between vHIT and
caloric test, both assessing horizontal canal function. The
objective of this manuscript is to review the different vHIT
results in MD patients. We will discuss the usefulness of these
findings in the identification of MD, how these seemingly
contradictory results may be unified, and how they relate to the
pathophysiological mechanisms associated with MD. Finally, we
will provide directions for future studies.

VIDEO HEAD IMPULSE RESULTS IN
MENIERE

Video Head Impulse Test

The vHIT is a recently developed tool allowing the assessment
of high-frequency VOR function of all six semicircular canals
(9). It uses a gyroscope and an infrared camera mounted on
goggles to record, respectively, head and eye velocity. With these
parameters, it is possible to calculate VOR gain (eye/head) and to
detect catch-up saccades during fast and passively applied head
impulses (10). During these impulses, participants are required
to maintain gaze on an earth-fixed target. It is assumed that when
VOR is normal, the eyes will move at the same velocity as the
head but in the opposite direction generating a perfect VOR gain
of 1.0. However, when VOR is abnormal, the eyes will follow the
head’s movement reducing the VOR gain and requiring catch-up
saccades to bring gaze back on target (10).

Reduced VOR Function in MD

Some of the previous studies investigated the distribution of
the abnormal results across all six semicircular canals in the
quiescent phase (interictal) and found divergent results (Table 1).
In 2014, Zulueta-Santos et al. (13) studied 36 participants with
definite MD and revealed that the most frequently affected canal
in MD participants was the posterior (40%), followed by the
superior (22.8%) and the lateral (14.2%). More recently, Sobhy
et al. (14) studied 40 patients with definite MD and observed the
exact opposite classification. This group observed that the most
frequently affected canal was the lateral (20%), followed by the
superior (7.5%) and the posterior (5%). The possible differences
observed between these studies could be, at least in part, due
to two methodological differences in the definition of abnormal
values. First, Zulueta-Santos et al. (13) used only the VOR gain
to classify results as abnormal (normal if VOR gain was: <0.8 for
lateral canals and <0.7 for vertical canals). On the other hand,
Sobhy et al. (14) as well used VOR gain (absolute and asymmetry)
but also included the presence of catch-up saccades to classify
results as normal or abnormal. The latter method is in line with
the results reported by Jerin et al. (17). This group studied 54
participants with certain MD and found that the vast majority
(74%) of the participants showed normal VOR gain but presented
catch-up saccades. These saccades were present in <50% of the
trials in 14 out of 54 participants and in at least 50% of the trials
in 33 out of 54 participants. Therefore, it seems that catch-up
saccades are an important component to take into consideration
and it could influence the categorization of a normal or abnormal
VOR function. Second, another methodological discrepancy

TABLE 1 | Comparison of the reviewed reports that investigated the influence of MD on VHIT results (gain and saccades).

MD diagnosis and duration N Normative values Results Moment of evaluation References

(VHIT)
Diagnosis: definite MD? 24 Lateral: 0.88-1.27 Irritative/recovery phase: reduced gain Ictal phase (11)
Duration: 0.5-4 years Anterior: 0.75-1.29 in 37% (irritative/recovery and

Posterior: 0.77-1.13 Paretic phase: reduced gain in 79% paretic phases)
Diagnosis: N/A 1 N/A Paretic phase: reduced gain Ictal phase (paretic phase) (12)
Duration: 2 years Interictal: gain returned to baseline Qutside the ictal phase
Diagnosis: definite MD® 36 Lateral: >0.8 Lateral: 14.2% Outside the ictal phase (13)
Duration: 4-9 years Anterior: >0.7 Anterior: 22.8%

Posterior: >0.7 Posterior: 40%
Diagnosis: definite MD® 40 Lateral: 1.03 + 0.12 Lateral: normal 80%/enhanced Outside the ictal phase (14)
Duration: 3 months—15 years Anterior: 0.95 £+ 0.11 7.5%/reduced 12.5%

Posterior: 1.03 & 0.18 Anterior: normal 95%/reduced 7.5%

Posterior: normal 92.5%/reduced 5%

Case 1 2 N/A Case 1: enhanced VOR gain Case 1: N/A (15)
Diagnosis: probable MD? Case 2: enhanced VOR gain Case 2: 10 days after the
Duration: 5 years last episode
Case 2
Diagnosis: definite MD?
Duration: 10 years
Diagnosis: definite MD? 10 Lateral: >0.8 or <1.11 Interictal: no difference between Qutside the ictal phase (16)

Duration: 1-11 years

affected and unaffected, controls
Ictal: reduced gain between affected
and unaffected/controls

Ictal phase (initial, peak,
recovery)
Post-attack

aBdrany Society criteria (2015). ®American Academy of Otolaryngology—Head and Neck surgery criteria (1995) (AAO-HNS).
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between these two studies could be the normative gain value
applied. Indeed, contrary to Zulueta-Santos et al. (13), Sobhy
et al. (14) did not specify their cut-off value for normal and
abnormal VOR gain limiting possible comparisons.

Fluctuation of VOR Function in MD

As MD being an episodic disorder, some authors measured
VOR parameters at different moments of the MD episodes
(before, during, or in between episodes) (Table 1). The vHIT
findings seemed to fluctuate depending on the moment of the
evaluation. Yacovino and Finlay (12) followed up a 64-year-
old patient with MD over a 12-month period. They measured
VvHIT during and between episodes of vertigo. They noticed
that during the episodes, VOR gain was reduced, and saccades
were present on the affected side. When tested between episodes,
patients showed normal gain and either fewer or no catch-
up saccades. The contralateral side remained stable over time.
This fluctuation in VOR gain was also observed in a 54-
year-old patient known for MD. They measured VOR gain
and saccades using VHIT before, during, and after an MD
episode. They found similar results (reduced gain during an
episode and a return to normal after a crisis) but only for
the superior canal of the affected ear (18). Yacovino et al. (16)
recently demonstrated this variation in the different phases of
MD episodes (initial, peak, and recovery) in 10 patients. They
showed a significant reduction in VOR gain between the affected
and unaffected ears for all three different phases. However,
no gain differences were observed between the affected and
unaffected ears between episodes (interictal) and post-attack.
Interestingly, these studies reveal different results as opposed
to Rey-Martinez et al. (15), who report enhanced VOR gain in
two patients known with MD. This group described the case
of a 74-year-old male with probable MD and the case of a
45-year-old female with definite bilateral MD. The first case
described was a male subject followed up for a period of 5-
years, and they found systematically enhanced VOR gain. In
this case, the authors did not report if the assessment was done
during or between crisis. The second case was evaluated once,
10 days following the episode, and they also found an enhanced
VOR gain.

VHIT vs. CALORIC

Caloric Stimulation

VOR can be examined using different methods, such as vHIT
and caloric test. vHIT is known to evaluate VOR at frequencies
between 5 and 7Hz (19, 20) and caloric between 0.003 and
0.008 Hz (21). Caloric test is thought to induce an endolymphatic
movement in the horizontal semicircular canal. It consists
of increasing or decreasing the temperature of the external
auditory canal, using air or water, to induce a movement of the
endolymph in the horizontal semicircular canal. This movement
modulates the spontaneous firing rate of the peripheral vestibular
system and creates an asymmetry in the plane of the horizontal
semicircular canal (21).

Discrepancies Between Caloric Test and

VHIT in Meniere’s Disease

Over the past few years, there has been a growing interest in
observing how caloric test and vHIT are differently affected by
MD as these two tests evaluate the function of the horizontal
semicircular canals but tend to show opposing results in MD.
As demonstrated in Table 2, it has been noticed by previous
studies that even though caloric test usually demonstrates an
asymmetry toward the affected ear, vHIT parameters are usually
preserved in definite MD (22-30). Some authors tried to evaluate
if this discrepancy in the results may be in relation to the
duration or the stage of MD but failed to find a significant
relationship (25, 27, 29). Limviriyakul et al. (29) went further
and assessed if this discrepancy was related to patients being in
the active or inactive phase according to the Shea classification
of MD (31). These authors separated the participants into two
groups, either active (symptoms within the past 3 months) or
inactive (symptom free for at least 3 months). However, this
study failed to reveal any significant difference between these two
groups regarding the number of participants with and without
caloric/vHIT discrepancies.

There seems to have a higher prevalence of caloric/vHIT
discrepancy in MD patients as opposed to controls when the
diagnosis is based on the criteria proposed by AAO-HNS (1995)
(4) or on the Classification Committee of the Bardny Society
(2015) (5). This leads to propose that the presence of an abnormal
caloric response in the presence of a normal vHIT results may
be used as a marker in the diagnosis of MD. However, a recent
study raised doubts as they failed to find an association between
caloric/vHIT discrepancy and the pathophysiological marker of
MD, namely, EH (28). They used an inner ear MRI to classify
MD patients based on the presence or absence of a positive sign
of EH. They sought to compare the number of patients with
opposing caloric and vHIT results in each group and found that
a positive finding of EH demonstrated by inner ear MRI did
not always indicate a caloric/vHIT discrepancy in an MD group.
More precisely, they observed that out of 29 patients who showed
a discrepancy in caloric and VHIT results, 15 showed a positive
sign of EH as opposed to 14 who had a negative sign of EH.
Instead, they found that the discrepancy between caloric and
VHIT results was strongly associated with vestibular herniation
into the semicircular canals (protrusion of part of the vestibular
labyrinth into the semicircular canals).

DISCUSSION

This review aimed at presenting the different vHIT findings
observed in MD. The results of the reviewed studies may
seem to be heterogeneous as some demonstrated that VOR is
well-preserved, whereas others reported a reduced VOR gain
with saccades or even an enhanced VOR gain. However, we
propose that these results may be unified, at least in part, when
considering the moment of assessment relative to the ictal phase
or the duration of the disease.

First, MD, being an episodic disease, comprises two phases,
either ictal (during MD episode) or outside the ictal. It is
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TABLE 2 | Comparison of the reviewed reports that investigated the discrepancy of caloric and vHIT results in MD.

MD diagnosis and N Normative values Normative values N (%) CV Moment of evaluation References
duration (caloric) (VHIT)
Definite MD? 3 Abnormal: unilateral Abnormal: VOR gain 3 (100%) No indication of patients’ (22)
Mean duration: N/A weakness (UW) >22%  <0.7 and/or saccades state (ictal or outside the
and directional ictal phase) during vestibular
preponderance (DP) assessment nor MD stages
>28%
Definite MDP 32 Abnormal: sum of Abnormal: presence of 17 (43.6%) QOutside the ictal phase: at (23)
Mean duration: 3 slow phase velocity saccades and/or least 72 h after MD crisis
years (SPV) of one ear (cold VOR gain <0.8 for
and warm) <5°/s lateral SCCs VOR gain
(unilateral) or <0.75 for vertical
sum of SPV (cold and SCCs
warm) of both ears
<12°/s (bilateral)
Definite MDP 37 Abnormal: UW >20%  Abnormal: presence of  Total: 34 (91.9%) Qutside the ictal phase: 33 (24)
Mean duration: 7 saccades or Patients outside MD  patients
years VOR <0.78 for lateral crisis: 31 (94%) Just after an MD crisis
SCCs VOR <0.64 for Patients just after (irritative/recovery phase): 4
vertical SCCs MD crisis: 3 (75%) patients
Definite MD?# 87 Abnormal: vestibular Abnormal: VOR gain 132 ears (86.8%) Outside the ictal phase (25)
Mean duration: 5 + preponderance >22%  <0.8 and saccades
6.2 years or
DP >28%
or
Irrigation response
Vimax <15°/s
Definite MD? 88 Abnormal: UW >20%  Abnormal: VOR gain Lateral canal: 40 Outside the ictal phase (26)
Mean duration: 3 + and DP >28% <0.8 for lateral SCCs (45.6%)
2.3 years VOR gain <0.7 for All 6 canals: 16
vertical SCCs and (18.2%)
saccades
Definite MDP 73 Abnormal: UW >30%  Abnormal if VOR <0.8 27 (37.0%) Outside the ictal phase 27)
Mean duration: N/A or
Bilateral slow phase
velocity responses
were <10°/s
MD classification not 20 Abnormal: ENG Abnormal: VOR gain 14/25 ears (56%) No indication of patients’ (28)
indicated® (15 unilateral, 5 response <10°/s. <0.8 for lateral SCCs 14/20 MD patients state (during or after crisis)
Mean duration: N/A bilateral; total: or (70%) during vestibular
25 ears) VOR gain <0.8 and assessment
saccades
Definite MD? 51 Abnormal: Abnormal: Active: 16 (40%) Shea classification of MD: (29)
Mean duration: N/A UW >25% VOR gain <0.8 for Inactive: 6 (54.6%) Active (symptoms within the

lateral SCCs VOR
<0.7 for vertical SCCs
or

Presence of overt and
covert saccades for
>50% of trials

past 3 months): 40
Inactive (symptom free for at
least 3 months): 11

aAmerican Academy of Otolaryngology—Head and Neck surgery criteria (1995) (AAO-HNS). P Barany Society criteria (2015).

documented that the ictal phase could be subcategorized into
three phases: (1) irritative, (2) paretic, and (3) recovery. The
irritative and recovery phases are characterized by spontaneous
nystagmus that beats toward the affected ear as opposed
to the paretic phase that is characterized by a nystagmus
beating toward the unaffected ear (32). Based on the studies
reported in this review, when patients are tested during the
ictal paretic phase, the VOR gain associated with the affected
ear is usually reduced (11, 12). However, when patients are

assessed during either the irritative or recovery phase of the
ictal period or assessed outside the ictal period, the majority
of the MD patients demonstrate a normal VOR gain. These
results associated to the different phases of MD are supported
by animal model of EH. Indeed, EH has been associated with
increase in perilymph potassium concentration (33). In animal
models, induction of potassium within the tympanic cavity
revealed similar irritative and paretic phases seen in MD patients
(34). Therefore, these pathophysiologic evidences support that
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the fluctuations in VOR gain measured by vHIT could be an
indicator of EH.

Second, even though no association between duration of the
disease and VOR gain was revealed in the reviewed studies
(25), previous literature suggests an interaction between duration
of the disease and moment of the evaluation (ictal phase or
outside the ictal phase). Indeed, Maire and Van Melle (35)
observed a dissociation of VOR response between early (<12
months) and late (>12 months) MD participants using a rotary
chair. They found that early and late MD participants showed
opposite results during the ictal phase. While early MD revealed
enhanced VOR, late MD showed reduced VOR gain. This may
explain differences with van Esch et al.’s (25) study that assessed
participants between MD episodes (outside the ictal phase). To
our knowledge, no studies using vHIT assessed the relationship
between MD phase and MD duration. Therefore, it would be of
great interest for future studies to investigate vHIT results in early
and late MD for all six semicircular canals and separate groups in
relation to the MD phase (during or between MD episodes). This
could help to advance our understanding of the pathophysiology
of MD and its influence on VHIT results.

The present manuscript also reviewed research that studied
the caloric/vHIT discrepancy, which seems to be a promising
indicator of MD. However, some questions remain unanswered.
One question that future studies would need to assess is if this
discrepancy occurs only at a certain moment in the progression
of MD. Indeed, as described by Sugimoto et al. (36), vestibular
herniation is thought to explain the discrepancy between caloric
and vHIT results and is associated with the progression of EH.
This could lead to hypothesize that the discrepancy between
caloric test and VHIT may more frequently occur only at a
certain stage/duration of the disease. To our knowledge, no
previous studies investigated this question, and therefore, future
studies should examine this hypothesis by analyzing the ratio of
caloric and VHIT discrepancy in relation to the different stages
and durations of MD. Furthermore, the differences between
the caloric/vHIT discrepancies may be related to the phase of
MD. When analyzed closely, the percentage of patients showing
caloric/VHIT discrepancy is higher when they were assessed
outside the ictal phase than when they were assessed during
the ictal phase (Table 2). This could be related to the previous
observation that during the ictal paretic phase, VOR gain is
decreased that may reduce the percentage of MD patients
showing caloric/vHIT discrepancy.

In the past few years, several theories have been put forward
to explain how the pathophysiology of MD may explain the
caloric/vHIT discrepancy. One of the theories, well-described in
McCaslin et al. (22), states that MD differently affects regular
and irregular afferents. Indeed, a significant loss of type II hair
cells in the crista with MD has been reported, suggesting that
MD specifically damages regular afferents. This theory is based
on the fact that peripheral zones of the crista are characterized
by afferents that are most sensitive to low-frequency movements
(regular afferents) as opposed to afferents located centrally that
are most sensitive to higher frequencies (irregular afferents).
Therefore, as described earlier, the caloric test (low frequency)
will stimulate the regular afferent of the semicircular canal
that responds to sustained stimulation as opposed to the

transient high acceleration head impulses delivered during vHIT
examination, which will mostly stimulate the irregular afferents
(37, 38). However, some doubts are raised about the fact that MD
affects specifically regular afferents as a study found that both
type I and type II hair cells were equally affected in MD (39).
A second theory was put forward by Mcgarvie et al. (40). This
theory is based on the physiology of the canal and the impact
of EH. Mcgarvie et al. (40) suggest that the caloric weakness
observed in MD is due to the hydropic expansion of the lateral
canal membranous duct. The enlargement of the canal would
reduce the hydrostatic drive, normally provided by a change in
endolymph temperature, by inducing local convection flows and
thus reducing slow phase eye velocity when the affected canal
is being stimulated with the caloric test. However, the hydrops
would not reduce the endolymphatic flow generated following
head acceleration and, therefore, would not affect VOR gain. This
theory recently received support from Fukushima et al’s (41)
study that observed that endolymphatic volume affects caloric
response but is independent of the VHIT results. Therefore, this
theory states that the discrepancy between the results may be due
to the physical enlargement of the labyrinth due to EH.

Some important points may limit the comparisons of the
studies reviewed here and need to be highlighted. First, the
lack of description of the inclusion/exclusion criteria related
to medication/treatment. This is of great importance as the
spectrum of possible treatment for MD varies a lot and may
have different impacts on vestibular measures [for a review
of possible treatments, see (42)]. Future studies should always
report the medication/treatment received by the participants.
Second, an important variation in the normative criteria used
to identify a vestibular dysfunction between studies was noted.
More specifically, the normative caloric asymmetry ratio used
by the different studies reviewed varied between 20 and 30%.
This variation seems to be associated with the variation of
caloric/vHIT discrepancies. Generally, greater cut-off values are
associated with lower discrepancy ratios, and inversely, higher
discrepancy ratios are observed with lower cut-off values. Further
research should aim at identifying the optimal cut-off values for
caloric test and vHIT to improve the accuracy of the discrepancy
between these two tests before suggesting this approach as a
diagnostic indicator of MD.

Finally, recent evidence reported in this review cannot support
the sole use of VHIT in the identification of MD. However, it
would be of great interest for future studies to assess the high-
frequency VOR fluctuation in seriated measures as opposed to
only cross-sectional. Future studies will also need to determine
the optimal parameters (gain vs. saccades) and moments of
evaluation (ictal vs. outside the ictal). However, for now, vHIT
is a valuable complement in the evaluation of MD along with
the caloric test as the dissociation between these two tests is a
promising indicator in the identification of MD.
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Introduction: Mal de Debarquement Syndrome (MdDS) is a poorly understood
neurological disorder affecting mostly perimenopausal women. MdDS has been
hypothesized to be a maladaptation of the vestibulo-ocular reflex, a neuroplasticity
disorder, and a consequence of neurochemical imbalances and hormonal changes. Our
hypothesis considers elements from these theories, but presents a novel approach based
on the analysis of functional loops, according to Systems and Control Theory.

Hypothesis: MdDS is characterized by a persistent sensation of self-motion, usually
occurring after sea travels. We assume the existence of a neuronal mechanism acting
as an oscillator, i.e., an adaptive internal model, that may be able to cancel a sinusoidal
disturbance of posture experienced aboard, due to wave maotion. Thereafter, we identify
this mechanism as a multi-loop neural network that spans between vestibular nuclei
and the flocculonodular lobe of the cerebellum. We demonstrate that this loop system
has a tendency to oscillate, which increases with increasing strength of neuronal
connections. Therefore, we hypothesize that synaptic plasticity, specifically long-term
potentiation, may play a role in making these oscillations poorly damped. Finally, we
assume that the neuromodulator Calcitonin Gene-Related Peptide, which is modulated
in perimenopausal women, exacerbates this process thus rendering the transition
irreversible and consequently leading to MdDS.

Conclusion and Validation: The concept of an oscillator that becomes noxiously
permanent can be used as a model for MdDS, given a high correlation between patients
with MdDS and sea travels involving undulating passive motion, and an alleviation of
symptoms when patients are re-exposed to similar passive motion. The mechanism
could be further investigated utilizing posturography tests to evaluate if subjective
perception of motion matches with objective postural instability. Neurochemical
imbalances that would render individuals more susceptible to developing MdDS could be
investigated through hormonal profile screening. Alterations in the connections between
vestibular nuclei and cerebellum, notably GABAergic fibers, could be explored by
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neuroimaging techniques as well as transcranial magnetic stimulation. If our hypothesis
were tested and verified, optimal targets for MdDS treatment could be found within both
the neural networks and biochemical factors that are deemed to play a fundamental role
in loop functioning and synaptic plasticity.

Keywords: mal de debarquement syndrome, brain derived neurotrophic factor, calcitonin gene related peptide,
functional loops, synaptic plasticity, systems and control theory

INTRODUCTION

Mal de Debarquement Syndrome is a condition characterized
by a subjective sensation of self-motion (i.e., rocking, swaying,
bobbing), which persists after an initial exposure to passive
motion, usually after sea travel but occasionally after air or
overland trips. Commonly, many people report this condition
in its temporary form, “Mal de Debarquement” (MdD), with
symptoms usually subsiding within 48 h, or in the worse cases
a few weeks (1). However, a small subset of these individuals do
not recover, and experience chronic symptoms for months, up
to years, after the initial onset due to passive motion exposure,
thus developing “Mal de Debarquement Syndrome” (MdDS) (2).
The prevalence of the syndrome in the population is currently
unknown, while a neurotology clinic survey reported that 1.3% of
patients were diagnosed annually (3). Despite the lack of precise
epidemiological data, MdDS is considered a rare pathological
condition with associated psychosocial and economic impacts
(4). In addition to its most recognized primary symptoms (i.e.,
chronic self-motion perception and postural instability), there are
a series of secondary symptoms such as brain fog, migraine, visual
sensitivity, and associated mood disorders (4). The underlying
pathophysiology is still not clear; consequently, there are limited
therapeutic and experimental options. In addition to this, low
awareness regarding MdDS in the medical community has
contributed to high misdiagnosis rates (4, 5), which potentially
increases the perceived rarity of the condition.

Emerging research has concluded that the typical
contemporaneous MdDS patient is female (though MdDS
has been reported in males, the current female to male ratio
is 8:2) (6), in the 5-6th decade of life, having been exposed to
passive motion, usually cruise ship travels (7). As mentioned,
the onset cause of the condition, in a typical MdDS patient
is related to the exposure to passive motion and symptoms
began after disembarking; those triggered in this way are termed
Motion-Triggered (MT) MdDS patients. Interestingly, a similar
symptom profile can also be present in individuals that cannot
attribute their symptom onset to a passive motion exposure,
but rather to a non-motion trigger (non-motion triggered onset
MdDS). These cases without any clear trigger are also referred to
as Spontaneous Onset (SO) MdDS (4). The classification of SO
MdDS remains under review. SO MdDS may be re-classified to
come under another central vestibular disorder called Persistent
Postural-Perceptual Dizziness (PPPD) (8), given that these
two disorders present overlapping symptoms. The distinguish
feature so far identified between SO-MdDS and PPPD is that
individuals with PPPD do not report the typical temporal relief

of symptoms described by patients with MdDS when re-exposed
to passive motion (e.g., being passenger in a driving vehicle).
Thus, this partial and temporal alleviation from symptoms when
re-exposed to passive motion has now been described as a key
feature in identifying MdDS patients (4). Thus, more research is
needed to assess the possibility that SO MdDS and MT MdDS
include similar symptom manifestation of differing underlying
pathophysiological mechanisms. The theory presented in this
manuscript will solely focus on MT MdDS, indicated hereafter
as “MdDS” in this manuscript.

A series of hypotheses have been formulated to explain the
pathogenesis of this condition. It has been proposed that MdDS is
the result of Vestibular Ocular Reflex (VOR) maladaptation (9),
involving velocity storage (VS), a central vestibular mechanism
that increases the time constant of the VOR with respect to
that of semicircular canal (SCC) afferents. In this hypothesis,
the authors propose that a cross-axis-coupled stimulus (e.g., roll
while pitching, a type of stimulation that can be experienced by
passengers on a boat) may alter the VS of the VOR (9). The VS
circuit is thought to be located in vestibular-only (VO) neurons,
which are found in the medial and superior vestibular nuclei
(VN) of the brainstem (10), and has been investigated in non-
human primates (11). This study demonstrated that monkeys
without VS, and thus having a very short VOR time constant,
did not develop abnormal responses to roll while rotating. A
similar mechanism was hypothesized to be present in humans
(9). VO neurons are y-aminobutyric acid (GABA) neurons and
their axons decussate in the brainstem, where information is then
projected to the reticulospinal and vestibulospinal pathways (12).

Cohen and colleagues proposed that the cause for the
appearance of MdDS symptoms could potentially be a
maladaptive response to the typical oscillatory frequencies
experienced during air or sea navigation, which ranges between
0.2 and 0.3 Hz, and activates the lower limbs into compensatory
rocking and swaying movements for balance maintenance
(13). In MdDS, VO neurons, on both sides of the brainstem,
are theorized to persistently oscillate at these frequencies after
disembarking (9), and these oscillations may have originated
in the nodulus of the vestibulocerebellum, which has control
over the VS (9, 13, 14). Indeed, such activity was observed
in the nodulus of the rabbit (15), suggesting that a similar
mechanism may be possible and present in humans. Moreover,
additional symptoms which are a part of MdDS manifestations,
such as brain fog, anxiety, depression, and sensitivity to
sound and light, may be the result of the inability to “turn
oft” these incessant oscillations (9). Cortical changes also
seem to contribute to MdDS (16). In particular it has been
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theorized that MdDS is a disorder of the central mechanism that
generates a memory for an internal representation of passive
movement (17). Accordingly, in MdDS patients a decrease in
functional connectivity has been reported in different brain
regions, including visual-vestibular processing areas (e.g., middle
temporal visual area [V5]), the brain’s default mode network
(that includes the cingulate cortex), somatosensory network
(including the postcentral gyrus), and central executive network
including the dorsolateral prefrontal cortex (2, 17, 18). Resting-
state functional Magnetic Resonance Imaging (fMRI) studies
have also shown variations in functional connectivity involving
the left entorhinal cortex (EC)/amygdala, with increased
connectivity to posterior visual and vestibular processing areas,
and decreased connectivity to multiple prefrontal areas (17).
Also, high-density Electroencephalogram (EEG) studies have
shown that MdDS patients have a higher synchronicity during
periods of higher symptom severity, specifically in vestibular
projections to the limbic system (1, 19). While abnormalities in
the limbic system are correlated to abnormal motion perception
(17, 18), the EC is known to also play a role in keeping the
hippocampus active during sleep for memory consolidation
(20). This has been hypothesized as why in some MdDS patients
symptoms present after a night’s sleep and not immediately after
landing/disembarking (2, 16). Following this hypothesis, a series
of experimental treatment protocols have been developed to treat
MdDS sufferers with the use of neuromodulation techniques
targeting these regions (21, 22).

In addition to neutrally-centered hypotheses, which may
not be mutually exclusive, a new hypothesis was formulated
which proposed that gonadal hormones may influence MdDS
pathophysiology (7). Correlations between MdDS and hormonal
factors have been reported, driven by the fact that MdDS patients
are mostly females and that the average onset age matches
with the perimenopausal phase (23). It is known that hormones
play an important role in various vestibular pathologies such as
vestibular migraine, and Meniere’s disease (24), and that there
are correlations between hormonal fluctuations and various inner
ear symptoms such as vertigo, instability, tinnitus, hearing loss
and intra-aural pressure (25). Additionally, it is well-known
from animal studies and human clinical data that hormonal
changes also influence neurochemical pathways that are linked to
depression (26). As for migrainous patients, a recent pilot study
showed that pregnant MdDS patients reported an alleviation
of symptoms during the first two trimesters (27). Following
these preliminary observations, hormones were theorized to
play a role in aggravating patient symptoms as well as in
rendering an individual more susceptible to developing the
disorder per se (7, 23). Specifically, it was theorized that patients
who developed MdDS may have had, at the time when onset
occurred, significant decreases in estrogen levels which altered
their GABAergic system, as well as Calcitonin Gene-Related
Peptide (CGRP) levels (7). Recently, CGRP has been implicated
in the pathophysiology of migraine and depression, which are
also comorbidity factors of MdDS (2, 7, 28). It is known to
support vestibular function and, more specifically, to strengthen
the VOR (29, 30). Accordingly, CGRP positive neurons have
been found in VN and the vestibulocerebellum (30). In addition,

CGPR could be overlooked for its role in neuroplasticity,
e.g., influencing neurotransmitters such as the brain-derived
neurotrophic factor (BDNF) (31, 32). Despite the above
hypotheses, knowledge about the comprehensive mechanisms
of MdDS is still lacking, thereby hindering the possibility of
developing resolutive treatments for the condition. Therefore,
this manuscript aims to combine the relevant aspects and
ideas from these theories and review them within a theoretical
model based on Systems and Control Theory. This is an
interdisciplinary field combining mathematics and engineering
to study the functioning and the emergent behavior of systems
arising both in nature and in engineering. Although most of its
subsequent developments are aimed at designing and managing
human-made systems, such as processes and machines, the
discipline was originally inspired by the study of living processes
and is particularly well-suited to model and analyse phenomena
in physiology and biology (33). One of the main topics of
Systems and Control Theory is the study of feedback loops
that accomplish a specific function. Accordingly, our hypothesis
provides a pathophysiological mechanism of MdDS involving the
interaction of functional loops at various levels, including neural
networks and intracellular biochemical pathways.

THE HYPOTHESIS

Our model is based on the hypothesis that, to ensure
adaptation to an external oscillatory stimulus, an internal
oscillatory behaviors must be activated by a neural network
(34). The internal generation of oscillatory behaviors most
likely relies on a loop-based arrangement, due to the presence
of negative feedback loops containing inhibitory interactions
(35). Specifically, our hypothesis relies on Systems and Control
Theory, whose mathematical formalism was mainly developed
in engineering but has been widely applied to biological systems
since its origin (33, 36). Following this Theory, a perfect
adaptation to an external periodic perturbation (like a wave),
can only occur thanks to the activation of an “internal model”
that cancels the perturbation. In our case, the internal model is
a neuronal oscillator that generates a signal of the same type but
opposing the forcing input (37). According to this fundamental
principle, it could be hypothesized that what has been previously
described as the presence of a brain oscillator in MdDS may
be part of this mechanism (2). Hence, MdDS could be the
pathological permanence of such a compensatory mechanism,
after the external perturbation has vanished.

However, no clear evidence is available about the neural
site of this hypothetical oscillator. In the first theory described
previously, MdDS pathophysiology is attributed primarily to the
VN in the brainstem, receiving input from SCC and generating
vestibulo-ocular, vestibulocollic, vestibulospinal, and vestibulo-
thalamo-cortical pathways (13). As already mentioned, it has
been proposed that MdDS is driven by an oscillation between
VO neurons on each side of the brainstem at frequencies of 0.2—
0.3 Hz, controlled by output from cerebellar nodular neurons
(13, 38). Interestingly, similar oscillatory behavior has been
experimentally induced in the vestibulocerebellum of rabbits
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through a rolling about the longitudinal axis (15). In these
experiments, 5% of climbing fibers in the uvula and nodulus
started firing periodically at the same frequency after the
sinusoidal vestibular stimulation had stopped, persisting for 200—
300s (15). Although obtained in animal studies, these results
were believed to provide a potential neural basis for oscillations
at 0.2 and 0.3 Hz manifesting as rocking, swaying, and bobbing in
MdDS patients (13, 14, 39).

Besides identifying a brain oscillator, in order to understand
the pathogenesis of MdDS a mechanism converting the
adaptation to environmental oscillations into a permanent
noxious condition must be found. According to Systems and
Control Theory, positive loops are a common distinctive feature
of multi-stationary systems that can undergo transitions among
different equilibrium points (35, 40). These kinds of transitions
are thought to operate also in processes of pathogenesis, and
therefore, the identification of a positive loop could be a key
step in the understanding of MdDS onset. As shown below, we
identify this multi-stationary positive loop with an intracellular
biochemical pathway involved in synaptic rearrangement.

Biomechanical Analysis
In order to formulate a hypothesis regarding the mechanisms
implicated in MdDS pathophysiology, we first consider a
biomechanical analysis of body posture from the standpoint of
Systems and Control Theory.

The considered mechanical system that governs body posture,
labeled as P in Figure 1, is composed of two loops:

e One, labeled as C in Figure 1, is the well-studied stabilizing
posture control mechanism (41, 42), whose function is of
ensuring the correct angle (the angle between main body axis
and gravity axis).

e The second, labeled as A in Figure 1, which we consider as
the adaptation mechanism, has the function of adapting the
posture in the presence of a persistent sinusoidal disturbance
(wave motion, craft fluctuations, or similar).

Both the stabilization loop C and the adaptation loop A are
negative loops (having one inhibitory step) because their action
is in opposition, respectively, to destabilizing gravity and to
the external disturbance signal. The following considerations are
based on well-known physical laws.

In addition to this, in order to fully understand the loop
theory, few more points must be considered:

e The stabilization loop C must compensate the discrepancies
between the position, the posture angle, and the angular
speed, namely the derivative of the angle. For doing this, the
stabilization loop requires a feedback of the proportional-
derivative type, which compensates for both posture and angle
errors and their derivatives.

e The adaptation loop A is activated to ensure perfect
adaptation. For example, it is able to cancel a persistent
disturbance whenever it comes into play.

e Perfect (or semi-perfect) adaptation requires the generation
of a signal that cancels the external disturbance, hence it needs
to have the same frequency as the disturbance, but needs to

periodic disturbance

excitatory ——p
inhibitory —p

FIGURE 1 | Mechanical loops involved in the stabilization of body’s posture
and the adaptation to a periodic disturbance, such as passive environmental
movements experienced by travelers aboard. P, posture mechanism; C,
posture-stabilizing feedback control; A, adaptation mechanism (C and A are
negative feedback loops; see Supplementary Materials for a mathematical
analysis).

be in phase opposition, so that the sum of the two signals is
almost zero.

To be synchronized with the disturbance (in particular, in
phase opposition), the compensating signal must be generated
by a feedback loop, otherwise it is impossible to robustly
generate a signal of the same frequency and synchronization.
To achieve perfect adaptation, the adaptation loop must
therefore include an oscillator capable of producing a signal
having the same frequency as the external disturbance, an
assertion supported by the Internal Model Principle (37,
43). Remarkably, the idea of an internal model has been
invoked also for MdDS and firstly mentioned by Hain and
Helminski (44).

Frontiers in Neurology | www.frontiersin.org

95

November 2020 | Volume 11 | Article 576860


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

Mucci et al. New Hypothesis - MdDS and Loops

excitatory =——yp-
inhibitory —p

1,0 T T T T T T T T T T T I T 1 T T T T T
C R e
.2 d=0.1
E 0.8 1
o 0.6 J
G
o) _
>
£ 04 1 d=1.0
o) weight of J [
© : : )
8 excitatory fibers | .
o —
Q. 100

30 40 50 60 70 80 90 100
weight of inhibitory fibers

FIGURE 2 | (A) Diagram of the loop system envisaged for vestibulocerebellar neural circuits, consisting of two ipsilateral negative loops, a central, contralateral,
double-negative loop, and two contralateral vestibulocerebellar connections. PJ, Purkinje cell; VN, vestibular nuclei; R and L, subscripts refer to right and left sides of
the brainstem; dashed line, brainstem midline. (B) MatLab analysis of the above system vyielding the probability of oscillation (i.e., the fraction of Jacobian matrices
associated to the loop system with positive-real-part complex eigenvalues, out of 100,000 randomly generated Jacobian matrices). The curves represent the variation
of oscillation probability when the weight of inhibitory connections varies in the range 1-100, in arbitrary units, and the weight of excitatory connections is 1 (blue
curve), 10 (red curve), and 100 (yellow curve). The weight of self-inhibitory connections (matrix diagonal entries) is always set to 1. (C) Probability of oscillation
calculated as above, when the weight of inhibitory connections varies in the range 1-30, the weight of excitatory connections is 1 (blue), 10 (red), and 100 (yellow),
and the weight of self-inhibitory connections (d) is 0.1 (top), 1.0 (middle), and 10 (bottom). Plot axes as in B.

Within our hypothesis, if the external signal is removed effect of the oscillator persists in generating phantom sensations,
(disembarking), then the oscillator in the adaptation loop A possibly at a frequency very close to the initial forcing
could remain active for a time under normal conditions, or  disturbance. This phenomenon manifests in the patients as a
for longer time under pathological status (when developing  sensation of self-motion (bobbing, swaying and rocking). The
MdDS). This oscillator is not capable of destabilizing the  mathematical description of the above loop system can be found
posture, since the main stabilizing loop C prevails. Yet, the  as Supplementary Materials.
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FIGURE 3 | Bistable hysteretic model of synaptic plasticity depicted by a stimulus-response curve. The stimulus is represented by variations of brain-derived
neurotrophic factor levels (BDNF) in the central nervous system. The response is a biochemical pathway arranged as a positive loop (not shown here) leading to
synaptic long-term potentiation (LTP), according to Hao et al. (68). If the loop has a lower strength (left chart) the stimulus-response curve shows a bifurcation
generating bistability and hysteresis. Bistability means the occurrence of two equilibrium points, i.e., low or high (excess) LTP. Hysteresis means that for some given
values of BDNF there are two possible values of LTP, and the status assumed by the system will depend on its previous history, i.e., it will be low LTP for increasing
BDNF, or high LTP for decreasing BDNF (see small arrows on charts). If the BDNF-induced, biochemical positive loop that produces LTP is progressively strengthened
by calcitonin gene-related peptide (CGRP), the bistability region widens until hysteresis switches to irreversibility (right chart), meaning that once LTP is developed,
after BDNF rise, it becomes permanent even if BDNF decreases to zero. The model has been envisaged according to data reported by Buldyrev et al. (31). Small
arrows on charts indicate the evolution of the system for increasing or decreasing BDNF values.

Physiological Analysis

We consider now the possibility of establishing a link between
the mechanical loop system of Figure 1 and vestibular neural
networks, by using a neuroanatomical representation.

In the mechanical loop system, the stabilization loop C can
be easily matched to a postural reflex that corrects postural
bias. This element can be identified with vestibulocollic (VCR)
and vestibulospinal (VSR) reflexes that are realized by VN
and induce compensatory movements maintaining head and
postural stability and preventing falls (45). The VCR and VSR
involve SCC, otolith, neck proprioception, and visual afferences
to the VN, where they become processed through commissural
inhibition and ipsilateral integration and filtering (46, 47). One
mechanism involved in the processing and fine-tuning of the final
reflexes is the VS mechanism, which is particularly relevant when
considering head rotation movements (angular acceleration).
This mechanism is believed to prolong the SCC afferent signal, by
extending the VOR time constant with respect to the SCC signal
time constant, and then improving compensatory responses
to low-frequency rotations of the head (48, 49). Similarly to
this, there is another mechanism (gravity estimator) which
processes linear acceleration movements, by integrating SCC and
otolith inputs, and estimates head tilt (50). Both mechanisms
act as integrators provided with negative loops avoiding error
accumulation due to afferent signal noise (50).

A correspondence between these mechanisms and vestibular
pathways can be found in the scheme proposed by Galiana
and Outerbridge for bilateral VOR pathways in the cat (51).
This scheme shows a commissural inhibitory circuit between the
two contralateral VN, which is connected on each side to two
ipsilateral circuits spanning between VN and the cerebellum.

According to the viewpoint of Systems and Control Theory,
the central commissural circuit is a double negative loop, i.e., it
has an even number of inhibitory steps (two) and therefore it
is a candidate multi-stationary system with at least two stable
equilibrium points. The two lateral elements are negative loops,
i.e., they have an odd number of inhibitory steps (one) and
therefore they are candidate oscillators (35, 40). These circuits
could be at least partially overlapped with vestibular networks
that are regarded to be relevant in MdDS pathophysiology, such
as VOR and VS. Specifically, the external negative loops could
correspond to the noise correction mechanisms described for the
integrators of SCC and otolith afferences, while it is known that
cutting the commissural fibers connecting the contralateral VN
permanently destroys the VS mechanism (52).

According to Systems and Control Theory, a model which
includes a triple loop chain with a core positive loop flanked
by two negative loops could generate oscillations upon alternate
stimulation of the two sides. The two lateral negative loops,
behaving as oscillators, would induce the central loop to toggle
between its two stable states (53) (Figure 2A). However, VN
also project as GABAergic fibers to the inferior olive that in
turn projects as glutamatergic climbing fibers to the contralateral
cerebellar flocculonodular lobe, altogether realizing contralateral
inhibitory pathways (54). Mossy fibers are also derived from VN
to cerebellum, which could participate to the network; however,
experimental recording of periodical firing at the same frequency
of sinusoidal vestibular stimulation was recorded in climbing
fibers (see above) (15). The complete system (Figure2A),
consisting of the triple loop discussed above with the further
addition of two contralateral inhibitory connections, can still
produce oscillations, depending on the values of the parameters
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that regulate the interactions among the elements of the system.
Therefore, a main role in the tendency to oscillate could be played
by the relative strength of excitatory and inhibitory pathways.

In order to evaluate the capability of this system to
yield sustained oscillations, we studied it by using MatLab
(The MathWorks, Inc., Natick, MA, USA). We computed the
oscillation probability as a function of the strength of excitatory
and inhibitory pathways. In particular, given the graph in
Figure 2A, with the addition of stabilizing self-inhibitions for
each functional agent, we randomly generated instances of the
associated Jacobian matrix (see Supplementary Materials):

- n —v 0
-k —B —0o 0
= 1
J 0 —¢ —y —ks (1)
0 —t & =6

where each non-zero entry, denoted by a Greek letter, is
generated as a random number with absolute value between 0
and 1, multiplied by a scaling coefficient that can be chosen
differently for: (i) diagonal entries associated with self-inhibitory
connections (o, 8, y, 8 ), (ii) entries associated with excitatory
connections (u, &), and (iii) entries associated with inhibitory
connections (v, k1, 0, @, k2, T), so as to modulate their relative
strength. Then, we computed the eigenvalues of each randomly
generated Jacobian matrix J, to evaluate the fraction of Jacobian
matrices having strictly complex eigenvalues with positive real
part; the presence of this type of eigenvalues is associated
with persistent oscillations. Figure 2B shows the probability of
oscillation (precisely, the fraction of matrices with positive-real-
part complex eigenvalues out of 100,000 randomly generated
matrices) when (i) the weight of self-inhibitory connections is set
to 1 in arbitrary units, (ii) the weight of inhibitory connections
grows from 1 to 100, and (iii) the weight of excitatory connections
is chosen as 1 (blue curve), 10 (red curve) and 100 (yellow curve).
In Figure 2C the same curves are shown, with the weight of
inhibitory connections growing from 1 to 30, and the weight of
self-inhibitory connections (i.e., the matrix diagonal entries) set
to 0.1, 1.0, and 10.

The results of our numerical study show that, if the strength
of inhibitory connections is low (i.e. their weight equals about
0-20 in arbitrary units), the tendency to produce contralateral
oscillations is inversely correlated with the strength of excitatory
connections. Conversely, if the strength of inhibitory connections
is intermediate (about 20-40), then the tendency to produce
oscillations is high and almost independent of the strength of
excitatory connections. Finally, if the strength of inhibitory
connections is high (about 40-100) the effect of excitatory
connections is reversed, since higher values of the latter
induce a higher tendency to produce oscillations (Figure 2B).
As for the role of self-inhibitory connections (i.e., the matrix
diagonal entries, associated with weight d), Figure 2C shows
that oscillations are more likely when the strength of these
connections is lower (as expected, given their stabilizing effect);
however, irrespective of their strength, the trend of the curves
is always qualitatively similar (in Figure 2C plots, the axes
and the curve colors have the same meaning as in Figure 2B).

Taken together, these data show that our loop system can
generate oscillations, and moreover, the tendency to oscillate
increases together with the increasing strength of inhibitory
connections, reaching its highest when both inhibitory and
excitatory connections are strong.

Given its ability to realize oscillations, the loop system
depicted in Figure2A could be hypothesized to be the
adaptation loop A, i.e., the internal model, of the mechanical
loop system (Figure 1). Specifically, during adaptation to external
stimulation, the circuit alternatively activates and inhibits VN
neurons located on the right and left side of the brainstem.
This model of course is a simplified schematic representation
of the actual neural networks, while other components could
contribute to the adaptive mechanism. For instance, in agreement
with studies on the role of efference copy and feed-forward
loop in postural adaptation to environmental disturbance (55),
a feed-forward loop could help make the system faster and more
accurate. However, the feedback loop system is to be considered
the key component of the oscillator.

Active Scenario
Having this basis aforementioned, we are now able to consider
the passive motion and environmental stimuli (active scenario).
In the presence of an oscillatory movement, where the individual
is exposed to passive motion, such as being passenger in a boat
or plane, the VN are stimulated from side to side by their
various afferents, i.e., vestibular sensors, proprioceptors, and
visual inputs. This stimulation corresponds to the sinusoidal
external disturbance applied to the mechanical loop system
(Figure 1). If the adaptation A (internal model) circuit were
absent, the stabilization C (postural reflex) circuit would
continuously stimulate the proprioceptors and the muscle
tone to correct the posture. However, we assume that the
adaptation loop becomes entrained by this kind of external
stimulation, thereby undergoing an oscillatory behavior that
cancels the environmental stimulation and abolishes the need of
postural correction. This scenario fits the previously commented
assumption that in ship travelers VO neurons are entrained to
oscillate at frequencies of about 0.2-0.3 Hz, (under control of
cerebellar nodulus neurons) (38). Hence, in this scenario the
individual exposed to passive motion is going through natural
adaptation and compensatory mechanisms of passive motion.
Thereafter, when the individual is disembarking (returning
to a stable environment), the oscillatory external stimulus
ceases, and the adaptation loop system is expected to stop
its compensatory work. However, it can be shown through
mathematical analysis (see Supplementary Materials) that the
adaptation mechanism has poorly damped oscillations for a
reasonably wide range of its parameters, possibly explaining
the above-mentioned, temporary MdD condition that can be
experienced after a ship travel. Conversely, in MdDS the
adaptation loop seems to persist beyond any possible delayed
damping, thus becoming a permanent oscillator that provides an
undesired input to the stabilization mechanism. Consequently,
this creates a sensation of postural unbalance (phantom sensation
of bobbing, rocking, swaying). This interpretation of MdDS
seems confirmed by the notion that patients report a feeling
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of phantom motion when in a stable environment (e.g, on
land), but they find a temporal relief while re-exposed to passive
motion. This would happen by being re-exposed to the dominant
frequencies of their postural swaying that match fairly with
passive motion (around 0.2-0.3 Hz) (4).

Hence, a remaining open question concerns the causes
of the over-synchronization affecting the neural network that
generates MdDS. The mathematical analysis of our neural
loop system shows that the tendency to oscillate increases for
increasing strength of inhibitory pathways, while it reaches its
maximum when the strength of both inhibitory and excitatory
pathways is high. Such a result strongly suggests that the
over-synchronization of the internal oscillator may be found
in synaptic plasticity (56), which can induce variations of
connection strength in the neural loop system. Most notably,
a typical example of this kind of neuronal rearrangement
is long-term potentiation (LTP) (57). Synaptic plasticity has
been shown to occur in Purkinje cells of the flocculonodular
cerebellum, as well as in their interconnected vestibular circuit
(58, 59). Hence, it can be hypothesized that LTP may occur
in these neurons during passive motion (e.g., when in/on a
vehicle), due to continuous, alternate stimulations from sensory
inputs. The distinction between MdD (rapid healing) and MdDS
(recalcitrant healing), could be due to differences in the strength
of synaptic plasticity. Therefore, excess synaptic plasticity could
be the essential element that switches a physiological mechanism
(internal model) into a pathological condition.

The involvement of excessive synaptic plasticity has been
reported for various disorders, e.g., diminished LTP and long
term depression (LTD) in schizophrenia (60), dopamine-driven
synaptic facilitation in drug addiction (61), or unbalanced
excitatory and inhibitory stimuli on fusiform cells of the
dorsal cochlear nuclei in tinnitus (62). Even closer to MdDS,
maladaptive cortical plasticity is involved in the pathophysiology
of focal dystonia, such as writer’s cramp and spasmodic torticollis,
where repetitive sensory input reaches cortical sensory areas
that show excessive plastic adaptation characterized by increased
motor output, excessive muscle contractions, abnormal postures,
and involuntary movements (63-66). Similarly, we suggest that
in MdDS abnormal plasticity occurs in vestibular and Purkinje
neurons. This is strongly supported by the above results from
MatLab computational analysis of the loop system modeling the
vestibulocerebellar connections in the brainstem. These findings
show that an increase in the strength of inhibitory connections
renders the loop more incline to oscillate, suggesting that excess
LTP in GABAergic fibers could strengthen the vestibulocerebellar
oscillator, thus rendering it recalcitrant to vanish when the
environmental stimulus ceases (stable environment).

If excess synaptic plasticity is responsible for the insurgence
of MdDS, we have now to explain why it occurs in some
individuals at a certain time. Taking this into account, we aim
at a unifying paradigm between vestibular sensory processing
and Systems and Control Theory, according to the approach
advocated by Burlando (67). Based on this theoretical view, a
transition from health to disorder can be always reconducted to
a positive loop showing a bifurcation that creates the possibility
of shifting from one steady state equilibrium point to another

one. Interestingly, LTP has been described as a shift in gene
expression due to the activity of a biomolecular positive loop
undergoing bifurcation (68). Moreover, a relevant property of
dynamic systems showing bifurcation and bistability is hysteresis,
meaning that it is easier to maintain the system in one stable
state, or equilibrium point, than to make it jump to another
stable state by applying or removing a stimulus. In addition, if
the strength of the positive loop increases, the system develops
irreversibility, i.e., the impossibility of returning to a former
equilibrium point by complete removal of the stimulus (69).
It has been shown that different cellular and biomolecular
processes can be modeled through bistability and hysteresis
(70), while positive feedback loops are starting to be taken
into consideration also for mechanisms of pathogenesis (e.g.,
Alzheimer’s’ Disease) (71). In our model of adaptation to an
oscillating environment, the occurrence of synaptic plasticity in
the vestibulocerebellar circuit (Figures 1, 2) could be modulated
from normal to excessive by the strength of a biomolecular
positive loop, thus determining a variable degree of persistence
of the internal model after disembarkation. Normal synaptic
plasticity could be converted into excessive synaptic plasticity
by a predisposing factor expressed in some individuals. This is
a point of convergence of our hypothesis with the theory of
MdDS hormonal and neurochemical predisposition published
in 2018 (7). As known, hormonal changes at the luteal phase
of pre-menstrual syndrome, or in perimenopause, can influence
the brain levels of CGRP, whose expression is regulated by
gonadal hormones (7, 72, 73). CGRP has been reported as an LTP
promoter (32), while its expression is closely correlated with that
of the BDNF (31), which is the key element of bifurcation in the
above-mentioned positive feedback loop that generates LTP (68).

BDNF is not only influenced by CGRP but also by gonadal
hormones (74), possibly indicating that a particular hormonal
state may induce neurochemical changes. In addition to this,
CGRP is known to strengthen the VOR reflex (29), confirming
the role of this neuromodulator in modifying the activity
of vestibular neural networks, and being consistent with the
correlation between CGRP brain levels and the severity of MdDS
symptoms (34). Hence, by putting it all together, we can theorize
that some gonadal imbalance, correlated with high CGRP brain
levels, potentially affects other modulators, like BDNE, thereby
leading to excessive synaptic plasticity and ultimately causing
symptom chronicity in MdDS (Figure 3).

In summary, by our hypothesis MdDS is not only regarded
as a maladaptation of the VOR, but upstream to it, as a
malfunctioning of a vestibulocerebellar network that realizes an
oscillatory loop system. According to this new approach, we
have shown how this loop system could be entrained to oscillate
by environment movements, thereby leading to MdDS through
its over-synchronization. While undergoing synaptic plasticity,
this process could become excessive in individuals experiencing
an impairment in the brain levels of specific hormones and
neuromodulators (possibly including low levels of estrogen, as
well as high levels of CGRP and BDNF). This would render the
internal oscillator noxiously persistent after disembarking from
a vehicle, thereby leading to the constant perceptions of self-
motion that we know as MdDS. This theory may also explain why
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MdDS patients experience a temporary relief of symptoms when
exposed to passive motion, as mentioned before, because their
over-synchronized loop would be working in its perfect status of
canceling the external stimuli.

COMPARISON WITH PREVIOUS THEORIES

In the herein proposed hypothesis, feedback loop dynamics are
invoked as an explanatory umbrella for a series of ailments of
increasing severity going from MdD to MdDS. The hypothesis
is innovative in the framework of MdDS studies, but to some
extent it is also a synthesis of different ideas that have been
previously formulated about this syndrome. As discussed above,
the most significant synergism can be established between our
hypothesis and the hormone theory of MdDS (7). However, a
close connection can also be found with the idea of an over-
synchronization of brain networks caused by entrainment due to
the exposure to passive motion (18, 21). The proposed treatments
that follow this kind of analysis, such as transcranial Direct
Current Stimulation (tDCS) (75) and repetitive Transcranial
Magnetic Stimulation (rTMS) (21), are consistent with our
hypothesis since they could disorganize an excessive neural
network connection (21), but the success rate reported by
patients is considered poor (22), suggesting that more refined
targets and modalities of treatment are needed.

The theory concerning VOR and VS maladaptation (9, 76)
is also somewhat consistent with our hypothesis, given that
the neural circuits of these mechanisms are presumed to be,
at least in part, coincident with our oscillating loop system.
Following this theory, patients were exposed to a full-field
optokinetic (OKN) stimulus during head rotation, obtaining an
improvement of symptoms in 70% of cases (14), even though
there was a slight decline in the success rate over time (9).
Similar results were obtained in a recent study which involved a
sham protocol for MdDS patients undergoing OKN stimulation,
while it was speculated that OKN stimulation worked in re-
adapting the so-called maladapted VOR (77). To date, the success
rate of the OKN treatment is higher for those with MT MdDS
compared to the SO patients (22), further research is needed
to understand why this is the case. These studies considered
the relationship between VOR and OKN reflexes, knowing
that the VOR response can adapt and accommodate sensory
arrangements, as shown in a study by Draper (78). The authors
hypothesized that a disrupted VOR leads to a disrupted VS
and VSR, which consequently leads to poor postural control
(9). The results from this study (77) support Dai’s theory that
the OKN stimulation and head roll is able to induce a VOR
adaptation process by altering the performance of the OKN
reflex through visual anomalies. However, a striking difference
with our hypothesis is that this VOR maladaptation would be a
downstream consequence of MdDS, not a triggering effect, i.e.,
the cause-effect relationship between MdDS pathogenesis and
VOR would be inverted. Nevertheless, the OKN treatment fits
well also under our hypothesis, since a strong stimulation of the
VOR could partially alleviate the excessive synaptic plasticity that
we presume to be present in MdDS patients. In addition to this,

as reported in the sham study (77), the OKN treatment could be
just one part of the treatment process for MdDS subjects, since
most subjects also continued to report associated symptoms such
as migraine (7, 77) following a postural improvement.

HOW TO VALIDATE THE HYPOTHESIS

Our hypothesis is, for now, only a theoretical model and a series
of studies have to be developed and executed in order to validate
it. Specific clinical protocols and tests will have to be developed
according to a suitable, hypothesis-driven experimental design
based on the herein proposed model, thus collecting data
specifically suitable to prove or disprove the model.

One of the first aspects to consider is the assessment of
the internal model, such as verifying that MdDS is triggered
in the presence of a regular wave with a single (or strongly
dominant) sinusoidal component (boat or plane); rather than
in the presence of noise (car or train). Such a result has been
partially achieved in a retrospective study on a large number of
MdDS patients, showing that the disease is mainly triggered by
boat travels (4). However, additionally, the mechanism could be
further investigated with the use of computerized posturography
tests under static or moving conditions at different frequencies
of oscillations, to evaluate if subjective perception of motion
matches with objective postural instability.

Secondly, to specifically prove the over-synchronization
of an oscillatory neural loop system the use of neuroimaging
techniques could be a suitable approach. By employing
high-resolution functional magnetic resonance imaging
(fMRI)/18F-fludeoxyglucose  positron-emission tomography
(18F-FDG-PET) scans, and electroencephalogram (EEG) it
would be possible to explore variations in functional connectivity
between VNs and the flocculonodular lobe. This kind of analysis
could be done on controls and patients without previous
treatment or after different exposures, including various kinds
of vestibular stimulation, hence showing possible differences in
vestibulocerebellar connectivity consistent with the hypothesized
model. If the vestibulocerebellar connectivity pattern would show
higher correlation in patients with respect to controls, selectively
at the internal oscillator frequencies, this will confirm that the
internal oscillator would have become undesirably persistent
in MdDS. This would potentially provide a neuroimaging
biomarker allowing to distinguish MdDS from other central
vestibular disorders, especially SO MdDS, which might be falling
more clearly into the PPPD diagnostic sphere.

In addition, as posed in the hypothesis, MdDS patients may
develop this permanent form due to a neurochemical imbalance
that would render them more susceptible to this maladaptation,
hence their hormonal status and history should be taken into
account (e.g., perimenopausal, low testosterone or estrogen, and
usage of steroids or hormonal replacement therapy) (23).

Another method of exploring altered connections between
VN and cerebellum, potentially affecting the functioning of
VS, VOR, and other vestibular circuits, could be the use of
transcranial magnetic stimulation (TMS), a technique that has
contributed significantly to the understanding and treatment
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of several neurological and psychiatric disorders (79, 80). TMS
can be used with single and paired pulses over the primary
cortex (M1), allowing to trace excitatory and inhibitory pathways
(79). For instance, paired-pulse TMS can induce short-interval
intracortical inhibition (SICI) by involving GABA, receptors
(79, 81). TMS has been also used in combination with drugs (82),
showing that benzodiazepine (a positive modulator of GABA,)
enhances SICI (79), while long-interval intracortical inhibition
(LICI) and cortical silent period (CSP), which are measures
of long-lasting inhibition, increase with the GABAg receptor
agonists tiagabine (working on LICI) (83), and baclofen (working
on CSP) (84). These techniques have been used to study the
pathophysiology of motor system disorders such as amyotrophic
lateral sclerosis, Parkinson’s disease, Tourette syndrome, and
altered motor cortex GABAgp function in concussed athletes
(79, 80).

Despite that MdDS may not be a motor disorder, TMS
could allow researchers to understand if a GABAergic
alteration is characteristic of MdDS patients. Studying
pharmacological changes with TMS allows for an indirect
measure of excitatory and inhibitory mechanisms and their
implications in neurotransmitters modulation. It has also been
proposed that TMS could be used with in vivo proton magnetic
resonance spectroscopy (1H-MRS), thus measuring the levels
of GABA during different phases of the menstrual cycle and
aligning these data with symptom intensity in MdDS patients
(7). 1H-MRS would allow the detection and quantification of
different neurometabolites besides GABA, such as myoinositol,
N-acetylaspartate, and glutamate (79, 85).

A recent study utilized transcranial direct current stimulation
(tDCS) to ease MdDS symptoms, with promising results (75).
This novel neuromodulation technique would be advantageous
for patients since it can be performed at home in a remote
setting, reducing or eliminating long commutes which are
known to cause discomfort for those with MdDS. Another
technique used to test vestibular-spinal control system is Galvanic
Vestibular Stimulation (GVS) (86). In a recent study on PPPD
patients, GVS allowed the stimulation of vestibular afferents
without head motion on either side separately, showing higher
instability with higher intensity GVS (range from low to high,
0.8-2.8 mA) and closed eyes, consistent with the greater visual
dependency in controlling posture of these subjects (86). A
similar experiment could be performed on MdDS patients to
examine their sensory reweighting.

Finally, the aforementioned postural, neuroendocrine,
neurochemical, neuroimaging and transcranial stimulation data
has the potential to contribute partial confirmations of our
hypothesis, however their amassing has the ability to ultimately
validate the hypothesis.

CONCLUSIONS

MdDS remains a challenging problem for healthcare
professionals. Due to unclear underlying mechanisms and the
lack of definitive biomarkers, the diagnostic process is typically
long and costly, while treatment options are experimental and

limited. Our hypothesis provides an innovative vision into this
syndrome, by proposing that dynamic loops are involved in brain
adaptive responses to oscillatory passive motion. Our hypothesis
does not reject previous theories on MdADS pathogenesis,
but it rather embodies elements of these in a comprehensive
mechanism, based on Systems and Control Theory. The main
elements of our hypothesis are the following:

e Starting from an essential biomechanical analysis of posture,
we derived the notion that perfect adaptation to an
external oscillatory disturbance needs the activation of an
adaptation loop including an internal oscillator able to
cancel disturbance (Internal Model Principle).

e Thereafter, starting from available neuroanatomical and
physiological knowledge of the vestibulocerebellar region we
identified a bilateral neural network arranged as a triple
loop with two further contralateral connections, involving
the VNs and the cerebellar flocculonodular lobe.

e By using computational simulation, we proved the tendency
of the neural network to behave as an oscillator with the
increasing strength of inhibitory connections, reaching its
highest when both inhibitory and excitatory connections
are strong.

e We therefore assumed that the identified neural loop system
becomes entrained by exposure to passive motion, e.g., those
experienced onboard of a vehicle, thus activating an adaptive
internal model.

e Finally, given that such entrainment is likely to involve
synaptic LTP, and by assuming that synaptic plasticity is
triggered by a biomolecular positive loop, we envisaged
that under some unbalance of neuromodulators like CGRP
and BDNE during peculiar gonadal hormonal phases, the
transition to LTP becomes irreversible. This would maintain
the internal oscillator after the removal of the external stimulus
(e.g., after disembarkation), thereby producing MdDS.

If this hypothesis were tested and verified, then optimal targets
for MdDS treatment could be found inside the neural networks
and biochemical factors that play a fundamental role in loop
functioning and synaptic plasticity. We proposed a few studies to
address this theory, such as: the use of dynamic posturography
for exposing patients at different frequencies and evaluate
their self-perception of motion; perform specific neuroimaging
studies to explore variations in functional connectivity between
VNs and the flocculonodular lobe in MdDS patients vs.
healthy controls; assess patient’s hormonal status and history
and observe if specific hormonal imbalances or conditions
are characterizing of MdDS patients; using TMS to study
SICI and LICI by involving the use of medications and
their effect on the patients GABAergic system, evaluating if
altered GABAergic system is present in MdDS patients, this
could also be combined with 1H-MRS, thus measuring the
levels of GABA during different phases of the menstrual
cycle and aligning these data with symptom intensity in
MdDS patients.

As a corollary, our hypothesis falls into a wider theory of
the organism’s physiology (67, 87), based on the assumption
that dynamic loops are an essential trait for all processes and
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transitions that occur in the organism, notably transitions from
physiological to pathological status. Therefore, this hypothesis
can be taken as a basis for theoretical analysis and novel
experimental models of other neurological disorders.
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Objective: Alexander’s law (AL) states the intensity of nystagmus increases when gaze is
toward the direction of the quick phase. What might be its cause? A gaze-holding neural
integrator (NI) that becomes imperfect as the result of an adaptive process, or saturation
in the discharge of neurons in the vestibular nuclei?

Methods: We induced nystagmus in normal subjects using a rapid chair acceleration
around the yaw (vertical) axis to a constant velocity of 200°/second [s] and then, 90s
later, a sudden stop to induce post-rotatory nystagmus (PRN). Subjects alternated gaze
every 2 s between flashing LEDs (right/left or up/down). We calculated the change in
slow-phase velocity (ASPV) between right and left gaze when the lateral semicircular
canals (SCC) were primarily stimulated (head upright) or, with the head tilted to the side,
stimulating the vertical and lateral SCC together.

Results: During PRN AL occurred for horizontal eye movements with the head upright
and for both horizontal and vertical components of eye movements with the head tilted.
AL was apparent within just a few seconds of the chair stopping when peak SPV of PRN
was reached. When slow-phase velocity of PRN faded into the range of 6-18°/s AL could
no longer be demonstrated.

Conclusions: Our results support the idea that AL is produced by asymmetrical
responses within the vestibular nuclei impairing the NI, and not by an adaptive response
that develops over time. AL was related to the predicted plane of eye rotations in the
orbit based on the pattern of SCC activation.

Keywords: Alexander’s law, nystagmus, vestibulo-ocluar reflex, gaze-dependent nystagmus, eye-velocity-to-
position integrator

INTRODUCTION

Alexander’s law (AL) is commonly shown by patients with spontaneous nystagmus

Adaptation or Saturation? (SN) due to a vestibular imbalance. The nystagmus is more intense, with a

Front. Neurol. 11:604502. higher velocity of the slow phase, when patients gaze in the direction of the

doi: 10.3389/ineur2020.604502  quick phase (1). Two main hypotheses have been invoked to account for AL.
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First, AL has been attributed to a slowly developing, adaptive
mechanism that lessens the slow-phase velocity of a pathological
SN when gaze is in the direction of the slow phase (2). According
to this hypothesis, the neural circuit for eccentric gaze holding
is “purposefully” impaired, causing the eyes to drift centripetally
so that in one direction of gaze a bias from the centripetal
drift opposes and diminishes the SN. Normally eccentric gaze is
held steady by a neural network called the ocular motor neural
integrator (NI) (3). How well the NI performs is judged by its
time constant (TcNI, [seconds, s]) of decay when an input is no
longer present. The more perfect the integrator the higher the
value of the time constant being in the range of 20-40 s (4). When
the TcNI is low, making the NI “leaky,” the eyes drift centripetally
on eccentric gaze so when a patient with SN looks in the direction
of the slow phase, the SN is reduced, gaze is better stabilized,
images move less on the retina, and vision is improved (2, 5).

Alternative hypotheses suggest that AL arises as an
epiphenomenon from a non-linear interaction in the vestibular
nuclei (6, 7) or in the ocular motor nuclei (8), when processing
activity for the vestibulo-ocular reflex (VOR). One difficulty in
arriving at a more definitive explanation for AL are the different
types of stimuli (caloric, one ear vs. both ears stimulation,
total body vs. head only rotations), stimulus characteristics
(frequency, intensity, duration, stimulus profiles) and subject
populations (healthy vs. pathological) that have been used to
investigate AL. The aim of this study was to buttress one or
the other of these hypotheses. We examined the influences on
AL of a high-speed, constant-velocity, chair rotation in healthy
subjects to induce a prolonged nystagmus as a surrogate for
SN in patients. We particularly focused on (1) the onset of AL
relative to the onset of nystagmus, (2) the effect of the magnitude
of the SPV of nystagmus on AL, and (3) the effect of stimulating
different patterns of the semicircular canals on AL.

MATERIALS AND METHODS

Subjects

We tested nine healthy subjects from 24 to 54 years of age (mean
33.2 years, SD = 10.9 years), four women and five men. Subjects
had no history of vestibular, ocular, or neurologic dysfunction,
and had normal vision and normal ocular motor function. All
included subjects had a normal rotational velocity step test
including a normal time constant. Subjects had no spontaneous
nystagmus (SN) at rest.

Rotational Chair Stimuli

We used a yaw-axis, rotational chair paradigm (Mini Torque,
DIFRA, France) in complete darkness with acceleration to a
constant velocity of 200°/s within 1s. We used the same pattern
of alternating rotational directions for all subjects to compare
systematically right/left and up/down gaze. The rotation period
lasted 90 s and was followed by a sudden deceleration of 200°/s
to an abrupt stop.

All subjects were tested in two head positions, (1) upright
primary head position with head pitched 30° downward,
maximally stimulating the lateral SCCs (Figure 1A) and (2) head
rolled (tilted) 45° to the left, stimulating both the lateral and

vertical SCCs (Figures 1B,C). One other subject was tested with
the head upright (Figure 1A) at two rotational velocities (100
and 200°/s).

Video-Oculography (VOG)

We recorded horizontal and vertical eye movements at a frame
rate of 200 Hz using the video-oculography (VOG) device with a
single infrared camera mounted on a goggle frame (Eyeseecam,
EyeSeeTec, Munich), therefore tracking the movement of one
eye, leaving the other covered (avoiding double vision or
vergence). The VOG device was calibrated for horizontal and
vertical eye positions using its built-in calibration system with
laser projections on the wall at 1.5 m distance.

Flashing Light Targets

To compare AL with different target locations on separate trials
subjects were asked to look at LEDs positioned in the goggles to
the right and left (+18°, Figures 1A,B) or diagonally (up and
down +13°, Figure 1C), during and after rotation. The LEDs
were flashed every second for 20 ms. Subjects were cued every
second to alternate the direction of their gaze to the other LED
by a beep heard through headphones.

SPV and Alexander’s Law

The slow-phase velocity (SPV) of the nystagmus was calculated
using custom MATLAB software scripts by differentiating eye
positions (EPos) after a de-saccading procedure using median
filters. Data quality was checked and outliers including remaining
saccades removed. Data points around the center gaze position
(—10 to +10°) were excluded from analysis. SPV>100°/s or
slow phases in the wrong direction were considered outliers.
We recorded and analyzed the PRN and the nystagmus at rest
prior to stimulation. We calculated the time constant of the
VOR (TcVOR) for each gaze position. The decay of SPV during
PRN was fitted with a negative exponential curve function y
= A*e"[b*(—1)] to calculate the peak SPV (A) and TcVOR (b)
over time (t). TcVOR indicated the time when SPV declined
to 63% of its peak value. At each gaze interval of 2s, the
instantaneous difference between the opposing eye positions
at peak SPV (AEPos = left EPos - right EPos), and the
instantaneous difference in SPV between right and left gaze
(ASPV = left gaze SPV - right gaze SPV) were calculated. The
corresponding values of the time constant (TcNI), which reflects
the fidelity of the NI for holding positions of gaze, was calculated
as follows:

TcNI = AEPos/ASPV

We also determined the time between when the chair stopped,
and the SPV of PRN reached its peak. We estimated by eye when
the TcNI began to return to its normal value by choosing the
time point during PRN at a clear inflection point (e.g., Figure 2D,
arrow) and its corresponding mean SPV.

Statistics
Differences in outcome measures were estimated using separate
linear mixed-effects models for each stimulation condition (head
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the orbit.

FIGURE 1 | Showing different head and LED positions: (A) head upright, LED positioned for horizontal eye movements in the orbit, (B) head tilt 45° to the left, LED
positioned for horizontal eye movements in the orbit and (C) head tilt 45° to the left, LED positioned for oblique (combined horizontal and vertical) eye movements in

upright vs. head tilted) and for horizontal and vertical eye
movements separately. We evaluated SPV at peak velocity (A)
and the TcVOR (b) separately as well.

We used gaze direction (right vs. left or up vs. down) as
fixed effects and a subject-level random effect to account for
paired measurements. To compare horizontal ASPV between the
two stimulations, we included the test condition (head upright
vs. head tilted) interacting with the gaze direction. We used
general linear hypothesis testing with two-tailed tests and Holm
correction for post-hoc comparisons among the test conditions
(9). A significance level of 0.05 was used for all comparisons. The
statistical analysis was performed with the R environment (v3.4,
R Core Team) (10).

RESULTS

We excluded trial runs when datasets did not meet pre-defined
quality criteria. The main reasons for excluding data were poor
VOG eye tracking due to eyelid artifacts or blinking, and inability
to maintain eye position at the locations of interest. For the
assessment of AL in horizontal eye positions, eight datasets
fulfilled the inclusion criteria for lateral SCC stimulation, and
seven for combined stimulation. For vertical eye positions, six
data sets fulfilled the inclusion criteria.

Mean TcNI for eccentric right and left gaze before rotation
was 21s (£8.2). Figure 2 shows an example for horizontal SPV
of PRN at both right and left gaze in the head upright position
(Figure 1, condition A). There is a stronger PRN in left gaze
than in right gaze, thus following AL. Panel D in Figure 2
depicts how the TcNI varied over time. AL appeared virtually
immediately, at least within the resolution of our measurements
(onset at ~3s after chair rotation). For all subjects, at peak
SPV, the difference in amplitude between right and left gaze

(ASPV = 20.4°/s) was significant for horizontal PRN (p =
0.0065) in the head upright paradigm (Figure 1A) and the TcNI
was low (1.1s, Table 1). When TcNI began to recover (TcNI
> 5s), the SPV of PRN had diminished into the range of 6-
18°/s (mean 12°/s) and AL was no longer present despite the
residual PRN.

In the head tilted paradigm (combined horizontal/vertical
SCC stimulation, Figure 1B) for all subjects the difference in
the amplitude of the horizontal eye component of PRN (ASPV)
between right and left gaze at peak SPV was 18.7°/s (p =
0.00882) corresponding to a TcNI of 1.3 s. Examining the vertical
component in the head tilted paradigm (Figure 1C), the ASPV
between up and down gaze at peak SPV was 20.3°/s (p =
0.00303) corresponding to a TcNI of 1.0s. There was, however,
no significant difference for the vertical component of the PRN
at peak SPV (3s time interval) in left or right gaze (p =
0.87). Likewise, there was no significant difference in the time
constant of the decay (TcVOR) (p = 0.26) of PRN in up- and
downward gaze.

Figure 3 illustrates the fitted negative exponential curves
from all subjects derived from the parameters of the mixed
effects model and the corresponding time constants (TcNI)
for horizontal and combined horizontal and vertical SCC
stimulations. Table 1 shows the aggregate results of all three
tested conditions using the mixed effects model. There is
statistically no difference in the TcVOR in any condition
between left and right gaze or up and down gaze (range 8.1-
11s). In other words, TcVOR, reflected in the decay of PRN
was not different between head orientations or eye positions
in the orbit.

For one subject, we rotated the subject head upright
at two different chair rotation velocities, 100°/s and 200°/s
(Figures 4A,B). The two SPV curves overlapped, decaying
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FIGURE 2 | Example of an experiment with the head upright and alternating horizontal gaze (Condition Figure 1A). (A) Depicts SPV over time just before and after
the chair has stopped. (B) lllustrates the corresponding eye position data. (C) Shows the rotational stimulus used (chair velocity). (D) Shows TcNI as a function of time.
The arrow indicates the estimated point when the TcNI began to recover toward normal.

at the same rate. In both paradigms the TcNI was initially
decreased and then began to rise again when SPV dropped
to comparable values: 21°/s at 3.5s after peak velocity for the
100°/s rotation, vs. 18°/s at 12s after peak velocity for the
200°/s rotation. In other words, the TcNI began to return
toward normal when slow-phase velocity decreased to a range
of values, rather than at the same time point in the decay
of PRN.

DISCUSSION

The main findings of our study were 3-fold. AL was apparent
almost immediately at the onset of PRN. AL began to fade
when PRN reached a value in the 6-18°/s range. AL was
present for pure horizontal and for mixed horizontal/vertical
SCC stimulation. We will discuss possible mechanisms for
these findings.
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TABLE 1 | SPV, TcVOR, and TcNI for all three conditions.

SCC stimulation n Gaze Peak SPV TcVOR (s) P-value right vs. ASPV (°/s) at TcNI (s) at peak
and target amplitude (°/s) left Tc(VOR peak SPV SPV
configuration (p-value)
Horizontal 9 Right 60.6 9.9 0.4141 20.4 (0.00655) 1.1
(Figure 1A) Left 81.0 1.0
Combined 8 Right 55.6 8.8 0.948 18.7 (0.00882) 1.3
Horizontal/Vertical
(Figure 1B) Left 74.3 8.9
Combined 6 Down 48.7 8.1 0.257 20.3 (0.00303) 1.0
Horizontal/Vertical
(Figure 1C) Up 69.0 10.7
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FIGURE 3 | Aggregate results for all subjects for SPV decay over time for right and left gaze (A,B) and up and down gaze (C). The solid line illustrates the
corresponding TcNI. Note that the TcNI begins to return toward normal when SPV drop to the range of 8-16°/s.
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FIGURE 4 | SPV is shown for rotations at 100 and 200°/s with right (A) and left (B) gaze. Note the two right and left SPV curves still overlap even when the initial slow
phase velocities are different.
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Is AL an Adaptive Response?

Is AL a goal-driven, “adaptive” response to a pathological
vestibular imbalance? The idea is that one can counteract the
unwanted bias of a pathological SN by purposefully impairing
the function of the ocular motor neural integrators (NI) that
provide the signals to hold steady eccentric positions of gaze
(2). By making the NI “leaky;” the nystagmus can be diminished
or even nullified by moving the eyes to a position in the orbit
in the direction of the slow phase of the SN. This concept
reflects the general idea that the effect of persistent integration
(perseveration) of unwanted biological noise—in this case the
sustained pathological bias of SN—can be lessened by disabling
neural integrator circuits. An analogous argument can be made
for the gradual decrease (habituation) of the time constant of
the velocity-storage integrator of the VOR when faced with the
recurring nystagmus produced with repetitive constant-velocity
(low frequency) chair rotations (2). The repetitive per- and post-
rotatory nystagmus induced by this paradigm is interpreted as
arising from a lesion, and hence the integrating (perseverating)
circuits are disabled. Our results, however, suggest that the
change in the TcNI was not time dependent. If it were adaptive
it would more likely be time dependent.

Is AL a Result of the Non-linear Properties
of Neuronal Discharge Rates in the
Vestibular Nuclei?—Results in Normal
Subjects With Normal Patterns of

Stimulation

The alternative hypothesis suggests that AL develops from the
inherent physiological properties of the brainstem nuclei that
process information both for the vestibulo-ocular reflex and for
normal gaze holding. Particularly cogent arguments have been
made for this view by the Zurich group (7, 11) and our results
are largely in accord with their interpretation. First, using the
decaying response of PRN as was induced in our rotatory chair
paradigm, we confirmed that AL occurs in normal individuals,
and when there is a natural reciprocal pattern of stimulation
of both labyrinths. AL does not require that the sustained
nystagmus be pathological as in a patient with loss of function
in one labyrinth, nor produced with an unnatural stimulus in a
normal individual as occurs with unilateral caloric stimulation.
Future studies should investigate AL behavior in patients with
unilateral vestibular loss or with vestibulocerebellar lesions.

Does AL Take Time to Develop?

Within the limits of the capabilities of our experimental
paradigms, AL appeared to begin promptly after the PRN began.
There certainly could not have been a delay of more than a
few seconds after the slow-phase velocity of the PRN reached
its peak. We also showed a similar delay in the several subjects
in whom we analyzed the earliest stage of their per-rotatory
nystagmus. AL was already apparent once slow-phase velocity
had reached its peak indicating that the prompt appearance of
AL in the post-rotatory phase was not a result of the immediately
preceding per-rotatory stimulus. Furthermore, we showed that
the dissipation of AL as the PRN lessened was related to dropping

to a specific range of values of slow-phase velocity (discussed
further below), rather than the specific time during the decay of
the PRN. In other words, we found no evidence of a delay in when
AL is implemented by the brain once a substantial spontaneous
nystagmus appeared, nor any relation of the AL effect to the
duration of PRN.

On the other hand, our results do not exclude that other
parameters of stimulation, such as the frequency content of
the stimulus, the degree of eccentricity of eye positions during
vestibular stimulation or the values of head acceleration or
head velocity, influence the implementation of AL. For example,
Anagnostou and Anastasopoulos (12, 13) showed no AL effect
in normal subjects during horizontal or vertical head impulse
testing (which is a high frequency, high acceleration stimulus).
Similarly, Robinson et al. showed no AL effect for natural
sinusoidal rotations (0.5 Hz) but the velocities were relatively low
(peak velocity < 30°/s) (2).

Is AL Related to the Amplitude of the
Velocity Bias Created by a Sustained
Nystagmus?
We showed a clear lessening of the AL effect over time in
individual trials when the overall SPV of the PRN declined to
a specific range of values. For all subjects at a mean value of
12.1°/s (range 6.4-18.1°/s) the inferred calculation of the TcNI
increased relatively abruptly and soon reached a plateau at its
previous normal high value. This finding is in accord with the
result shown in Figure 4C of Bockisch et al. (14) in which the AL
effect was greater for a higher SPV. This can be interpreted as the
higher the SPV, the more likely the circuits that implement the
VOR will show the non-linear effects of saturation, in which (1)
neurons lose their ability to fire at higher rates in their excitatory
direction and, (2) because of the effects of inhibitory cutoff at
higher speeds of rotation, neurons can no longer decrease their
discharge in a reciprocal fashion. The values for cutoff may be
less in patients with unilateral hypofunction (15) since in these
situations AL appears for even lower velocities of SN than we
found in our normal subjects in our rotational chair paradigm.
Khojasteh et al. (11) developed a control systems model based
on the known physiology of vestibular neurons in the face of
asymmetrical inputs, and was able to simulate much of the known
empirical data about AL. It is important to remember that the
gaze-holding networks of the ocular motor NI for control of eye
position are closely intertwined with the networks that generate
the slow-phase velocities of the VOR. In the case of horizontal
eye movements, for example, both functions are accomplished by
shared neurons in the medial vestibular nucleus and the nucleus
pre-positus hypoglossi (16). The saturation or inhibition effects
of a high-velocity vestibular imbalance can be reflected in the
effects of eye position on slow-phase velocity of the nystagmus,
i.e, AL. In other words, as in the formulation of Khojasteh
et al. (11), AL does not reflect changes in the function of the
NI per se, but are driven by the direct effects of a vestibular
imbalance on the same neurons in the vestibular nuclei that
generate both the VOR and gaze-holding commands. Thus,
neither a bias alone (e.g., Doslak et al. (6) and Jeffcoat et al. (8))
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nor a change in the integrator alone (e.g., Robinson et al. (2))
explains AL.

As another result of our experiments, we noted that the AL
effects were similar following both stimulation of the lateral SCC
alone and of the lateral and vertical SCC together. The interaction
between simultaneous horizontal and vertical stimulation had no
impact on the AL effect nor on the overall TcVOR of either the
horizontal or the vertical components of the PRN. Likewise, we
showed that the AL effect was not directly related to vertical vs.
horizontal eye positions in the orbit but rather to the direction
of the vertical and horizontal eye movements produced relative
to the requirements dictated by the pattern of stimulation of the
SCC (17).

Caveats and Limitations

We cannot exclude a small delay in the onset of AL, because our
paradigm led to a strong nystagmus at the onset and offset of
chair rotation, often causing artifacts due to blinks or imprecise
gaze directions and thus decreased the amount of usable early
data. Nystagmus might have been partially suppressed due to
fixation on the blinking LEDs (20 ms) and potentially led to
a smaller AL effect overall or at different times in the period
of fading nystagmus. However, the relatively high speed of the
nystagmus and the extremely brief period of exposure (20 ms)
to the LED would lead to only a small amount of retinal image
motion, equivalent to just a few degrees every 2 s that would not
effectively drive visual suppression of the PRN.

Small suppression effects by head pitched downwards might
have biased our results, however, these effects were considered
negligible at 30° tilt compared to the traditional tilt suppression
test with 90° head tilt (18).

The eccentric gaze positions and the timing of changing them
in our paradigms were limited and symmetric. It is possible that
our results would have been different if we used larger or smaller
eccentric eye positions or different patterns of the timing of
change in position. For example, effects like those that underlie
rebound nystagmus might have influenced the estimates of the
time constant of the neural integrator if there had been some
asymmetry in the eccentric eye positions (19). In addition, we
never measured the influence of AL on other aspects of function
of the NI such as its direct effects on the phase of the VOR (20).
More scrutiny of both the rise and the decay patterns of per-
and post-rotatory nystagmus with a more sensitive recording
technique such as with scleral search coils might reveal subtle
deviations from the expected pattern from a simple exponential
decay, and a more precise measure of the thresholds of the
appearance and decay of AL. While the choice of the threshold
when the TcNI began to recover was qualitative and by visual
inspection the results were consistent among subjects.
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CONCLUSIONS

Even with its limitations our results strongly support the idea that
AL develops because of the effects of the non-linear discharge
properties of neurons within the common circuits that mediate
the horizontal VOR and horizontal gaze-holding. Furthermore,
stimulation of both vertical and horizontal SCC showed that AL
was related to the predicted plane of rotation of the eyes based on
the pattern of activation of the SCC.
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Despite our understanding of the impact of noise-induced damage to the auditory
system, much less is known about the impact of noise exposure on the vestibular
system. In this article, we review the anatomical, physiological, and functional evidence
for noise-induced damage to peripheral and central vestibular structures. Morphological
studies in several animal models have demonstrated cellular damage throughout the
peripheral vestibular system and particularly in the otolith organs; however, there
is a paucity of data on the effect of noise exposure on human vestibular end
organs. Physiological studies have corroborated morphological studies by demonstrating
disruption across vestibular pathways with otolith-mediated pathways impacted more
than semicircular canal-mediated pathways. Similar to the temporary threshold shifts
observed in the auditory system, physiological studies in animals have suggested a
capacity for recovery following noise-induced vestibular damage. Human studies have
demonstrated that diminished sacculo-collic responses are related to the severity of
noise-induced hearing loss, and dose-dependent vestibular deficits following noise
exposure have been corroborated in animal models. Further work is needed to better
understand the physiological and functional consequences of noise-induced vestibular
impairment in animals and humans.

Keywords: vestibular system, noise-induced vestibular loss, saccule and utricle, semicircular canals, impulse
noise, continuous noise, vestibular nuclear complex

INTRODUCTION

It is well-established that noise overstimulation has the potential to cause temporary or permanent
damage to sensory cells in the cochlea and the afferent neurons innervating them, resulting in
temporary or permanent loss of hearing [for review see: (1, 2)]. Less known and considerably less
understood are the effects of noise on vestibular and balance function. Similar to the cochlea, the
vestibular sensory end organs are housed within the temporal bone and membranous labyrinth
of the inner ear. Hair cells, the sensory cells of the inner ear, share similar morphology in
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the vestibular end organs and in the organ of Corti; they
both transduce displacement of hair-bundles into neural activity
through the shared vestibulocochlear nerve (CN VIII). Five
peripheral vestibular end organs (three semicircular canal cristae
and two otolith organs) provide sensory input to vestibular nuclei
as well as the vestibular cerebellum and contribute to vestibulo-
ocular and vestibulo-spinal reflexes (VOR and VSR; Figure 1).
Although a primary role of the mammalian vestibular system is to
maintain gaze and postural stability, neurophysiological studies
demonstrate that, like the cochlea, the vestibular end organs, and
the saccule and utricle (otolith organs) in particular, are sensitive
to sound [e.g., (3-5) for reviews see (6, 7)]. Large diameter
afferents with calyceal terminations are characterized by phase-
locking and an irregularly discharging firing rate (8-10), high
sensitivity to linear forces (11), and increased firing in response to
air-conducted sound or bone-conducted vibration (3, 4, 12). The
properties of irregular vestibular afferents have been described
in detail [(13); for reviews see (6, 14)]. Their physiological
properties and sound-sensitivity put these afferents at greater risk
for noise-induced damage. Specifically, since irregular vestibular
afferents can be activated by sound, it follows that this population
may be over-stimulated by sound, and therefore susceptible to
noise-induced damage. Noise exposures can be grouped into
one of two types—impulse or continuous noise. Continuous
noise occurs over an extended period of time, whereas impulse
noise occurs rapidly, and generally at a considerably higher
sound pressure level (SPL). Both types of noise exposures will
be explored in this review with a description of the anatomical,
neurophysiological, and functional evidence for noise-induced
damage to the vestibular system.

ANATOMICAL EVIDENCE FOR
NOISE-INDUCED DAMAGE TO THE
VESTIBULAR PERIPHERY

Continuous Noise Exposure

Similar to the auditory system, animal models of continuous
noise exposure have revealed that damage to the vestibular
periphery is dependent on characteristics of the noise, including:
duration, frequency, level, and time course. The duration of
noise exposure varies across experiments ranging from <1h to
more than 1 day and likely contributes to the level of tissue
damage observed across studies. In an early study, Mangabeira-
Albernaz et al. (15) used a wide range of frequencies (170-
50,000 Hz) and durations (5-160 min) at high SPLs (118-133
dB), and then allowed 0-133 days of recovery before tissue
collection. Across all of the tissue analyzed, saccular collapse
was observed in approximately one third of the samples and
utricular rupture was observed in approximately one third of
the samples. Saccular rupture was identified in ~25% of the
samples, and utricular collapse was least commonly observed,
in ~15% of samples. When this damage is categorized by
frequency, saccular rupture was most prevalent with 0.5-2kHz
noise exposure (142-150 dB SPL, 1-4 min), and saccular collapse
was most prevalent with 4 kHz noise exposure (150-163 dB SPL,
1-2min). Utricular rupture was most prevalent with 1-4kHz,
and 40-50kHz (142-163 dB SPL, 1-4min and 140-144.5dB,

2-4min, respectively), and utricular collapse did not appear
to occur at a specific frequency. Interestingly, rupture of the
saccule was not changed with post-noise exposure recovery time,
but rupture of the utricle became less common as post-noise
exposure recovery time increased. Conversely, utricular collapse
was not impacted by post-noise exposure recovery time, but
saccular collapse was more common as post-noise exposure
recovery time increased. This study laid the groundwork for
more recent work and provided early evidence of noise-induced
damage to the vestibular periphery.

Hsu et al. (16) demonstrated the impact of duration of noise
exposure on tissue damage by delivering a broadband noise
of identical intensity (115 dB SPL) to guinea pigs for either
30 min or 40 h. Assessment of general morphology using light
and electron microscopy showed no signs of saccular disruption
1 week after noise exposure with the short term 30-min exposure.
The long-term 40-h exposure resulted in otolithic membrane
disruption, as well as atrophy and vacuolization in type I saccular
hair cells. There was little damage to type II hair cells or
supporting cells and the vestibular nerve was intact 1 month after
noise exposure (16).

The time course of noise exposure also influences the potential
for peripheral vestibular damage. Akdogan et al. (17) compared
vestibular changes in guinea pigs exposed to an intense (120
dB SPL) 6-h 4kHz octave band (continuous) noise vs. a group
exposed to intermittent noise (1-h exposure followed by a 1-
h break, alternating for 12h). Damage was identified in the
continuous, but not the intermittent noise exposure group. This
damage included large vacuoles and enlarged mitochondria with
crystolysis in epithelial cells from saccular maculae and apoptosis
of non-sensory cells (stromal cells and osteocytes). This study
suggests that intermittent noise exposure is less damaging to
the vestibular system than continuous noise exposure. In a
similar study, rats were exposed to a continuous 6-h intense
(120 dB SPL) 1.5kHz 3-octave band noise. Figure2 shows
significant decrease in calretinin immunolabeled calyceal endings
observed in rat saccular maculae following a 28-day recovery
period; however, hair cell loss was not observed in this study
(18). Following a 3-h 116 dB SPL broadband noise exposure,
damage to stereocilia bundles without qualitative observation
of hair cell loss (absence of scarring where hair-bundles were
missing in sensory epithelia) was significant through most of the
vestibular labyrinth (saccule, utricle, and anterior and horizontal
semicircular canals), with the greatest effect observed in the
otolith organs in tissue collected 7 days after noise exposure
[(19); Figure 3].

The sound levels used to study the effects of continuous
noise on the vestibular periphery have ranged from 70 to 150
dB SPL with even higher levels used in impulse noise exposure
paradigms. Exposure to lower sound levels over a long time
period can produce signs of peripheral vestibular injury (20),
whereas higher sound levels can produce damaging effects
within minutes (21). Tamura et al. (20) observed a reduction
in the number of vestibular hair cells and increased oxidative
stress in mice exposed to a relatively low sound level (70 dB
SPL) for 1 month. In contrast, a 20-min exposure to a much
higher sound level (136 to 150 dB SPL) band-limited noise
produced saccular collapse, destruction of otolithic membrane,
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FIGURE 1 | Schematic drawing showing peripheral vestibular sensory organs and central pathways. (A) The vestibular labyrinth contains three semicircular canal
cristae (anterior, horizontal, and posterior; blue) and two otolith organs (saccule, red; utricle, green). (B) The semicircular canal cristae, utricle, and saccule are
innervated by the vestibulocochlear nerve (CN VIII). Afferent fibers terminate in the vestibular nuclear complex, containing the superior, lateral, medial, and inferior
vestibular nuclei. The medial longitudinal fasciculus, lateral vestibulospinal tract, and medial vestibulospinal tract are critical central components of vestibular reflex
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and detached macular sensory cells (21). It should be noted,
however, that in this study the non-saccular vestibular end organs
were not affected by the noise exposure.

Evidence for frequency-dependent noise-induced damage has
also been described. Tamura et al. (20) examined otolith organs
collected from mice that were chronically exposed to low-
intensity (70 dB SPL), low-frequency (0.1kHz) noise. They
identified fewer vestibular hair cells and elevated markers of
oxidative stress including D-beta-aspartic acid and oxidized
phospholipids compared to control animals. Interestingly,
damage was not observed in animals exposed to the same
duration and level of high-frequency (16kHz) noise. These
results are consistent with the finding that vestibular afferents are
most sensitive to low-frequency sound stimulation [e.g., (3)].

The studies reviewed in this section have outlined the
consequences of continuous noise exposure and mechanisms
underlying damage to the vestibular periphery. Although
noise-induced vestibular damage is attributed to excitotoxicity
(especially when type I hair cells and calyceal afferents are
preferentially impacted) and to direct mechanical trauma,

ischemia and free-radical production also contribute to noise-
induced damage observed in the vestibular periphery. Using
quench-assisted magnetic resonance imaging (QUEST MRI) to
measure excessive free radical production in vivo, Kiihl et al.
(22) identified noise-induced free radical production not only
in the cochlea, but also in the vestibular aspect of the inner
ear of rats exposed to 118 dB SPL, 10 kHz-centered 1/3 octave
band noise for 4h. When compared to normal hearing controls
and ears protected from noise exposure by silicone elastomer,
the unprotected cochlea of noise exposed rats exhibited elevated
MRI R1 values. These increased MRI R1 values were “quenched”
by anti-oxidant treatment, indicating the presence of noise
induced free radicals. Measurement of MRI R1 values in vivo
within vestibular related regions of the inner ear in these same
animals suggest increased free radical levels after noise exposure
(Figure 4). Other studies have used post-life measures of noise-
induced free radical production. Fetoni et al. (23) exposed guinea
pigs to a 6 kHz pure tone at 120 dB SPL for 1h and identified
hair cell loss, a large, progressive increase in vascular endothelial
growth factor (VEGF), and a small increase in 4-hydroxynonenal
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FIGURE 2 | Upper left, 40x magnification image of a non-noise exposed sacculus labeled with calretinin, a marker of calyx-only afferent terminals. Upper right,
zoomed image of the bend of the sacculus showing numerous well-labeled calyces in non-noise-exposed tissue. Lower left, 40x magnification image of a
noise-exposed sacculus. Lower right, zoomed image of the bend of the sacculus showing a reduction in the number of calretinin-labeled calyces 28 days after noise

exposure (18).

(4-HNE). 4-HNE is a product of lipid peroxidation and used
as a marker of oxidative stress. VEGF is primarily viewed
as an angiogenic factor; it has been suggested that it is also
protective against apoptosis (24, 25) and is upregulated in
noise-induced hearing loss (26-28). It is possible that VEGF
is induced by ischemia (24) and related to the production of
reactive oxygen species (29). Tamura et al. (20) exposed mice to a
continuous 0.1 kHz noise at 70 dB SPL for 1 month. After noise
exposure, the inner ears were paraffin-embedded and sectioned.
In sections of the vestibule that contained the otolith organs, hair
cell loss and elevated levels of oxidative stress were observed.
Oxidative stress was determined as elevated presence of oxidized

phospholipids and D-beta-aspartic acid. Both studies suggest that
noise exposure can lead to production of free-radicals; however,
differences in the identification of free-radicals by Tamura et al.
(20) and Fetoni et al. (23) are likely due to differences in the
animal model, the selection of antibody targets, and the duration
of post-noise recovery prior to tissue analyses. It is also possible
that a long duration or a low frequency noise exposure produces
the greatest damage, a finding that is relevant to environmental
health and workplace safety.

In summary, these studies suggest that both brief exposure
to an elevated sound level and sustained exposure to low-
frequency continuous sound at more moderate levels can have
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FIGURE 3 | (A,B) Representative images of the saccular macula and the utricular macula stained with phalloidin from control (left panels) and noise-exposed rats
(right panels). Arrows indicate intact cuticular plates with missing stereocilia bundles. Scale bar is 50 wm. Noise exposure decreases stereocilia bundle density in both
the striolar and extra-striolar regions of the saccules and the utricles (“*P < 0.01; ***P < 0.0005). (C-E) Representative images of the anterior (AC), horizontal (HC),
and posterior (PC) semicircular canal cristae stained with phalloidin from control (left panels) and noise-exposed rats (right panels). Arrows indicate missing stereocilia
bundles. Scale bar is 50 wm. Noise exposure decreases stereocilia bundle density in the AC and HC, but not the PC (*P < 0.05; **P < 0.0005). Adapted from (19).

a damaging impact on the vestibular periphery. Comparisons  models; however, it is clear that vestibular damage is measurable
across studies are difficult due to differences in frequency following noise exposure. Animal models have revealed cellular
range, duration, sound level, time course, and even animal and anatomical changes to the vestibular periphery associated
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Protected Ear

Unprotected Ear

FIGURE 4 | Noise-evoked inner ear oxidative stress measured in vivo with QUEST MRI. R1 (1/T1) maps were generated and used to compare protected (plugged
ear) and unprotected vestibular end organs and cochleae. Scale bar is a graded colorimetric representation of R1 values. High values are represented as a gradient
from red to yellow and low values are represented from blue to purple. Vestibular regions—area within ovals with dashed lines. The R1 values were collected in vivo
from 400 wm MRI scans. Scans through the cochlear and vestibular ducts were sampled and analyzed from caudal to rostral. Therefore, the coronal image in
Figure 4, provides views of the regions of interest from caudal to rostral (e.g., the right cochlea is viewed on the right side of the image). Adapted from (22).

with noise overstimulation. Continuous noise-induced damage
has been identified with markers of oxidative stress and ischemia;
fewer calyceal terminals, loss of stereocilia bundles, hair cell
loss, and, with sufficient sound pressure, a complete collapse of
the saccule, and destruction of the otoconial matrix overlaying
this structure. Most of the research on the effects of continuous
noise on the vestibular periphery has examined the impact on
the otolith organs, and the saccule is likely the most susceptible
to noise-induced damage due to the anatomical proximity of
the saccule to the stapes footplate (30) [e.g., (17, 19, 21)]. In
contrast, fewer studies have examined noise-induced damage to
the semicircular canals (19).

Impulse Noise Exposure

To our knowledge, there is no report that has examined the
vestibular aspect of the human temporal bone after continuous or
impulse noise exposure. Kerr and Byrne (31), however, examined
temporal bones of two victims killed in a Northern Ireland
restaurant bombing and their histological examination revealed
rupture of the saccule, utricle and basilar membranes following a
close-proximity blast.

In guinea pigs exposed to impulse noise from 90 to 300
rifle shots with a peak level of 158 dB SPL at 1.1 kHz, Ylikoski
(32) found that the most severe damage occurred in ampullary
cristae and the cochlea. This damage was characterized as a
separation of sensory epithelium from underlying connective
tissue and damage to sensory cells. With this noise exposure
condition, epithelial separation occurred less frequently and was
less severe in utricular and saccular maculae than in cristae (32).
In contrast, Lien and Dickman (33) exposed mice to 63 kPa peak
blast waves and observed stereocilia bundle loss in the utricular
maculae and horizontal semicircular canal cristae (the sacculus
and vertical semicircular canals were not measured), suggesting
a broader effect of blast exposure than is seen in other noise
exposure paradigms.

Kumagami (34) reported that moderate to extensive
endolymphatic hydrops occurred 1 year after exposure to
firecracker explosion in Albino guinea pigs. According to the
author, from 6 months to 1-year post-exposure, the vestibule and
semicircular canals showed slight to moderate endolymphatic
hydrops without overt damage to the sensory maculae contained
within these structures. In this temporal trajectory, three
prominent post-traumatic events occurred: (1) after 4 months,
degeneration of the endolymphatic sac was observed, (2)
endolymphatic hydrops developed after disappearance of the
Preyer reflex in ~50% of the animals studied, and (3) damage
to cochlear hair cells preceded degeneration of epithelial cells in
the endolymphatic sac. In summary, these studies suggest that
impulse noise may have a broad impact, damaging the ampullary
cristae, otolith organ maculae, and endolymphatic sac; however,
literature on the impact of impulse noise on tissue damage in the
vestibular periphery is limited.

ANATOMICAL EVIDENCE FOR
NOISE-INDUCED DAMAGE TO CENTRAL
VESTIBULAR PATHWAYS

There is some anatomical evidence for central vestibular
pathway damage following exposure to continuous and impulse
noises. A gas chromatography mass spectrometry (GC/MS)-
based metabolomics platform has been used to show changes
in neurotransmitter-related metabolites after exposing rats
unilaterally for 1h to a 16kHz 110 dB SPL tone (35). After
6 months, increases in glutamic acid were found in both
the vestibular nuclear complex (VNC) and the cerebellum.
There were also significant increases in the relative abundance
of cysteine, urea, and inosine in the VNC while glycine, 3-
hydroxybutyrate, and myo-inositol concentrations were elevated
in the cerebellum. These chronic changes in metabolites are

Frontiers in Neurology | www.frontiersin.org

November 2020 | Volume 11 | Article 593919


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

Stewart et al.

Noise-Induced Vestibular Loss

suggestive of changes in neuronal activity and the balance
between excitation and inhibition (i.e., increased endocytosis).

Kaur et al. (36) evaluated the cerebellar cortex of rats in
response to blast exposure. When examined 4 to 7 days after the
blast exposure, ultrastructural analysis using electron microscopy
revealed neurons with darkened dendrites (dark appearance
of cytoplasm within dendritic processes). Darkened dendrites
can indicate that neurons are in an atrophic state due to
trauma and have been reported following axotomy and exposure
to neurotoxins (37, 38). Additionally, microglia at this same
time point exhibited morphological changes and proliferation,
suggesting a massive inflammatory response mediated by
microglia. Microglia were observed near and sometimes even
wrapping around some of the darkened dendritic processes. At
21-28 days after the blast, however, no darkened dendrites were
observed, and the morphological characteristics and numbers of
microglia had returned to pre-blast levels. The data suggest that
these proliferating microglia removed, at least a portion of, the
affected dendrites. The authors postulated that acute changes in
affected neurons and activation of microglia may have resulted
in a prolonged atrophic state and/or release of factors that
caused other chronic effects (e.g., changes in neuronal activity,
increased endocytosis).

Although some morphological changes were acute as reported
by Kaur et al. (36), studies in other animal models showed
persistent effects. The impact of mild repetitive blast (3 blasts
20-30min apart ranging from 15-19 psi = 107-133 kPa)
on brain microstructure and volume was examined using
magnetic resonance imaging (MRI) in Sprague Dawley rats,
at two time points (7 and 90 days) after exposure (39). At
90 days post-trauma, localized reductions in volume were
observed in the cerebellum and the VNC. Microstructural
changes in the cerebellum were observed at 7 days and
persisted through the 90-day time point. The specific details
surrounding the morphological changes were not reported.
Although ipsilateral vs. contralateral damage was discussed,
neither damage of specific subnuclei nor localization within
subnuclei were described (i.e., rostro-caudal, dorso-ventral, or
medio-lateral). Another question is whether particular neuronal
phenotypes were disproportionately affected (e.g., excitatory
vs. inhibitory). Other studies have addressed the differential
impact of continuous noise on neurons within vestibular nuclei.
Specifically, in Barker et al. (40), neurons in the lateral vestibular
nucleus (LVN) of the rat project to the dorsal cochlear nucleus
(DCN). Combining tract tracing and immunohistochemistry 5
days after a noise trauma (15kHz, 110 dB SPL for 6 h), synaptic
terminals originating from LVN neurons were shown to be more
numerous in the DCN when compared to sham noise-exposed
control animals. They further determined that the synaptic
terminals were glutamatergic, immunolabeling for vGLUT2
(vesicular glutamate transporter 2), a protein responsible for
loading glutamate into synaptic vesicles. Others have postulated
that neuropathic pain and inflammatory processes induced by
noise may underlie the increased excitatory vGLUT2 neurite
outgrowth from the LVN into the cochlear nucleus [e.g., (41)].
These new synaptic terminals could be evidence of cross-
modal plasticity and contribute to an increase in spontaneous

neuronal activity that is sometimes observed following loud noise
exposure and could be associated with the perception of tinnitus
and/or hyperacusis.

ELECTROPHYSIOLOGICAL EVIDENCE
FOR NOISE-INDUCED DAMAGE TO THE
VESTIBULAR SYSTEM

Neurophysiological studies have focused primarily on otolith
organ pathways in examination of the impact of noise exposure
on vestibular function. The majority of animal studies have
used the vestibular short latency evoked potential (VsSEP) to
study changes in central and peripheral activity after noise
exposure [(18, 42-45) for review of VSEPs see: (46)]. VsSEPs
have predominantly been recorded from experimental animals in
response to brief linear acceleration impulses applied to the skull
using an electrodynamic shaker that is bolted or clamped to the
animal’s skull [Figure 5; e.g., (47)]. VSEPs remain intact following
cochlear extirpation whereas the response is abolished following
damage to the vestibule or eighth nerve or the administration
of neural blocking agents [e.g., (48)]. Further, the use of air
conduction masking does not eliminate the VSEP response (48,
49). For a review of the vestibular specificity of the VSEP, see
Brown et al. (50). The VsEP reflects the synchronous compound
field potential of peripheral and/or central vestibular neurons in
response to the onset of head/body motion (jerk). The VsEP is
well-validated and used to evaluate the effects of noise exposure
on irregular otolithic afferents. It is known that irregular afferents
that contribute to central vestibular reflex pathways are sound
sensitive [e.g., (3); for review see (6)]. Furthermore, it has
been demonstrated that damage to this population of afferents
(Figure 2; calretinin-positive calyx-only afferent terminals) is
associated with loss or reduction of the VsEP response (18, 45).
In summary, the VsEP is an appealing metric to evaluate the
vestibular consequences of noise exposure in animal models;
however, due to challenges in recording VsEPs in humans,
the impact of noise exposure on the human VsEP has not
been examined.

To examine the impact of noise on the human vestibular
system, most laboratories have used vestibular evoked myogenic
potentials (VEMPs; Figure6). VEMPs are short-latency
myogenic potentials arising from vestibular afferents that
are responsive to air-conducted sound or bone-conducted
vibration (51). Cervical VEMPs (cVEMPs; Figure 6A), a
measure of the sacculo-collic pathway, are recorded from surface
electrodes over the sternocleidomastoid muscle. Ocular VEMPs
(oVEMPs; Figure 6B), a measure of utricular/superior vestibular
nerve function, are recorded from surface electrodes over the
inferior oblique extraocular muscle. ¢VEMPs are mediated
by an ipsilateral reflex pathway originating in the saccule and
projecting to motoneurons of the sternocleidomastoid muscle
via the inferior vestibular nerve, vestibular nuclei and descending
medial vestibulospinal tract [for review, see (6)]. oVEMPs are
mediated by a contralateral reflex pathway originating in the
utricle and projecting to motoneurons of the inferior oblique
muscle via the superior vestibular nerve, vestibular nuclei, medial
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longitudinal fasciculus, and the oculomotor nucleus [for review,
see (52)].

Otolith Organ Pathways

Vestibular Short-Latency Evoked Potentials (VSEPSs)
Animal studies using VsEPs have demonstrated changes in
VsEP characteristics following noise exposure. Perez et al. (44)
observed a reduction in VsEP amplitude elicited by a ~3
g/ms head-jerk in rats following exposure to impulse noise (10
gunshots at ~160 dB SPL). Six weeks after noise exposure, the
VsEP amplitude recovered but the latency did not, suggesting
an incomplete recovery. Similarly, Stewart et al. (45) reported a
reduction in VsSEP amplitude in rats exposed to high-intensity
(120 dB SPL) low-frequency (0.5-4kHz) continuous noise for
6h. Unlike the Perez et al. (44) study, the initial reduction in
VsEP amplitude using head-jerk stimuli up to 1.2 g/ms did not
recover 3 weeks post-noise exposure (Figure 7). In a follow-up
study that used the same noise exposure paradigm, larger head
jerk stimuli were used to elicit VSEP responses and track recovery
for 28 days post-noise exposure (18). Even with larger head-
jerk stimuli, the post-noise exposure response amplitudes were
severely attenuated and exhibited longer latencies than those
obtained from the non-noise exposed animals. In fact, these
deficits showed minimal recovery 28 days after noise exposure
[(18); Figure 8]. It is likely that differences between the results
of Perez et al. (44) and Stewart et al. (18, 45) were related,
at least in part, to differences in the level and duration of the
noise exposure paradigms. In the Perez et al. (44) study, the
impulses delivered to the rats were 40 dB SPL greater than in
the continuous noise paradigm used by Stewart et al. (18, 45).
However, the effect of continuous noise delivered over 6 h was
considerably more severe and more persistent. In contrast to
the work of Stewart et al. (18, 45) and Perez et al. (44), two
studies reported that continuous 113 dB SPL white noise did not
induce a deficit in VsEP responses in intact animals (42, 43).
No significant changes were observed in VsEP amplitude or
latency after a 1-h exposure or after 3 weeks of daily 12-h noise

exposures (42). Although this result is surprising, the relatively
moderate level combined with the broadband frequency content
of the noise exposures might explain the lack of vestibular loss
observed in the Sohmer et al. (42) and Biron et al. (43) studies,
compared to the high-level impulse noise used by Perez et al.
(44), and the low-frequency high-level noise used by Stewart
et al. (18, 45). Neurophysiological studies are consistent with
anatomical studies that suggest the site, degree, and duration
of damage observed in the vestibular periphery (temporary vs.
permanent) is impacted by the level, frequency, and duration of
noise exposure.

Cervical Vestibular Evoked Myogenic Potentials
(cVEMPs)

The approach to determining noise-related damage to the
human vestibular system has primarily focused on recording
air-conducted sound cVEMPs in individuals with noise-induced
hearing loss (NIHL). NIHL is characterized by an audiometric
notch or “noise-notch” (decrease in hearing sensitivity at or
near 4 kHz) and serves as a biomarker for noise-related damage
to the cochlea. cVEMPs are absent in individuals with NIHL
with an incidence ranging from 20 to 58% (53-60). Akin
et al. (53) examined ¢VEMPs in 43 military veterans (mean
age = 52 years) with a history of noise exposure greater in
one ear than the other and asymmetric NIHL (defined as a
noise notch at 4kHz of >35 dB HL in the poorer hearing ear
with a minimum interaural asymmetry of 20 dB HL at the
affected frequencies). cVEMPs were absent in 24% of the poorer-
hearing ears (Figure9). In contrast, cVEMPs were present in
most (97.5%) of the better-hearing ears of the noise-exposed
group and present and symmetrical in the age-matched controls.
Other studies have reported a decrease in cVEMP amplitudes
and longer latencies in individuals with NIHL compared to
individuals without noise exposure (54, 56, 59). Similarly,
cVEMP thresholds were higher (poorer) in military veterans
with NIHL than in age-matched controls (53). There is evidence
that a diminished vestibular response is associated with the
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FIGURE 6 | Cervical (A) and ocular (B) vestibular-evoked myogenic potential (VEMP) pathways and waveforms. (A) Cervical VEMPs (CVEMPS) are mediated by an
ipsilateral reflex pathway originating in the saccule and projecting to motoneurons of the sternocleidomastoid muscle (SCM m.) via the inferior vestibular nerve,
vestibular nuclei and descending medial vestibulospinal tract. The cVEMP waveform was obtained using air conduction 500-Hz tone bursts (95 dB nHL) during
activation of the SCM m. with a lateral head turn. (B) Ocular VEMPs (0VEMPs) are mediated by a contralateral reflex pathway originating in the utricle and projecting to
motoneurons of the inferior oblique muscle via the superior vestibular nerve, vestibular nuclei, medial longitudinal fasciculus, and the oculomotor nucleus. The oVEMP
waveform was obtained using bone conduction 500-Hz tone bursts (Briiel & Kjeer Model 4,810 mini-shaker applied to the midline forehead; 145 dB peak force level)
during upward gaze. For each waveform, the dashed vertical line at 0 ms indicates stimulus onset. Medial Vestibulospinal Tract, MVST; Accessory Nerve, CNXI;
Sternocleidomastoid, SCM; Oculomotor Nerve, CNIll; Medial Longitudinal Fasciculus, MLF.

degree of NIHL. In military veterans with bilateral asymmetric 30 industrial workers with NIHL, cVEMP latency increased and
NIHL, Akin et al. (53) observed that the poorer hearing ear  amplitude decreased as a function of a four-frequency pure-tone
of NIHL subjects with absent cVEMPs had a greater degree  average (55). Wang et al. (57) examined hearing improvement
of high-frequency hearing loss than the poorer hearing ear of  following acoustic trauma in 20 patients and reported that
NIHL subjects with present cVEMPs (Figure 10). Similarly, in  absent cVEMP responses or abnormally prolonged ¢cVEMP
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FIGURE 7 | Pre- and post-noise exposure VSEP waveforms for 1 animal at 4 stimulus intensities. (Bottom row) stimulus waveforms at 4 intensities (blue, 0.2 g/ms;
green, 0.4 g/ms; red, 0.7 g/ms; magenta, 1.2 g/ms). (Top) Pre-exposure (Cntr) and post-exposure (Day 1-21) VSEP waveforms for each stimulus intensity and the
identified P1N1 and P2N2 components. VSEP is abolished immediately after noise exposure and partially recovers 3—-21 days after exposure. Dotted vertical line
marks peak stimulus intensity and was used as the reference (0 ms) to calculate latency. Originally published in (45).
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FIGURE 8 | Representative VSEP waveforms in response to a 3.2 g/ms stimulus (left), and a 0.32 g/ms stimulus (right), at baseline (black traces) and 28 days after
noise exposure (red traces) (18).

latency indicated poor prognosis for hearing recovery. Indeed, cVEMP findings in humans are consistent with morphological
absent cVEMP or prolonged cVEMP latency predicted acoustic ~ studies in animals that suggest the sacculus is particularly
trauma hearing outcome with a sensitivity of 44% and specificity ~ susceptible to noise-related damage. Human studies are limited,
of 100%. however, by a lack of histopathological data and difficulty
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FIGURE 9 | Signed interaural amplitude asymmetry ratio for cervical vestibular
evoked myogenic potentials in 14 age-matched controls (triangles) and 41
participants with bilateral asymmetric noise-induced hearing loss (circles). For
the noise-exposed group, —100% indicates the cVEMP was absent from the
poorer-hearing ear, whereas 100% indicates the cVEMP was absent from the
better-hearing ear. For the control group, negative values indicate that the
P1-N1 amplitude was greater on the left side and positive values indicate that
the P1-N1 amplitude was greater on the right side. The area between the
dotted horizontal lines indicates asymmetry ratios within normal limits. Two
noise-exposed participants had cVEMPs absent bilaterally and are not shown.
Adapted from (53).
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FIGURE 10 | Mean and SDs for pure-tone thresholds for the poorer-hearing
ear of noise-exposed participants (n = 43) with cVEMPs present (n = 29; open
triangles) and for the poorer-hearing ear of noise-exposed participants with
cVEMPs absent (n = 14; filled triangles). Asterisks indicate significant post-hoc
comparisons. Adapted from (53).

quantifying noise exposure across a lifespan. Additionally,
the human cVEMP is somewhat limited as an estimate of
peripheral vestibular function as the response is recorded from

the motoneurons of muscles at the end of a reflex pathway
that includes central components. These limitations have been
partially addressed by the work of Hsu et al. (16) in which
cVEMPs were measured in guinea pigs following short-term vs.
long-term noise exposure. In this study, a “normal” cVEMP was
defined as the presence of a biphasic waveform at a latency of
6- to 9-ms, with a peak-to-peak amplitude of 5-20 V. When
a peak was not observed in the latency range of 6- to 9-ms, or
was smaller than 5 nV, the cVEMP response was considered
‘abnormal’. Hsu et al. (16) observed recovery of vestibular
function (return of normal cVEMP responses) following short-
term (30 min) exposure to continuous broadband noise at 114
dB SPL. In contrast, abnormal cVEMP responses persisted for
at least 30 days in most guinea pigs (78%; n = 18) following
exposure to 40 h of continuous broadband noise. These findings
are consistent with anatomical findings described earlier and
suggest that permanent physiological damage to the sacculo-
collic pathway is more likely following long vs. short-duration
noise exposures.

Semicircular Canal Pathways

The studies that have examined the horizontal semicircular
canal and VOR pathways have yielded inconsistent findings in
individuals with NIHL. For example, Man et al. (61) observed
a caloric weakness in only one of 176 patients with NIHL,
whereas other studies have revealed a caloric weakness in up
to 25% of individuals with NIHL (56, 57, 62). Using slow
harmonic acceleration, Shupak et al. (63) found that VOR
gain was significantly lower in industrial workers and military
personnel with NIHL compared to a control group with
normal hearing.

Recently, Yilmaz et al. (64) used the video head impulse test to
measure VOR gain for all six semicircular canals in 36 industrial
workers (mean age = 44 years) with high frequency hearing loss
and four or more years working the steel and metal industry.
They reported canal deficits (a decrease in VOR gain in at least
one canal) in 55.5% of noise exposed participants compared
with 6.6% of control participants. Decreased gain was reported
more frequently in the horizontal semicircular canals (47%) than
in the vertical canals (8%), with two noise-exposed participants
demonstrating decreased VOR gain in more than one canal.
Interpretation of these data is limited because NIHL was defined
according to the degree of hearing loss at 4,000 Hz rather than a
characteristic noise notch.

In contrast to cVEMP findings that suggest greater sacculo-
collic pathway damage associated with more severe NIHL, the
relationship between damage to the horizontal semicircular
canal/VOR pathways and the degree of NIHL is less clear.
Shupak et al. (63) observed significant correlations between
pure-tone average, VOR gain, and caloric lateralization. Golz
et al. (62), however, found no correlation between the severity
of hearing loss and abnormal caloric test findings. It is worth
noting, however, that the caloric response is a very low
frequency response and may be independent of central zone
hair cells and afferents that might be sensitive to pressure
wave disturbances.
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To examine the impact of noise exposure across multiple
vestibular pathways, Tseng and Young (56) performed bithermal
calorics and cVEMPs and oVEMPs using bone-conducted
vibration on 30 individuals with NIHL related to chronic
occupational noise exposure. Their findings revealed that
cVEMPs were most frequently abnormal (70%) followed by
oVEMPs (57%) and calorics (33%) consistent with other studies
that suggest the saccule is more susceptible to acoustic trauma
than other vestibular sensory organs. These findings are also
consistent with anatomical findings that show the saccule is most
susceptible to noise-induced damage, followed by the utricle, and
then the semicircular canals (19).

VsEPs have also been used to assess semicircular canal
function by replacing the linear head-jerk stimulus with an
angular acceleration stimulus [A-VSEP; (42, 44)]. Perez et al. (44)
delivered a 15,000°/s> (1-3 ms rise time) stimulus to provoke
A-VSEPs to assess semicircular canal function in sand rats
(Psammomys obesus) exposed to impulse-noise (160 dB SPL, 10
impulses). This work found no change in A-VsEP amplitude, and
only a transient (2-4-h) post-noise increase in A-VsEP latency
that recovered by 1-week post-noise. In another study, the same
stimulus was used to assess the effect of a short (1h) or extended
and repeated noise exposure (12h per day for 21 days). There
was no effect of noise exposure on the A-VsEP with either noise
exposure paradigm (42). Furthermore, there was no effect of
noise exposure on the linear VsEP following 113 dB SPL white
noise exposure (42). It should be noted that there was a 7-day
rest interval between the last 12-h noise exposure and the post-
noise VsEP measurement. It is possible that if measurements had
been taken shortly after the last noise exposure, a transient deficit
might have been detected.

Single unit extracellular recording can be used to assess regular
and irregular vestibular afferent activity arising from all five
vestibular end organs. In a report characterizing changes in
vestibular nerve activity, 116 dB SPL broadband white noise was
delivered unilaterally to rats for 3h on a single day. Seven days
later, changes in hearing (ABR) and vestibular nerve activity
(single unit extracellular recording from the superior vestibular
nerve) on the noise exposed side was evaluated (19). Recordings
from the superior aspect of the vestibular nerve included anterior
and horizontal semicircular canal afferents as well as otolithic
afferents (utricle and 1/3 of the saccule). Although there was no
change in spontaneous firing rate in irregular superior vestibular
nerve afferents, spontaneous firing rates were significantly
reduced in regular superior vestibular nerve afferents originating
from the anterior semicircular canal crista and the otolith organs.
Furthermore, there were extensive changes in the gain and
phase of regular horizontal and anterior canal afferents but a
minimal effect of the 116 dB SPL broadband noise exposure
on the irregular canal afferents. As discussed earlier, a post-
exposure examination of vestibular sensory epithelia reflected
broad damage to the hair bundles in all end organs innervated
by the superior vestibular nerve (utricle, saccule; anterior and
horizontal semicircular canal cristae). This work identified noise-
induced damage to regular afferents and highlights a limitation of
VSEP measurements: VSEPs only measure activity arising from
irregular afferents.

Central Vestibular Pathways

Using chronically implanted micro-electrode arrays, Ordek et al.
(65) evaluated cerebellar neuronal activity after mild blast
exposure (100-130 kPa). Behavioral testing 24h and 7 days
after blast (ladder climbing, roto-rod, ladder walking) and
immunohistochemistry for the number of calbindin and caspase-
3 (markers of Purkinje cells, oxidative stress, and apoptosis)
positive cells showed no differences from controls. In contrast,
evoked potentials after blast exposure demonstrated sustained
changes beginning 24 h after injury. Potentials related to mossy
fiber discharges exhibited increased amplitudes and latencies
while potentials related to climbing fiber activity exhibited
decreased amplitudes and decreased latencies. They concluded
that neuronal activity may be more effective than behavioral tests
or immunolabeling for neuronal loss in identifying early onset of
subtle injury after mild blast exposure.

Other studies have made use of manganese enhanced MRI
(MEMRI) to examine noise-induced changes in neuronal activity
in animal models in vivo (66-68). Manganese is a paramagnetic
ion that can be visualized using MRI. Manganese ions act as
calcium ion surrogates and enters active neurons via voltage
gated calcium channels. Differential uptake of manganese is
used to identify changes in neuronal activity within vestibular-
related brain regions at acute (48h, Figure 11) and chronic
time points (10 months, not shown) after noise exposure.
Increased manganese uptake presumed to reflect increased
neuronal activity, was found in the cerebellar paraflocculus and
the primary visual cortex (68, 69). Although vestibular pathways
were not a focus, this study provides a basis for future MEMRI
studies that follow the impact of noise on temporal changes in
neuronal activity within vestibular pathways in vivo.

FUNCTIONAL EVIDENCE FOR
NOISE-INDUCED VESTIBULAR DAMAGE

Loss of vestibular function can result in vertigo (the illusion of
movement), oscillopsia (blurred vision during head movement),
postural instability, and/or motion intolerance. Several studies
in humans demonstrate a significant relationship between NIHL
and postural stability. A limitation of these studies is a lack
of vestibular function testing; thus, the mechanism underlying
the association between NIHL and postural stability is not
clear. An early study of iron workers (mean age = 53.3 years)
with chronic noise exposure (70) demonstrated a significant
relationship between auditory thresholds and postural stability
as measured by sway velocity during static balance testing on
a firm surface with eyes open and closed. Service members
with NIHL (mean age = 44.6 years) due to chronic impulse
noise exposure had greater postural sway (i.e., greater instability),
especially in the medial-lateral direction, during static balance
testing with eyes open and closed than controls with normal
hearing and no noise exposure (mean age = 40.7 years) (71,
72). Guest et al. (73) showed a small reduction in voluntary
limits of stability as measured by the functional reach test in
military personnel with noise and solvent exposure (1 = 601)
compared to controls (no exposure: n = 391; noise exposure only,
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control

FIGURE 11 | MEMRI (manganese enhanced magnetic resonance imaging) of the vestibular nuclear complex and cochlear nucleus 48 h. After noise exposure (10 kHz,
1/3 octave, 118 dB SPL, 4 h). (A) A schematic of a coronal section through the brainstem taken from a rat atlas showing brain regions of interest. (B) The T1-weighted
image shows brain regions of interest in vivo. Yellow arrows indicate the vestibular nuclear complex while white, green, and blue arrows indicate auditory regions. (C)
When noise-exposed animals are compared to controls 48 h. After the exposure there is increase in manganese uptake in the vestibular and auditory regions.
Colorimetric scale bar—-gray indicates lowest Mn2+ uptake while white indicates the highest level of Mn2+ uptake. Adapted from (68).
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n = 500). Moreover, there was a significant inverse corelation
between low-frequency auditory thresholds and functional reach,
such that higher (poorer) thresholds were associated with lower
functional reach.

Two studies failed to demonstrate a significant relationship
between NIHL and postural stability (74, 75). Pyykko et al. found
equivalent postural sway velocity between Finnish soldiers (n =
54) with acute hearing loss due to firearm noise exposure (mean
age = 27 years) and two control groups (soldiers with no acute
noise trauma and age-matched civilians). Participants were tested
within 5 days of the onset of hearing loss under a variety balance
conditions: eyes open and closed on firm and foam surfaces,
with and without calf muscle vibration, and with neck extended
backwards. The lack of a significant relationship between NIHL
and postural stability may be due to acute noise exposure (vs.
chronic exposure in the previous studies) or the younger age
of the subjects. Prasher et al. (75) examined postural control in
four exposure groups: noise only (n = 153; mean age = 53.3
years), solvents only (n = 13; mean age = 49.6 years), noise and
solvents (n = 174; mean age = 47.4 years) and controls with no
noise or solvent exposure (n = 39; mean age = 47.6 years). As
expected, the noise exposed group exhibited significantly poorer
pure-tone thresholds than the other groups, but had normal
postural stability as measured by computerized posturography
during static balance with eyes open and closed on firm and
foam surfaces. It is not clear why these findings conflict with the
previous studies.

There is a paucity of data on the effects of noise exposure on
agility and motor function in animal models. Tamura et al. (20)
observed balance and gait changes in mice subjected to moderate
level, low-frequency continuous noise for a one-month time
period. Specifically, low-frequency noise-exposed mice exhibited
impaired rotarod performance and imbalance, as well as shorter
strides and a winding gait pattern that persisted for 4 weeks post-
exposure vs. controls or high-frequency noise-exposed mice.
These deficits were associated with reduced calbindin labeling
of hair cells, and with elevated oxidative stress marker labeling
when compared to control and high-frequency noise-exposed
mice (20).

CONCLUSIONS

This review has examined the current literature on noise-
induced vestibular loss, the differences in characteristics of
noise exposure, and how these differences might contribute to
variability in reported noise-induced vestibular deficits. Early
studies suggested that the vestibular system was susceptible
to noise over-exposure. More recently, morphological studies
have confirmed and extended this early work, showing cellular
damage throughout the peripheral vestibular system, particularly
in the otolith organs; however, there is still a paucity of
data on the effect of noise exposure on human vestibular

end organs. Other work has identified evidence of free-
radical production in the vestibular labyrinth following noise
exposure, which suggests a mechanism that may contribute
to morphological observations. There are limited data on the
effects of noise on the central vestibular system, especially
following exposure to continuous noise. Physiological studies
have corroborated morphological studies by demonstrating
disruption across vestibular pathways with otolith-mediated
pathways (VEMPs and linear VsEPs) impacted more frequently
than semicircular canal-mediated pathways. Similar to the
temporary threshold shifts observed in the auditory system,
physiological studies in animals have suggested a capacity for
recovery following noise-induced vestibular damage. Human
studies have demonstrated that diminished VEMP responses are
related to the severity of noise-induced hearing loss, and dose-
dependent vestibular deficits following noise exposure have been
corroborated in animal models. In contrast to the anatomical and
neurophysiologic evidence, less is known about the relationship
among noise-induced damage to the inner ear, physiological
changes associated with this damage, and functional measures
of vestibular impairment (e.g., balance and gait) in animals
and humans.
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Considerable evidence shows that the vestibular system contributes to adjusting
sympathetic nervous system activity to maintain adequate blood pressure during
movement and changes in posture. However, only a few prior experiments entailed
recordings in conscious animals from brainstem neurons presumed to convey
baroreceptor and vestibular inputs to neurons in the rostral ventrolateral medulla (RVLM)
that provide inputs to sympathetic preganglionic neurons in the spinal cord. In this
study, recordings were made in conscious felines from neurons in the medullary
lateral tegmental field (LTF) and nucleus tractus solitarius (NTS) identified as regulating
sympathetic nervous 