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Editorial on the Research Topic

Insights in neuro-otology: 2021 and 2022

Introduction

The Research Topic “Insights in neuro-otology: 2021 and 2022” covers, as the title

indicates, a broad range of topics from basic research on the vestibular system to

clinical studies and trials. It brings together many influential researchers in their specific

areas of expertise and presents relevant key findings from the last 2 years. Thereby, it

also connects the various levels of research and will stimulate translational and back-

translational research. Twenty-seven articles with a total of 126 authors were published

in this Research Topic, and so far, it has received more than 22,000 views and has been

downloaded more than 3,700 times. This Editorial briefly summarizes the background

and the key findings and conclusions of the various contributions, providing an overview

that will hopefully prompt the reader to read these articles in full.

Basic and applied vestibular research

The connection between mammalian type I hair cells and calyx afferents forms

a highly specialized synapse that is excellently suited for the transmission of high-

frequency, high-acceleration head motion profiles. Contini et al. coherently describe, in a

mini review, the multiple communication modes of the calyx synapse. The conventional

glutamatergic quantal transmission on the millisecond timescale by these synapses is

assisted by low-pass filtered transduction currents mediated by potassium ions that

accumulate in the synaptic cleft. This mechanism depolarizes hair cells and afferents

and thereby enhances the conventional transmission, both pre- and post-synaptically.

A third form of transmission in the microsecond range exploits the large voltage- and

ion-sensitive cleft-facing conductances of the hair cells and the calyx, adding collectively

to the large range of response dynamics of irregular firing vestibular afferent fibers.
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Cultures of isolated spiral ganglion cells usually contain

cell bodies of auditory afferent fibers but also cochlear

fibroblasts, which, in the case of cochlear implants, can

produce undesired fibrous tissue around the electrode. Anacker

et al. succeeded in purifying fibroblasts following removal of

neurons, and by increasing the ratio of fibroblast to glial

cells, verified by differential staining for vimentin, S100B-

protein, and 200-kD neurofilament. Using Thy1-glycoprotein

and p75NGFR immunolabeling allowed fluorescence-based cell

sorting, providing an almost pure cochlear fibroblast cell

culture. These cells exhibit a fibroblast-specific morphology, are

stable for multiple proliferation rounds, and robustly survive

cryopreservation. This offers the possibility of conducting in

vitro studies to find possible conceptual solutions forminimizing

fibrous scar formation.

In their study with 25 healthy participants, Tarnutzer et al.

demonstrate that heading direction is significantly biased by

preceding short-term whole-body roll orientation while lying

horizontally. This finding underlines the broad impact of a

shifting internal estimate of the direction of gravity. The authors

conclude that, in a broader context, the observed bias in

perceived straight ahead emphasizes that getting up in the

morning is a vulnerable period with an increased risk of falls

and fall-related injuries due to an inability of optimally tuned

internal estimates of the direction of gravity and the direction

of straight ahead. This article therefore has a direct impact and

helps to explain the high risk of falls after a good night’s sleep.

Many animal and clinical studies have extensively reported

prominent and long-lasting spatial cognitive deficits in bilateral

vestibulopathy (BVP), along with some evidence of hippocampal

atrophy. Nguyen, Nam et al. report that these impairments

were ameliorated by application of five consecutive daily

sessions of noisy galvanic vestibular stimulation (nGVS), as

evidenced by the substantial improvement of poor behavioral

performance during the Y-maze and MWM tasks in mice with

a surgically incomplete BVP. This weak galvanic current, which

acts at the sensory endorgans and the spike trigger zone of

primary vestibular afferents (inhibitory anode and excitatory

cathode that can be amplified by the “stochastic resonance”

phenomenon) and assists in rebalancing bilateral vestibular

inputs, has recently shown positive effects in improving spatial

cognition as well as postural and locomotion deficits in patients

with BVP with residual function.

Vestibulo-ocular reflexes (VOR) stabilize retinal images by

counter-rotating the eyes during head movements, ideally with

a unity gain. However, in many species, and in elderly humans

or patients with a vestibular impairment, the VOR gain is far

from compensatory. Glasauer and Straka suggest in their study

that such a suboptimal VOR gain reflects an adaptation to

the sensory and motor signal variability. Since sensorimotor

noise can disturb stabilizing eye movements, minimization of

the overall retinal image slip should incorporate the effects of

both noise components and the dynamic constraints of the

signal processing. This premise was confirmed inXenopus laevis,

where computational calculations correspond to the observed

variability of eye movements and the overall low VOR gain.

This thus indicates that lower VOR gains in elderly humans

or recovered vestibular patients may be an optimal adaptation

given higher noise levels rather than a direct consequence of the

principal damage.

Vestibular function is clinically evaluated by the video head

impulse test combined with video-oculography (VOG), even

though the latter method is occasionally challenging due to

pupil detection issues. This prompted Pleshkov et al. to compare

VOG with electro-oculography (EOG) as a technically more

robust method for eye motion quantification. Horizontal eye

movements in healthy human subjects were recorded with VOG

and EOG during bidirectional head impulses and recorded

magnitudes were cross-correlated and statistically evaluated.

Eye movements obtained with either method correlated well

with each other. However, EOG recordings were symmetric for

bidirectional head impulses, while VOG recordings yielded a

clear left-right asymmetry. This outcome suggests that EOGs

are well-suited for eye movement recordings and might in fact

represent a more objective technology.

A so far unknown positional preference was evaluated

by Park et al. during the acute phase of an acute unilateral

vestibulopathy by assessing the severity of vertigo with a

visual analog scale (VAS). Patients were characterized with

VOG, including standard tests such as spontaneous nystagmus

during sitting, head rolling to both sides or ocular and cervical

vestibular-evoked myogenic potentials. About a third of the

patients complained of more severe vertigo during lying on the

affected side compared to the healthy side with (36%) or without

(30%) visual fixation. Both groups had significantly higher

VAS and maximal slow phase velocities of the spontaneous

nystagmus in all positions except lying on the impaired

side, compared to those without positional preference. In the

absence of other differences between the groups, the positional

preferencemight reflect damage to the activation of the tonic but

not the phasic otolithic system.

Head-shaking nystagmus can derive from asymmetric

peripheral vestibular signals or from lesions, mostly in the

cerebellum, that affect the velocity storage. In a case study,

Filippopulos et al. report on a patient with recurrent episodes of

vertigo, induced by fast head movements and accompanied by a

severe head-shaking nystagmus with a long time constant. In the

absence of other criteria for vestibular/auditory or neurological

disorders, the authors suggest the presence of a clinical entity

termed “acquired idiopathic head shaking nystagmus” as a

rare cause of episodic vertigo with a distinct pathology of the

cerebellar velocity storage mechanism that becomes apparent

during fast head movements.

Based on the similarity of the recurrent spontaneous

vertigo and absence of other pathological signs, Lee and Kim

in a commentary suggest that this patient suffers from a
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similar pathology as a previously described group of patients.

Based on the characterization of these latter patients, the

authors suggest that an unstable, asymmetric velocity-storage

mechanism is the common pathological mechanism for the

benign recurrent vertigo with head-shaking nystagmus and for

acquired idiopathic head-shaking nystagmus.

Vestibular dysfunction can be detected by observing

corrective saccades/re-fixation saccades that return the eyes to

the target during a head impulse test. Corrective saccades are

defined as covert or overt depending on whether the onset

occurs before or after the end of the head impulse, respectively.

In the absence of a clear mechanistic origin, Iwasaki et al.

examined the role of neck proprioceptive signals as a trigger

for these saccades. In patients with vestibular dysfunction, head

and eye movements were recorded during the head or body

impulse test, where during the latter maneuver, the head is fixed

to the body. While the number of corrective covert saccades was

similar in both conditions, there were significantly fewer overt

saccades during the body impulse test. This result suggests that

neck somatosensory inputs contribute to the generation of overt

saccades, thereby reinforcing the VOR during high-frequency

head movements.

Clinical vestibular research

There have already been many publications on vestibulo-

cochlear manifestations in COVID-19 cases with contradicting

findings, but onemust always consider that there were vestibular

disorders even before this pandemic. Kaliyappan et al. critically

review basic mechanisms that may lead to an impairment of

vestibular and audiological function by SARS-CoV-2, namely

the role of the angiotensin-converting enzyme 2 receptor in

various parts of the brain. However, critically viewing the many

case reports and new case series published so far, there is

currently no evidence for a major impact of SARS-CoV-2 on

either the peripheral vestibular or the auditory system, which is

also true for the vaccines against SARS-CoV-2. There is still a

great need for clinically relevant and validated scales to quantify

the impact of vestibular disorders on functionality and quality

of life.

In their article, Kristiansen et al. describe the variations in

signs and symptoms in 107 patients with persistent dizziness

using physical tests and self-reported outcomes across three

severity levels of the Dizziness Handicap Inventory (DHI).

Participants performed physical tests, psychological measures

and various scales for the quality of life. There was a

trend toward worse scores on physical tests and self-reported

measurements with increasing DHI severity level. However,

several signs and symptomsmay not be detected by the DHI and

therefore the authors recommend a combination of outcomes in

patients with persistent dizziness.

Another article in this Research Topic focuses on a

similar topic: development and content validity of the bilateral

vestibulopathy (BVP) questionnaire by van Stiphout, Hossein

et al. The aim was to measure the burden and severity of the

full spectrum of bilateral vestibulopathy symptoms and to assess

its impact on daily life. A two-step approach was used: (1)

initial item generation and (2) phase and content validity testing.

This questionnaire consists of two sections: (1) 50 items scored

on a six-point Likert scale, e.g., on imbalance and cognitive

symptoms; and (2) four items on a visual analog scale from

0 to 100 on limitations in daily life, perceived health and

expectations regarding recovery. The authors conclude that this

questionnaire can be used to characterize current self-reported

symptoms and disability and the burden of disease and as an

outcome measure in clinical practice and clinical studies.

Another article by van Stiphout, Pleshkov et al. also

focuses on BVP, namely the patterns of vestibular impairment

and its relationship to etiology. A total of 173 subjects

from three tertiary referral centers in Europe with the

diagnosis of BVP according to the Barany Society diagnostic

criteria were included. They underwent a full diagnostic

workup. The major findings were as follows: vHIT and

caloric testing seem to be more sensitive for measuring

vestibular impairment, whereas the Torsion Swing Test is more

suited to measuring residual vestibular function. No striking

patterns of vestibular impairment in relation to etiology were

found. Finally, the authors advised that one should carefully

examine every patient for its overall pattern of vestibular

impairment in order to make well-informed and personalized

therapeutic decisions, i.e., if vestibular implants are considered

in the future.

There are currently three types of stimulation for vestibular

evoked myogenic potentials: air-conducted sound, bone-

conducted vibration and galvanic vestibular stimulation.

For bone-conducted vibration, various bone vibrators have

been used, e.g., the mini-shaker and the RadioEar. In a

methodologically important study, Zhang et al. evaluated

normal values and the effect of aging on bone vibrator-induced

cervical and ocular vestibular evoked myogenic potentials

(cVEMPs and oVEMPs). With aging, the cVEMP response

amplitude decreased, while the threshold and the latency

increased. The same was true for oVEMPs. This shows the

importance of each laboratory with a sufficient number of

patients ideally generating its own reference values in healthy

individuals for different age groups.

Menière’s disease is evidently the result of various underlying

etiologies leading to such a phenotype. In addition to genetic

factors, inflammation is one of the underlying etiological

factors. Using transcriptome analysis, Choi et al. compared 39

patients with Menière’s disease with 39 controls using peripheral

blood monocular cells to evaluate differentially expressed

genes. Four hundred and fifteen genes were upregulated and
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581 were downregulated in the Menière’s disease group. The

downregulated genes were mainly associated with the immune

system pathways, including the major histocompatibility

complex, which may contribute to the development of Meniere’s

disease and may have implications for a targeted treatment

in the future based on the genetic profile of each patient:

precision medicine.

Using the “HYDROPS” (HYbriD of the reversed image

of positive endolymph signal and native image of positive

perilymph signal) imaging magnetic resonance (MR) protocol,

Han et al. describe a significant positive correlation between

some clinical and laboratory parameters in Menière’s disease

(MD), including the diagnostic scale of MD (possible, probable,

and definite), pure tone average, low tone average, and canal

paresis, but no such correlation with disease duration. These

findings suggest that MR-based radiological evaluation of

endolymphatic hydrops (EH) is useful for determining the

extent and severity of MD, as well as the pathophysiological

relationship between Menière’s disease and EH.

In a case series, Gianoli et al. describe a new form

of labyrinthine dehiscence: horizontal semicircular canal

dehiscence at the tympanic segment of the facial nerve in 16

patients. The tympanic segment of the facial nerve crosses over

the ampullated end of the horizontal semicircular canal. This

type could also be the source of persistent symptoms after

regular superior semicircular canal dehiscence surgery.

In a case report, Hofmeyr et al. describe the precise

diagnosis of petrous apex IgG4-related disease by middle

cranial fossa craniotomy and temporal bone biopsy in a

patient with diplopia and unilateral headache, which had major

therapeutic consequences because, after a precise histological

diagnosis, the patient was treated with steroids, which led to a

complete recovery.

Given the recent evidence that high-intensity galvanic

stimulation (GVS) current can cause spatial cognitive

performance errors, GVS threshold determination is

required to optimize intervention. Nguyen, Kang et al.

show that in a simultaneous analysis of the three impacts

of vestibular and cutaneous perception and oculomotor

response, induced by direct current galvanic vestibular

stimulation (DC-GVS) with surface electrodes placed

at the bilateral mastoid in healthy subjects, the mean

vestibular threshold was lower than the mean oculomotor

threshold but similar to the mean cutaneous threshold. This

vestibular threshold was influenced by gender characteristics

(significantly higher in males than in females) but not by

the GVS paradigm (cathode right anode left vs. cathode left

anode right).

In a review of studies published over the last 2 years

exploring the contribution of the vestibular system to motor

and cognitive processes, Smith provides insight into the

interactions of vestibular information and hippocampal and

striatal functions. Recent findings of vestibular impairments

in Parkinson’s disease and Alzheimer’s disease have important

implications for a comprehensive understanding and optimal

treatment of these disorders.

In a model to evaluate the influence of individual

sensory impairments, Lucas et al. discovered that olfactory

dysfunction, gait impairment, and sensorineural hearing loss

were significantly associated with increased risk of cognitive

impairment, with olfactory dysfunction being the strongest

predictor of cognitive impairment. Subjects with dysfunction in

all three domains had a higher risk of cognitive impairment than

those with impairment in fewer than two domains, indicating

that multisensory dysfunction may contribute synergistically to

cognitive impairment. These findings support the hypothesis

that cognitive impairment and dementia are associated with

sensory impairments in a variety of domains, common in elderly

subjects, and early therapeutic intervention potentially prevents

cognitive decline.

Oh et al. show that injection of botulinum toxin type A

(BTX-A) in patients with vestibular migraine (VM) resistant

to conventional prophylactic therapies significantly reduces the

frequency of migraine and vertigo episodes and improves the

Headache Impact Test-6 (HIT-6) score, Migraine Disability

Assessment (MIDAS), Dizziness Handicap Inventory (DHI),

Vertigo Symptom Scale (VSS), and anxiety and depression

scores 2 months after treatment. Analysis of resting-state

functional MRI data also revealed an increased functional

connectivity of the right superior temporal gyrus, left post-

central gyrus, right supramarginal gyrus, and right middle

temporal gyrus, all of which were negatively correlated with the

MIDAS score. This suggests that BTX-A may enhance intrinsic

vestibular, nociceptive, and cross-modal interactions within the

multisensory cortical network and is effective at improving

vertigo and migraine attacks in VM.

De Vestel et al. conducted a cross-sectional study to compare

clinical balance and visual dependence tests among persistent

postural-perceptual dizziness (PPPD) patients, dizzy non-PPPD

patients, and healthy subjects (HS) to determine whether

these clinical tests can help to identify PPPD. PPPD patients

were more visually dependent with significantly higher Visual

Vertigo Analog Scale (VVAS) scores but did not have a worse

postural balance compared to dizzy non-PPPD patients. This

suggests that the VVAS had the highest discriminative value for

identifying PPPD in chronic dizziness.

For the treatment of PPPD, Im et al. report that active

transcranial direct current stimulation (tDCS) was not

significantly more effective than sham tDCS for alleviating

dizziness symptoms in a randomized, double-blind, sham-

controlled trial of tDCS. The applied tDCS (20min per session,

15 sessions over 3 weeks), targeting the dorsolateral prefrontal

cortex, did not achieve significant symptom reduction,

indicating the need for further research in PPPD using different

stimulation protocols of tDCS with respect to stimulation site

or number of sessions.
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Venous pulsatile tinnitus (PT) is characterized by an auditory perception of

pulse-synchronous sound, suppressed by compression of the ipsilateral internal jugular

vein. We sought to determine the preoperative prognostic significance of the effect of

ipsilateral neck manual compression on the PT loudness and audiometric changes in

patients with sigmoid sinus dehiscences (SS-Deh) and diverticula (SS-Div) by comparing

postoperative improvements in ipsilateral low-frequency hearing loss (LFHL) in pure-tone

audiogram (PTA) and PT symptoms. Twenty-two subjects with PT originating from

SS-Deh/Div were recruited. Air-conduction hearing thresholds were measured using PTA

at three time points: twice preoperatively (with neutral neck position and with ipsilateral

manual compression of internal jugular vein) and once at 3-months postoperatively with

neutral neck position. We defined a positive neck compression effect as a threshold

improvement of ≥ 10 dB HL at 250 or 500Hz after manual neck compression. All but

two subjects presented with ipsilateral LFHL in the neutral position. The average hearing

threshold in the neutral position markedly improved after manual neck compression,

indicating that LFHL originated from the masking effect of venous PT. All subjects

had subjective improvements in PT and LFHL after sigmoid sinus surgeries, confirming

that LFHL resulted from the masking effect of PT. Additionally, improvement of LFHL

after neck compression could be regarded as a positive prognostic indicator after

surgery. Collectively, elimination of PT loudness and improvement of LFHL with manual

compression over the ipsilateral neckmay suggest the venous origin of the PT and predict

a favorable outcome following repair of SS-Deh/SS-Div.

Keywords: tinnitus, pulsatile tinnitus, pure-tone audiometry, hearing loss, jugular veins, compression
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INTRODUCTION

Tinnitus can be pulsatile or non-pulsatile depending on
the characteristics of the perceived sound (1). Non-pulsatile
tinnitus, often referred to as subjective tinnitus, is presumably
caused by functional changes in the auditory and non-
auditory cortices (2, 3). Meanwhile, pulsatile tinnitus (PT) is
caused by altered vascular hemodynamics, such as turbulent
blood flow or vibration of a dehiscent vascular wall, or
abnormal perception of the sound of normal flow, such
as third-window lesions due to bony defects of the inner
ear. Venous PT is characterized by auditory perception
of a pulse-synchronous sound, which is usually suppressed
by compressing internal jugular vein on the symptomatic
side (4, 5).

Detailed otoendoscopy, physical examination, and radiologic

evaluation are necessary for evaluating PT and selecting

appropriate surgical candidates (6–8). In particular, high-
resolution imaging modalities, such as contrast-enhanced

temporal bone computed tomography and angiography
(TB-CTA), depict details of the vascular abnormalities
that may precipitate PT with reference to the surrounding
structures. Nonetheless, some abnormalities (e.g., high-riding
jugular bulb with or without dehiscence) are incidentally
found among patients without PT and radiologic images
may be normal in patients with PT. Therefore, better
objective tests are required to identify lesions causing PT
and predict symptomatic improvement after treatment.
Previous studies reported that sigmoid sinus dehiscence
(SS-Deh) and sigmoid sinus diverticulum (SS-Div), which
were the most frequent vascular abnormalities in patients
with venous PT, were also found in individuals without
PT (4, 9–11).

Increasing evidence suggests that objective tests, including
transcanal sound recording and spectro-temporal analysis (TSR-
STA) (1, 12), can objectively demonstrate pulse-synchronous
patterns of vascular PT and predict the origin thereof.
Furthermore, preoperative ipsilateral low-frequency hearing loss
(LFHL) has been reported as an objective audiological marker
of PT, which improves following treatment in most cases
(13). LFHL may predict postoperative audiological improvement
on pure-tone audiometry (PTA) at low frequencies including
250 or 500Hz, suggesting normalization of the underlying
abnormal vascular pathology and alleviation of PT. Therefore, we
hypothesized that audiological evaluation while applying manual
neck compression would circumvent the masking effect of PT,
thereby detecting the causative lesion of PT and helping to select
the appropriate surgical candidates.

In this study, we explored the preoperative diagnostic and
prognostic values of the effect of manual compression over
the ipsilateral neck on the PT loudness and audiometric
changes in patients with SS-Div or SS-Deh by comparing the
ipsilateral LFHL and PT pre- and post-operatively. By confirming
our a priori hypothesis, we may be able to understand the
pathophysiological mechanisms of SS-Div/SS-Deh-associated PT
and contribute to the development of diagnostic techniques
for PT.

MATERIALS AND METHODS

Subjects
We screened PT patients who presented to Seoul National
University Bundang Hospital, South Korea, between January
2019 and May 2021. This study included patients with
radiologically documented SS-Div/SS-Deh and preoperative
ipsilateral LFHL (pure-tone threshold ≥ 10 dB HL at 250 or
500Hz compared to the symptom-free side) who underwent
SS resurfacing or reshaping by a single surgeon (J-J.S.). Other
arterial, venous or non-vascular etiologies of PT including
intracranial arteriovenous fistulae and aneurysms, aberrant
carotid artery, jugular bulb abnormalities or vascular neoplasms
were excluded in our study (14). Twenty-two patients were
included in this study and all of them underwent standard
physical examinations at the outpatient clinic including thorough
inspection and auscultation of head and neck area, and
otoendoscopic examinations. The study was approved and
patient consent was waived by the Institutional Review Board
of the Clinical Research Institute (no. B-2107-699-105) and was
conducted in accordance with the Declaration of Helsinki.

Audiological Evaluations
The patients underwent PTA pre- and post-operatively. Air
conduction thresholds for seven octave frequencies (250, 500,
1,000, 2,000, 4,000, and 8,000Hz) were evaluated using PTA
in a soundproof booth. Serial audiograms were performed to
determine the PTA threshold at all frequencies, at 3 time points:
preoperatively with neutral neck position, preoperatively with
ipsilateral manual compression of the internal jugular vein, and
3 months postoperatively with neutral neck position. A recent
study investigated audiometric threshold shifts from PT due to
SS wall anomalies, demonstrating PT can cause an average of
6 dB, and uncommonly up to 30 dB, of low-frequency hearing
threshold shift in the affected ear (15). Since there is no gold
standard for the definition of ipsilesional LFHL (i.e., pseudo-
LFHL, PLFHL), we have defined it as a threshold difference of
≥ 10 dB HL at 250 or 500Hz between ipsi- and contra-lesional
neutral positions which fell within the middle range based on
previous literature. Positive manual neck compression effect was
defined as a threshold improvement of ≥ 10 dB HL at 250 or
500Hz after manual compression.

Subjective Tinnitus Evaluations
At the initial visit, a structured interview about the PT
characteristics was conducted. The patients completed a
comprehensive questionnaire, which included the Numerical
Rating Scale (NRS) and Tinnitus Handicap Inventory (THI) (16),
to assess subjective tinnitus loudness and severity pre- and post-
operatively. Pre- and post-operative NRS and THI scores were
obtained at 1 day before and after surgery. The NRS consisted
of 2 elements designed to assess the degree of annoyance (NRS-
A; range, 0–10) and subjective loudness of tinnitus (NRS-L;
range, 0–10).

Radiologic Evaluations
The patients underwent contrast-enhanced TB-CTA using
Philips 128 CT scanners (Philips Medical Systems, Eindhoven,
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TABLE 1 | Demographic and clinical characteristics of our cohort.

Pt. No. Sex Age Side Sx.Duration (mo) Diagnosis Operation name

1 F 24 R 48 (R) SS diverticulum (R) SS resurfacing

2 F 42 R 9 (R) SS dehiscence (R) SS reshaping

3 F 32 L 60 (L) SS dehiscence (L) SS reshaping

4 F 30 R 4 (R) SS dehiscence (R) SS reshaping

5 F 42 R 3 (R) SS diverticulum (R) SS resurfacing

6 F 27 R 13 (R) SS dehiscence (R) SS reshaping scheduled

7 F 45 R 24 (R) SS dehiscence (R) SS reshaping

8 M 29 R 12 (R) SS dehiscence (R) SS reshaping

9 F 25 R 10 (R) SS dehiscence (R) SS reshaping

10 F 40 R 36 (R) SS dehiscence None

11 F 28 R 24 (R) SS diverticulum (R) SS resurfacing

12 F 36 L 9 (L) SS dehiscence (L) SS reshaping

13 F 26 R 36 (R) SS dehiscence (R) SS reshaping

14 F 33 R 2 (R) SS dehiscence (R) SS reshaping

15 F 37 R 4 (R) SS diverticulum (R) SS resurfacing

16 F 41 L 48 (L) SS diverticulum (L) SS resurfacing scheduled

17 M 45 R 120 (R) SS diverticulum (R) SS resurfacing scheduled

18 F 19 R 12 (R) SS dehiscence None

19 F 36 L 84 (L) SS diverticulum (L) SS resurfacing

20 F 23 L 8 (L) SS dehiscence None

21 F 26 R 48 (R) SS dehiscence (R) SS reshaping scheduled

22 F 20 L 48 (L) SS diverticulum (L) SS resurfacing

Pt. No., patient number; M, male; F, female; R, right; L, left; Sx., symptom; mo, month; SS, sigmoid sinus.

Of 22 subjects, 20 (90.9%) were women. The mean age of subjects was 33.1 ± 6.6 years (range, 19–45 years). Sixteen subjects (72.7 %) presented with right-sided pulsatile tinnitus

(PT) and six (27.3 %) with left-sided PT. The mean duration of PT symptoms was 30.1 ± 17.3 months (range, 2–120 months). According to temporal bone computed tomography

and angiography (TB-CTA), 14 (63.6%) and 8 (36.4%) showed SS-Deh and SS-Div, respectively. Of the 15 subjects who underwent surgery, 6 (40.0%) and 9 (60.0%) underwent SS

resurfacing due to SS-Div and SS reshaping due to SS-Deh, respectively.

FIGURE 1 | Preoperative (A,B) and postoperative (C) temporal bone computed tomographic angiography (TB-CTA) images of Subject 4. Focal bony dehiscence at

the lateral wall of the right transverse-sigmoid junction is observed [yellow arrow points to precontrast (A) and contrast-enhanced (B) images]. (C) Postoperative

TB-CTA image showing calcium hydroxyapatite well in situ at the previously noted defect site (red asterisk).

The Netherlands). TB-CTA was performed using tube energy
of 120 kVp, a quality reference value of 250mA, and a
detector configuration of 2 × 0.625mm. The CT scan slices
were of 0.7mm and the scan length was 16 cm. Additionally,

contrast-enhanced brain magnetic resonance imaging (MRI)
with magnetic resonance angiography (MRA) were performed to
identify pathognomonic findings related to dural arteriovenous
fistula, pseudotumor cerebri, and idiopathic intracranial
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hypertension. Specifically, we examined for transverse sinus
stenosis and empty sella, which are radiological biomarkers
of diseases associated with PT (4). A neuroradiologist and an
otolaryngologist (S.J.L), who were blinded to clinical findings,
independently reviewed the images of brain neurovascular
structures and cervical neck to detect abnormal findings
associated with PT.

Surgical Intervention
A typical cortical mastoidectomy was performed using the retro-
auricular approach. As for the SS-Div cases, the diverticulum
was completely skeletonized and manually reduced to the level
of the adjacent SS wall, and the bony dehiscence surrounding
the diverticulum was reconstructed by extraluminal placement
of temporalis fascia and MimixTM hydroxyapatite bone cement
(Walter Lorenz Surgical Inc., Jacksonville, FL, USA). Meanwhile,
for the SS-Deh cases, the SS and its dehiscent or thinned portions
were also skeletonized for reshaping of the SS. The dominant SS

was gently decompressed using autologous materials, and the SS-
Deh was carefully reconstructed using temporalis fascia and bone
cement as described in previous literature of ours (11, 17, 18).

Statistical Analysis
Data are presented as mean± standard deviation (SD). Statistical
analyses were performed using SPSS software (version 20; IBM
Corp., Armonk, NY, USA). The statistical results were depicted
using the GraphPad Prism software (version 9.0.0; GraphPad
Software Inc., San Diego, CA, USA). The hearing thresholds were
pair-wise compared at each frequency between the ipsilateral
and contralateral sides, between ipsilateral neutral and manual
compression positions, and between pre- and post-operative
neutral positions usingWilcoxon signed-rank test. Pre- and post-
operative subjective symptoms in terms of NRS and THI scores
were compared using the aforementioned methods. P-value <

0.05 was considered statistically significant.

TABLE 2 | Effect of ipsilesional neck compression on low-frequency hearing thresholds.

Pt. No. 250 Hz 500 Hz PLFHL Ipsilesional neck

compression

effect

Ipsi-

lesional neutral

(dB HL)

Contra-lateral

neutral

(dB HL)

Ipsi-lesional

neck com. (dB

HL)

Ipsi-lesional

neutral

(dB HL)

Contra-

lateral neutral

(dB HL)

Ipsi-lesional

neck com.

(dB HL)

1 20 5 5 15 5 5 O O

2 35 5 10 20 10 15 O O

3 30 10 15 30 10 20 O O

4 30 5 15 15 10 15 O O

5 20 10 20 10 5 10 O X

6 20 10 15 20 10 15 O X

7 20 10 15 5 5 10 O X

8 35 5 10 20 0 5 O O

9 35 20 15 20 15 10 O O

10 20 5 20 15 5 20 O X

11 15 5 10 15 10 10 O X

12 20 5 5 15 5 5 O O

13 25 20 20 20 20 10 X O

14 20 10 10 20 10 10 O O

15 25 10 15 25 10 10 O O

16 40 10 10 30 10 5 O O

17 35 5 10 20 5 15 O O

18 30 10 15 30 10 10 O O

19 45 5 25 40 10 25 O O

20 20 15 20 20 15 15 X X

21 25 5 5 10 5 5 O O

22 40 10 30 30 15 20 O O

Pt. No., patient number; PTA, pure tone audiogram; PLFHL, pseudo-low-frequency hearing loss; com., compression.

In the neutral position, all but two subjects (Subjects 13 and 20) had ipsilateral low-frequency hearing loss (LFHL) (i.e., pseudo-low-frequency hearing loss, PLFHL) compared to the

contralateral side. Sixteen subjects (72.7 %) had a positive ipsilateral effect of manual neck compression (i.e., improvement of ≥ 10 dB HL at 250 or 500Hz), as proposed by our study.

In the neutral position, the average hearing thresholds at 250 and 500Hz were significantly higher in the ipsilateral side than the contralateral side (27.5 ± 8.2 dB HL vs. 8.9 ± 4.5 dB

HL at 250Hz, 20.2 ± 7.9 dB HL vs. 9.1 ± 4.4 dB HL at 500Hz, respectively; both p < 0.001). After manual neck compression, the average hearing threshold markedly improved from

27.5 ± 8.2 dB HL to 14.3 ± 6.3 dB HL at 250Hz and from 20.2 ± 8.0 dB HL to 12.1 ± 5.6 dB HL at 500Hz (both p < 0.001).
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RESULTS

Demographic Characteristics
Table 1 presents the demographic and clinical characteristics
of the 22 subjects (20 women and two men). The mean age
of subjects was 33.1 ± 6.6 years (range, 19–45 years). Sixteen
subjects (72.7 %) presented with right-sided PT and six (27.3
%) presented with left-sided PT. The mean duration of PT
symptoms was 30.1 ± 17.3 months (range, 2–120 months). SS-
Deh and SS-Div were observed on TB-CTA in 14 (63.6 %)
and 8 (36.4 %) subjects, respectively. Fifteen subjects (80.0 %)
underwent SS operations; six of them were diagnosed with SS-
Div and underwent SS resurfacing, while nine underwent SS
reshaping due to SS-Deh. Postoperatively, SS and its dehiscence
or diverticulum were found to be completely corrected in all
subjects after reviewing TB-CTA taken 3 months after surgical
interventions. A representative case of SS-Deh is demonstrated
in Figure 1.

Effect of Manual Neck Compression on
Audiological Manifestation
The pre- and post-operative audiological profiles of both 250
and 500Hz are summarized in Table 2. In the neutral position,
all but two subjects (Subjects 13 and 20, 90.9%) had ipsilateral
LFHL compared to the contralateral side. The average hearing
thresholds of neutral position at both 250 and 500Hz were

significantly different between the ipsilateral and contralateral
sides (27.5 ± 8.2 dB HL and 8.9 ± 4.5 dB HL at 250Hz, 20.2
± 7.9 dB HL and 9.1 ± 4.4 dB HL at 500Hz, respectively; both
p < 0.001, the Wilcoxon signed-rank test). Sixteen subjects (72.7
%) had a positive ipsilateral effect of manual compression (i.e.,
improvement of ≥ 10 dB HL at 250 or 500Hz). The average
hearing threshold markedly improved from 27.5 ± 8.2 dB HL to
14.3± 6.3 dB HL at 250Hz and from 20.2± 8.0 dB HL to 12.1±
5.6 dB HL at 500Hz (both p < 0.001, the Wilcoxon signed-rank
test) after manual neck compression, indicating that the LFHL
was a result of the masking effect of venous PT. However, manual
compression did not elicit a significant difference in hearing
thresholds at other frequencies (1,000, 2,000, 4,000, or 8,000Hz)
compared to the neutral position.

Pre- and Postoperative Audiological
Manifestations
Baseline and 3-month postoperative data for the audiological
evaluations were available for 11 subjects. The postoperative
average thresholds at 250 and 500Hz (9.1 ± 3.6 dB HL
and 10.0 ± 4.3 dB HL, respectively) significantly improved
compared to the preoperative ipsilateral average pure-tone
thresholds at the same frequencies (p = 0.005 and 0.033,
the Wilcoxon signed rank test, respectively). The hearing
thresholds at other frequencies (1,000, 2,000, 4,000, and

FIGURE 2 | Pure-tone audiogram (PTA) of Subject 4 with pulsatile tinnitus and ipsilateral low-frequency hearing loss (LFHL). Ipsilateral LFHL was defined as a hearing

threshold >10 dB HL at 250 or 500Hz compared to the opposite symptom-free side; positive neck compression effect was defined as a threshold decrease of ≥ 10

dB HL at 250 or 500Hz after manual compression. Changes in ipsilateral pure-tone thresholds after neck compression and surgical treatment are demonstrated. M in

preoperative PTA represents hearing thresholds after manual compression.
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FIGURE 3 | (A) Mean preoperative hearing thresholds of pure-tone audiogram (PTA) were compared pair-wise between the neutral and contralateral side, and

between neutral and post-manual compression by Wilcoxon singed-rank test. Statistical significance results (p < 0.05) were obtained at 250 (p < 0.001) and 500Hz

(p < 0.001), respectively. (B) Average postoperative thresholds at 250 and 500Hz significantly improved from those for the preoperative neutral position (p = 0.005

and p = 0.033, respectively, Wilcoxon signed-rank test), indicating successful treatment. The asterick “*” means that there is a statistical significance between Neutral

and both Contralateral and Neck compression thresholds, between preop and postop thresholds.

8,000Hz) did not change postoperatively compared to the
preoperative values. Figure 2 depicts the pre- and post-manual
compression and postoperative PTA for a representative
case. Importantly, the PTA thresholds at 250 and 500Hz did
not show any significant differences between preoperative
audiometry parameters with ipsilesional neck compression
compared to the postoperative ones (p = 0.053 and p =

0.603, respectively; Figure 3). Therefore, the average PTA
improvements at 250Hz and 500Hz following manual
neck compression indicated the degree of postoperative
PTA improvements.

Subjective Outcomes
The median NRS-A significantly decreased from 7 (range,
4–10) to 1 (range, 0–3) (p = 0.001 by Wilcoxon signed-rank
test), and the median NRS-L also significantly decreased from
7 (range, 5–10) to 1 (range, 0–6) (p = 0.001 by Wilcoxon
signed-rank test) postoperatively (Figure 4). Furthermore,
subjective PT improvements, as evidenced by change in
median THI score, significantly improved from 60 (range,
22–82) preoperatively to 10 (range, 0–52) postoperatively
(p = 0.002, Wilcoxon signed-rank test; Figure 4). Detailed
scores of pre- and postoperative subjective outcomes are
indicated in Table 3. In addition to written questionnaire results,
all subjects answered that their symptoms had completely
disappeared or much abated immediately and 3 months after the
surgical interventions.

Negative Effect of Manual Neck
Compression
Five out of 22 subjects (22.7%; Subject 5, 6, 7, 10, and 11) had
negative manual compression effect (i.e., lack of improvement of
≥ 10 dBHL at 250 or 500Hz) preoperatively, despite the presence
of ipsilateral LFHL and radiologically-evident SS abnormalities.
Only one subject (Subject 20) showed neither LFHL nor positive
manual neck compression effect. Nonetheless, Subject 5, 7, and
11 underwent surgical interventions for each SS abnormality,
which showed markedly improved postoperative PT symptoms
with THI score (from 80 to 20, severe to mild; from 30 to 0,
mild to none; from 60 to 36, severe to mild, respectively) and
hearing thresholds at both 250 and 500Hz. Subject 10 and 20
were not operated on due to mild PT symptoms. Their symptoms
remained stable during the follow-up period. Although the
PT symptom was severe in Subject 18 with both LFHL and
positive neck compression effects, she did not want to undergo
surgical treatment.

DISCUSSION

Since the first study by Sismanis proposed that digital pressure
could be applied over the internal jugular vein to diagnose
PT (19), many physicians have performed this examination to
preoperatively characterize PT. The current study investigated
the preoperative diagnostic and prognostic values of the effect
of ipsilateral neck manual compression on the PT loudness and
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FIGURE 4 | Pre- and post-operative Numerical Rating Scale (NRS) Annoyance and Loudness scales and Tinnitus Handicap Inventory (THI) scores. NRS Annoyance

and Loudness scales significantly decreased after surgery in all 12 subjects (p = 0.001, Wilcoxon signed-rank test). With regard to THI scores, all 12 subjects reported

significant improvement in postoperative tinnitus-related symptoms, with a statistically significant decrease from 54.1 ± 18.0 preoperatively to 14.3 ± 12.1

postoperatively (p = 0.002, Wilcoxon signed-rank test). NRS, numerical rating scale; THI, tinnitus handicap inventory. All 3 categories also showed statistical

significance between preop and postop scores, which are also indicated with the asterick.

associated audiometric changes in subjects with SS-Deh and
SS-Div. The new examination method, PTA with ipsilesional
manual neck compression, may aid in having an initial diagnostic
impression in SS-Div/SS-Deh-associated PT and identifying
appropriate candidates for surgery.

Friedmann et al. suggested that cardiac venous pulsations
from the dominant vein continuously collide with the inner
venous walls and expand the dehiscent vascular portions, thereby
increasing the diameter of the right-sided dominant vein (20).
Furthermore, based on Poiseuille’s law, the volumetric flow rate
is mechanistically proportional to the radius to the fourth power.
Variations in the SS geometry may accelerate the disruption
of local laminar flow and cause continuous outward pressure,
leading to SS-Deh and formation/enlargement of SS-Div (21).
Therefore, turbulent blood flow due to hemodynamic changes, as
well as vibration of a dehiscent vascular wall, even in the absence
of turbulent flow, can transmit sounds into the cochlea, resulting
in PT. Kao et al. discovered that distinct flow patterns (i.e., vortex
pattern) within the internal jugular vein, which rely on the shape
and position of the jugular bulbs, are closely associated with PT
(22). The intensity of the vascular bruit is reflected by the venous
flow velocity, which causes turbulence as it enters the SS. When

the flow in the internal jugular vein is temporarily arrested due
to external pressure (e.g., manual neck compression), venous
flow velocity is minimized to an almost static condition, thereby
eliminating the pulsatile perception (23). In the current study,
the majority of subjects (16 subjects, 72.7%) showed positive
neck compression effect and this phenomenon was consequently
verified as the existence of venous origin of PT. Furthermore, our
group again confirmed that SS resurfacing/reshaping, including
external decompression or reduction of the SS, has produced
satisfying long-term treatment outcomes.

Importantly, the combination of PTA and ipsileisional manual
neck compression may help to confirm the venous origin
of PT and may predict favorable surgical outcomes. In our
previous study, subjects with PT and radiologically-evident
vascular pathology near the cochlea frequently presented with
ipsilateral LFHL (11, 12, 18). Previous studies have reported that
intravascular flow produces PT, which is synchronous to the
heartbeat. Additionally, the frequency spectrum of the first heart
sound is primarily distributed in the low frequency range of 50–
200Hz (24). Specifically, in the cases of SS-Div/SS-Deh, it has
been proven that pulse-synchronous acoustic characteristics are
relatively low sound pressure levels within low-frequency range
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TABLE 3 | Pre- and postoperative tinnitus questionnaire results.

Preoperative symptom scores Postoperative symptom scores

Pt. No. NRS Annoyance NRS Loudness THI NRS Annoyance NRS Loudness THI

1 N/A N/A

2 6 6 22 Mild 0 0 0 No

3 4 6 48 Moderate 3 1 24 Mild

4 6 6 40 Moderate 1 2 12 No

5 9 10 80 Severe 0 0 20 Mild

6 N/A N/A

7 6 6 30 Mild 1 1 0 No

8 5 7 44 Moderate 1 2 6 No

9 8 8 48 Moderate 1 1 10 No

10 N/A N/A

11 9 5 60 Severe 2 2 36 Mild

12 9 10 60 Severe 1 2 4 No

13 7 7 68 Severe 2 3 34 Mild

14 6 7 68 Severe 0 1 22 Mild

15 10 10 82 Severe 0 2 4 No

16 N/A N/A

17 N/A N/A

18 N/A N/A

19 9 9 78 Severe 1 1 0 No

20 N/A N/A

21 N/A N/A

22 8 9 70 Severe 1 1 10 No

Pt., patient; No., number; NRS, numerical rating scale; THI, tinnitus handicap inventory; N/A, not available.

The median Numerical Rating Scale Annoyance and Loudness markedly decreased from 7 (range, 4–10) preoperatively to 1 (range, 0–3) postoperatively (p = 0.001) and from 7 (range,

5–10) preoperatively to 1 (range, 0–6) postoperatively (p = 0.001), respectively. Also, the median Tinnitus Handicap Inventory score significantly improved from 60 (range, 22–82)

preoperatively to 10 (range, 0–52) postoperatively (p = 0.002).

using TSR-STA (1). Therefore, PT may mask low-frequency
sounds and result in LFHL. Our results are consistent with
those of previous studies, which reported that the average PTA
thresholds in the neutral position were significantly higher than
those on the contralateral symptom-free side. In the present
study, all but two subjects (Subjects 13 and 20) with ipsilateral
LFHL had SS-Div/SS-Deh and the majority of the enrolled
subjects had a positive manual compression effect in the affected
ear. Furthermore, subjective PT improvements correlated with
marked improvements in hearing thresholds at low frequencies
after SS resurfacing/reshaping, similar to the threshold levels
for the normal contralateral ear. These results suggest that the
effect of ipsilesional manual neck compression on LFHL would
be comparable to that of SS resurfacing/reshaping. Oh et al.
reported that five patients with PT due to a dehiscent high
jugular bulb demonstrated resolution of symptoms by ipsilateral
internal jugular vein compression (25). In addition, Sismanis
and Sismanis et al. reported resolution or improvement of PT
by ipsilateral internal jugular vein compression, coupled with
an improvement of LFHL, in patients with benign intracranial
hypertension (19, 26). Expanding upon the improvement of
LFHL in these previous studies, our study is meaningful in that
the improvement in audiometric profiles can be visualized with
the help of our new examination method and thus PTA with

manual neck compression may aid in confirming a venous origin
of PT and predicting a favorable surgical outcome.

This study had several limitations that should be addressed
in future studies. First, the sample size was relatively small and
only subjects with SS abnormalities were evaluated. A larger
number of participants with various etiologies should be included
in future studies. Second, this study only used TB-CTA or
MRI/MRA to evaluate vascular abnormalities, which may have
reduced the strength of evidence of alleviation of subjective
symptoms. As previously mentioned, TSR-STA can also be used
to evaluate the surgical outcomes (18, 27). Pre- and post-manual
compression TSR-STA may provide an objective evaluation of
PT changes, which will help clinicians identify patients who
may benefit from surgery. Third, improvements in low-frequency
hearing thresholds under manual compression showed wide
variation. For instance, Subject 16 showed an improvement of 30
dB HL in the PTA thresholds at 250Hz, while Subject 13 showed
only an improvement of 5 dB HL at 250Hz, despite applying
manual compression. According to our hypothesis, if ipsilesional
manual compression of the internal jugular vein is successful,
the PTA threshold at low frequencies should improve up to the
level of the normal contralateral ear because digital compression
of the internal jugular vein limits the generation of PT. This
variation among subjects may result from possible differences
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in the compression intensity among subjects. Therefore, future
follow-up studies should minimize these errors by controlling
the intensity of compression (i.e., to the level of disappearance
or stark alleviation of PT). Fourth, evaluation of the frequency of
PT using 250 and 500Hz can be somewhat less comprehensive
since spectro-temporal analyses may present pulse-synchronous
fluctuation of tinnitus frequency above 500Hz occasionally.
Thus, evaluating additional low frequencies (e.g., 750Hz) will
be helpful to better understand the effect of manual neck
compression on pulse-synchronous acoustic characteristics of PT
in the future studies. Nevertheless, we believe that our findings
of convenient and cost-effective use of PTA with manual neck
compression are clinically meaningful, especially when the PTA
shows ipsilateral LFHL in PT patients.

CONCLUSION

This was the first study to explore the preoperative significance
of ipsilateral manual neck compression in patients with
pulsatile tinnitus secondary to SS-Deh/Div. A positive manual
compression effect in the affected ear strongly suggested
postoperative improvements in ipsilateral LFHL and PT
symptoms. Temporary improvement in PT and LFHL with
manual compression over the ipsilateral neck may help to
confirm the venous origin of the PT and predict a favorable
surgical outcome following repair of SS-Deh or SS-Div.
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Background: To date, the burden and severity of the full spectrum of bilateral

vestibulopathy (BVP) symptoms has not yet been measured in a standardized manner.

Since therapeutic interventions aiming to improve BVP symptoms are emerging, the need

for a new standardized assessment tool that encompasses the specific aspects of BVP

arises. Therefore, the aim of this study was to develop a multi-item Patient Reported

Outcome Measure (PROM) that captures the clinically important symptoms of BVP and

assesses its impact on daily life.

Methods: The development of the Bilateral Vestibulopathy Questionnaire (BVQ)

consisted of two phases: (I) initial item generation and (II) face and content validity testing.

Items were derived from a literature review and individual semi-structured interviews

focusing on the full spectrum of reported BVP symptoms (I). Subsequently (IIa), individual

patient interviews were conducted using “thinking aloud” and concurrent verbal probing

techniques to assess the comprehensibility of the instructions, questions and response

options, and the relevance, missing domains, or missing items. Interviews continued until

saturation of input was reached. Finally, international experts with experience in the field

of the physical, emotional, and cognitive symptoms of BVP participated in an online focus

group to assess the relevance and comprehensiveness of the BVQ (IIb).

Results: The BVQ consisted of two sections. The first section included 50 items scored

on a six-point Likert scale arranged into seven constructs (i.e., imbalance, oscillopsia,

other physical symptoms, cognitive symptoms, emotional symptoms, limitations and

behavioral changes and social life). The second section consisted of four items, scored

on a visual analog scale from 0 to 100, to inquire about limitations in daily life, perceived

health and expectations regarding future recovery. Interviews with BVP patients [n = 8,

21

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.2022.852048
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.852048&domain=pdf&date_stamp=2022-03-17
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:lisa.van.stiphout@mumc.nl
https://doi.org/10.3389/fneur.2022.852048
https://www.frontiersin.org/articles/10.3389/fneur.2022.852048/full


van Stiphout et al. BVQ Development and Content Validity

50% female, mean age 56 years (range 24–88 years)] and the expert meeting confirmed

face and content validity of the developed BVQ.

Conclusion: The BVQ, which was developed to assess the spectrum of BVP symptoms

and its impact on daily life, proved to have good face and content validity. It can be used

to characterize current self-reported symptoms and disability and to evaluate symptom

burden before and after therapeutic interventions in future research and clinical practice.

Keywords: bilateral vestibulopathy, Patient Reported Outcome Measure (PROM), questionnaire, vestibular

impairment, symptoms bilateral vestibulopathy

INTRODUCTION

Bilateral vestibulopathy (BVP) is a chronic disorder which is
defined by bilateral loss or reduction of vestibular function due
to deficits of the vestibular organs, vestibular nerves, the brain,
or a combination of the above (1, 2). The leading symptoms
of BVP include oscillopsia during walking or quick head/body
movements (movement-induced blurred vision), unsteadiness
when walking or standing and worsening of unsteadiness
on uneven ground or in darkness (2). Previous literature
demonstrated that BVP also results in cognitive or emotional
complaints (3–6). In particular, an association between BVP
and symptoms such as sadness, fear, anger, difficulties with dual
tasking and spatial anxiety was described (3–11). This ultimately
results in behavioral changes such as avoiding activities or
performing activities more slowly and with greater attention (6).
Together these symptoms negatively impact daily functioning
and quality of life and increase socio-economic burden (12–15).

BVP can pose a diagnostic challenge since it is a heterogeneous
disorder with multiple identified etiologies and with various
clinical characteristics due to different involvement within the
vestibular system (16–24). Currently, BVP is diagnosed using
the criteria from the Classification Committee of the Bárány
Society, which include symptoms of oscillopsia and imbalance,
together with a reduced vestibular function measured with
caloric testing and/or video head impulse test and/or torsion
swing test (2). Since the current BVP criteria were developed as
a diagnostic tool, they primarily focus on physical complaints
combined with measuring vestibular reflexes and not on the
full spectrum of BVP symptoms (i.e., it is not designed to
portray the burden of disease in patients with BVP). Additionally,
earlier research has demonstrated that the extent of the perceived
dizziness related handicap is often not correlated with results
from vestibular reflex tests (25, 26). Therefore, evaluating the
burden of disease cannot be accomplished by focusing on the
diagnostic criteria alone.

Generic questionnaires such as the Short-Form Health Survey
(SF-36), the Health-Utilities-Index (HUI) and EuroQol-5D-
5L (EQ-5D-5L) but also more specific questionnaires such
as the Dizziness Handicap Inventory (DHI) and Hospital
Anxiety and Depression Scale (HADS) have been used to
characterize symptoms, quality of life and emotional health in
BVP populations (6, 12). However, due to the generic nature of
these questionnaires, they are evidently not able to accurately
capture the full spectrum and the specific aspects of BVP
symptoms relevant to patients (6, 27).

To date, the burden and severity of the full spectrum of
BVP symptoms are not measured in a standardized way. Since
therapeutic interventions focusing on improving BVP symptoms
are emerging (e.g., the vestibular implant, balance belt and noisy
galvanic stimulation), the need for a standardized assessment
tool that embraces the specific aspects of BVP arises (28–39).
Thorough evaluation of BVP symptoms and disease burden
via patient-relevant and disease-specific parameters before and
after therapeutic interventions is also crucial for measuring
the effectiveness of these interventions (40, 41). A targeted
questionnaire has the potential to improve clinical decision
making as it enables clinicians and patients to establish realistic
and shared treatment goals, taking patient preferences into
account (42–45).

Consequently, the development of a multi-item Patient
Reported OutcomeMeasure (PROM), that captures the clinically
important and patient-relevant symptoms of the BVP population
would be of value. The aim of this study was to develop a PROM
to assess the spectrum of BVP symptoms and its impact on daily
life. The development and face and content validity testing of the
Bilateral Vestibulopathy Questionnaire (BVQ) are described in
this article.

CONCEPTUAL MODEL AND CONTEXT

Results from a qualitative study assessing symptoms of patients
with BVP were used as foundation for the conceptual framework
of the BVQ (6, 46). This conceptual framework is centered
around the full spectrum of BVP symptoms and categorizes
them in three different domains: the physical, cognitive, and
emotional domain. The burden of these symptoms increases
when performing certain activities such as cycling or driving a
car, leading to limitations in carrying out these activities (47).
Consequently, patients show altered behavior such as slowing
down or paying more attention while performing activities
or even avoiding specific activities (6). Since BVP symptoms
and BVP patients’ behavior are interrelated, the conceptual
model embodies all three domains of BVP symptoms and
BVP behavioral concepts [adapted from the model of altered
behavior due to BVP when performing activities by Lucieer
et al. (6), Figure 1].

The BVQ was developed for use in patients with BVP. It
was developed for evaluative applications to characterize the
current self-reported symptoms and disability and to depict
symptom burden before and after therapeutic interventions (41).
Furthermore, the questionnaire is aimed to be used as an addition
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FIGURE 1 | Conceptual framework of the Bilateral Vestibulopathy

Questionnaire (BVQ) [adapted from Lucieer et al. (6)]. The spectrum of BVP

symptoms is categorized in three different domains (the physical, cognitive,

and emotional domain), which can lead to context-specific behavioral

changes. Double arrow indicates the interrelation between concepts.

to the diagnostic BVP criteria to portray symptom severity, for
patient counseling, and shared clinical decision making in a
research and clinical setting (2, 42–45).

METHODS

The development of the BVQ consisted of two phases: (I) initial
item generation and (II) face and content validity testing. Phase
II included cognitive interviews to gain insight in patients’
perspectives (IIa) and an international expert meeting for
obtaining input from several BVP experts (IIb). All phases of
development are in agreement with the COSMIN guideline for
PROM development (48).

Initial Item Generation
The initial items for the BVQ were formulated by a panel
of experts consisting of two otorhinolaryngologists with an
expertise in Vestibular Medicine, a vestibular researcher with
a focus on BVP and an expert in health outcome research
and PROM development. The themes and items were derived
from a previous literature review and individual semi-structured
patient interviews focusing on the full spectrum of reported
symptoms of BVP (5, 6). A detailed procedure regarding the
systematic review and qualitative data analysis was described by
Lucieer et al. (5, 6). Discussions with the panel of experts were
used to define the first longlist of relevant items for inclusion
in the questionnaire, the questionnaire instructions, the recall
period, the response options and lay-out. This first version
was formulated in Dutch. The questionnaire was translated
to English, in consultation with a native English speaker, and
sent to another group of experts located in Europe and the
United States (two otorhinolaryngologists with an expertise
in Vestibular Medicine, one neurologist with an expertise in

Vestibular Medicine, one neural prosthesis research specialist
with an expertise in vestibular implantation, one physical
therapist focusing on balance disorders and one vestibular
researcher with a focus on BVP and vestibular implantation).
Open feedback was asked on the initial items, different types
of response options, the questionnaire instructions and recall
period. Feedback of all experts was incorporated to remodel the
first longlist version for face and content validity testing. The
version for face and content validity testing was translated from
English back to Dutch. The first version of the BVQ is presented
in the result section of this report (phase I).

Face and Content Validity Test
Cognitive Patient Interviews
Individual patient interviews (n = 8) were conducted to assess
the comprehensibility of the instructions, questions and response
options, and the relevance, missing domains or missing items.
Patients with BVP diagnosed at the Maastricht University
Medical Center+ according to the diagnostic criteria of the
Bárány Society were asked to participate in this study (2).
Inclusion criteria for BVP included imbalance and/or oscillopsia
during walking or head movements, a reduced bithermal caloric
response (sum of bithermal maximal peak slow phase velocity
bilaterally <6◦/s), and/or a reduced vestibular-ocular-reflex
(VOR) gain as measured by horizontal vHIT (bilateral VOR
gain < 0.6) and/or torsion swing test (VOR gain < 0.1). It was
required that patients were able to speak the Dutch language
and to understand written Dutch. Interviews were conducted
individually, either face-to-face or virtually, depending on the
patient’s preference, and continued until saturation of input
was reached. Saturation was reached when interviews no longer
provided new information in addition to previous interviews.

Interviews were conducted in Dutch following a semi-
structured interview guide and consisted of two phases
(Supplementary Data Sheet 1). At first, an open discussion
took place in which patients were instructed to define what
items should be included in a BVP questionnaire. During
the second phase, the BVQ was provided to patients and
they were asked to read the instruction, questions, and their
answers aloud [i.e., a think-aloud technique was used (49)].
Patients were asked to verbalize their thoughts while answering
the questions. If patients were unclear or were hesitating in
formulating their thoughts or answers, the interviewer probed
further into the response to gain additional information about
the interpretation and understanding of the items, construct, or
overall questionnaire. The interviewer used both spontaneous
and pre-scripted probes during the interview. The interviews
were moderated and facilitated by experienced researchers with
medical backgrounds and trained in interviewing patients and
qualitative data analysis (LvS and IH). Neither the interviewer
nor the observer had established patient relationships prior
to conducting this study. All interviews were recorded and
transcribed verbatim and the transcripts were anonymized. The
transcripts were subjected to manual qualitative analysis by
two data coders (LvS and IH). Coding was carried out by
highlighting quotations or phrases in the text and assigning
each quotation or phrase a code representing predefined
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categories. Consensus meetings were organized between the two
researchers to identify (in)consistencies in their findings and
to confirm whether the interpretations were correct. All codes
were summarized in a spreadsheet database, which was used
for evaluating whether to delete, alter, add, or preserve items
from the questionnaire. The methods, findings, analysis and
interpretations of the interviews were reported in accordance
with the consolidated criteria for reporting qualitative research
(COREQ; Supplementary Data Sheet 2) (50).

Based on the results from the first set of cognitive interviews
(n = 4), revisions were made to the questionnaire items and
instructions during two consecutive panel expert meetings (LvS,
IH, MK, RvdB). To confirm face and content validity of the
revised items, further cognitive interviews were conducted. Based
on the results from the final set of interviews (n= 4), someminor
revisions were made to the questionnaire during a panel expert
meeting to facilitate patient understanding of the items. Results
from all interviews were combined and presented as the results
from phase II of this report.

Expert Meeting
International experts with extensive experience in the field of
the physical, emotional, and cognitive symptoms of BVP and
mechanism of altered behavior due to BVP were invited to
participate in an online focus group to assess the relevance
and comprehensiveness of the BVQ. The meeting was led
by two trained moderators (RvdB and LvS). Five experts
(one otorhinolaryngologist with an expertise in Vestibular
Medicine, one neurologist with an expertise in Vestibular
Medicine, one physical therapist focusing on balance disorders
and two vestibular researchers with a focus on BVP and
vestibular implantation) discussed items that were selected
during initial item generation (phase I) and the cognitive
interviews (phase IIa) via a semi-structured interview format
(Supplementary Data Sheet 3). The English version of the BVQ
was used, due to the participation of international experts. Each
item was discussed with respect to its relevance in clinical
practice and the overall questionnaire was commented on
whether it included all the relevant constructs and items of
BVP (comprehensiveness). During this meeting, the final set of
questions was selected in consensus. The meeting was recorded
and transcribed verbatim and the transcripts were anonymized.
The transcript was subjected to manual qualitative analysis by
two data coders (LvS and IH) and data analysis was performed
as described for the cognitive patient interviews (phase IIa). This
phase led to the final version of the BVQ, which was sent to the
patient group from phase IIa to confirm comprehensibility of any
changes suggested by the experts.

Ethical Considerations
This study was conducted in accordance with the legislation and
ethical standards on human experimentation in the Netherlands
and in accordance with the Declaration of Helsinki (amended
version 2013). The medical ethical committee of Maastricht
UMC+ approved this study (METC 2020-2215) and written
informed consent was obtained from all patients participating in
this study.

RESULTS

Initial Item Generation
Items elicited from the systematic literature review, the individual
patient interviews, the panel of experts’ discussions and the
online survey to six international experts resulted in a longlist
consisting of two sections. The first section included seven
constructs with a total of 44 items scored on a six-point
(Likert-type) scale: three constructs regarding physical symptoms
(imbalance, oscillopsia and other physical symptoms), one
construct encompassing cognitive symptoms, one construct
encompassing emotional symptoms, one construct comprising
limitations and behavioral changes, and one construct regarding
social life. A six-point Likert scale was chosen, since literature
showed that patients were less likely to choose a neutral option
out of convenience and could therefore provide answers with a
higher discrimination compared to a five-point Likert scale (51).
The 6-point Likert-scale included the following points: “never,”
“rarely,” “sometimes,” “regularly,” “frequently,” and “always.” Six
items in the behavioral construct included a “not applicable”
answer option since these items could not be answered by some
patients in specific cases (e.g., not being able to drive a car
yourself when not having a driver’s license). The second part
consisted of three scale items, scored on a visual analog scale from
0 to 100, to inquire about limitations in daily life (two items) and
perceived health at the moment of completing the questionnaire.
Both sections contained short instructions. It was emphasized
that the items were focused on the symptoms patients have
experienced due to BVP. Patients were encouraged to choose the
answer that best suited their situation. The chosen recall period
was one week since BVP symptoms can vary per day, depending
on the patient’s daily activities. Furthermore, a recall period
of one week was considered to be most suitable for evaluative
assessments after therapy. A shorter recall periodmay cause over-
or underestimation of symptoms and a longer recall period could
increase the risk of recall bias (52, 53).

An overview of the content and items constructed during this
phase is shown in Supplementary Data Sheet 4 Table 1.

Face and Content Validity Test
Cognitive Patient Interviews
Eight BVP patients [(50% female, mean age 56 years (range
24–88 years)] were approached to participate in this study and
completed the initial round of individual interviews. Included
BVP etiologies were idiopathic (n = 2), DFNA9 (n = 2), Cogan’s
syndrome (n = 1), head trauma (n = 1), ototoxicity due to
gentamicin treatment (n = 1), and meningitis (n = 1). All
included patients fulfilled the Bárány Society Criteria and had no
comorbidities. The mean bithermal caloric response was 1.3◦/s
and 1.5◦/s for the right and left ear respectively. The mean VOR
gain was 0.1 measured with torsion swing test and 0.22 bilaterally
measured with horizontal vHIT.

Two rounds of individual cognitive interviews were organized
with four participants included in each round. All interviews
lasted between 75 and 120min with an average duration of
93min. The first round of interviews consisted of four online
video-recorded meetings [mean age 36 years (range 24–53
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years)]. The relatively young age included in the first round was
due to the online nature of the first round of interviews during
the COVID-19 pandemic, since younger participants were more
willing and able to participate online. Elderly participants were
more comfortable with face-to-face interviews.

From the first round of interviews some issues were identified
regarding the formulation of items or missing items that required
alteration of the BVQ. Based on feedback from the first set of
interviews, revisions were made to the questionnaire items and
instructions during a panel expert meeting (LvS, IH, MK, RvdB).
To confirm face and content validity of the (revised) BVQ, a
second round of interviews was conducted. This round consisted
of four face-to-face interviews [mean age 77 years (range 68–88
years)] and resulted in some minor adjustments.

Results from the interviews indicated that all constructs were
considered relevant and overall that the questions were clear and
concise. Some minor textual changes were required to increase
comprehensibility. For example, some patients mentioned that
the items about “falling” and “tripping” were similar in phrasing.
Therefore, the formulation of the item about “tripping” was
changed to “trip without falling” (construct imbalance). The
word “dizziness” was changed to “lightheadedness” since some
patients experienced difficulty with the word “dizziness” in
combination with standing up fast (construct other physical
symptoms). Next to this, patients reported wanting to make
a comparison with their situation before their diagnosis of
BVP regarding the items “forgetfulness” and “concentration”
(construct cognition). Lastly, to increase the comprehensibility
and ease of reading, the words “limit” and “avoid” were
underlined (construct limitations and behavioral changes) and
the order of the scale questions was altered to create a more
logical sequence.

The interviews pointed out that items were missing regarding
imbalance when changing positions (construct imbalance),
problems with multitasking (construct cognition), and emotions
such as sadness, embarrassment, and loneliness (construct
emotion). An item regarding the potential positive influence
of BVP on social interactions was difficult or unpleasant to
answer according to the patients and was therefore removed from
the questionnaire.

All patients were able to answer the questions on a six-point
Likert scale and appreciated the differences between steps on the
scale from “never” to “always.” The “not applicable” response
option for some items was found relevant. However, two patients
mentioned that the “not applicable” answer optionwas not clearly
visible when completing the questionnaire. Therefore, after the
first round of cognitive interviews an instruction was added
above this construct to point out this extra answer option.

All instructions were clear to patients and sufficiently concise.
However, some patients did not relate all their symptoms to
having BVP and answered some questions with “never” although
they clearly expressed experiencing these symptoms. Therefore,
minor textual changes were made to the introduction after
the first round of interviews to increase clarity. No changes
in recall period were made since the majority of the patients
pointed out that one week was an appropriate recall period for
the questionnaire.

The second round of interviews indicated that no more
substantial changes were needed, and face and content validity
were considered good. Overall, the interviews pointed out that
patients felt that the questionnaire covered all relevant aspects
of BVP and that it made them feel heard. The length of
the questionnaire was not experienced as bothersome. Instead,
patients clearly expressed that the length of the questionnaire
made them feel that they were taken seriously. Finally, after
inquiring, all patients indicated that the COVID-19 pandemic did
not affect the completion of the questionnaire.

An overview of the content and items altered during this phase
is shown in Supplementary Data Sheet 4 Table 2.

Expert Meeting
The validity of the BVQ was discussed with regard to the
relevance and comprehensiveness with international experts
with extensive experience in the field of BVP during a
90min online expert meeting. In general, experts advised to
make minor textual changes which resulted in shorter and
more concise items (e.g., “I feel tired” instead of “I feel
tired due to my symptoms”). These alterations made the
questionnaire more concise. Three items were added to make
the questionnaire complete: one item regarding oscillopsia while
walking (construct oscillopsia), one item regarding difficulties
with multitasking while walking (construct cognition), and
one scale question regarding expectations concerning future
recovery. No changes were made to the instructions, recall
period or response options and no items were removed from
the questionnaire.

To verify that the comprehensibility of the questionnaire
remained unchanged after incorporating the alterations from
the expert meeting and to test all items in their final form,
the questionnaire was discussed with five patients [40% female,
mean age 65 years (range 39–88 years)] from phase IIa. All five
patients confirmed comprehensibility and relevance of all items
and the comprehensiveness of the overall questionnaire. The
final instrument included 54 items (i.e., 50 items scored on a
six-point Likert scale and four VAS items) which is shown in
Supplementary Data Sheet 4 Table 3.

DISCUSSION

This paper describes the development and face and
content validity testing of the Bilateral Vestibulopathy
Questionnaire (BVQ), a PROM to assess the spectrum
of BVP symptoms and their impact on functioning and
daily life. Face and content validity tests with eight BVP
patients and five international experts confirmed the
relevance, comprehensibility, and comprehensiveness of
the developed BVQ, which included 50 items arranged
into seven constructs (imbalance, oscillopsia, other physical
symptoms, cognitive symptoms, emotional symptoms,
limitations and behavioral changes and social life) and four
scale items.

Specific PROMs, such as the BVQ, can be used in clinical
practice to [1] improve communication between patients
and health care professionals, [2] facilitate personalized care
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and shared clinical decision making and [3] improve patient
satisfaction (54–59). Moreover, in research and clinical settings,
regular assessment of patients’ symptoms and functioning
with PROMs can be useful for obtaining information about
patients’ experiences regarding their disorder and symptom
evolution, and for monitoring and evaluating treatment
effectiveness (54–56). The latter is especially important
when introducing novel treatment strategies such as the
vestibular implant. By administering the BVQ before and
after a new intervention, it can be used complementary to
vestibular reflex testing as a valuable outcome measure for
evaluating treatment efficacy over time in future research and
clinical practice.

To evaluate quality of life, symptom burden and emotional
health in BVP populations both generic and specific
questionnaires were used previously (6, 12). One of the main
advantages of generic questionnaires is the large applicability.
In other words, generic questionnaires can be administered
in various patient populations and as a result, they can be
valuable for comparison of symptoms or quality of life between
different patient populations (60, 61). They are however
less sensitive to small changes and may include domains
which are not applicable for every patient population. This
is also seen in the BVP population for generic questionnaires
such as the EQ-5D-5L and the HUI3, as previous literature
illustrated that these questionnaires did not fully capture
BVP symptom burden (5). Firstly, this can be explained by
the items included in generic questionnaires. For example,
domains such as dexterity (HUI3) and pain (HUI3 and EQ-
5D-5L) are less relevant symptoms in the BVP population.
Next to this, the HUI3 does not distinguish between static or
dynamic visual acuity (domain vision). The latter, which is
an important symptom in the BVP population (oscillopsia)
and has a major impact on quality of life, is not measured
accurately in this way. Secondly, previous literature showed that
chronically changed situations can alter patients views of what
is considered normal, a phenomenon called adaptation (62). It
is hypothesized that this also applies for the BVP population.
Consequently, the HUI3 and EQ-5D-5L overall index scores
would not give an accurate representation of BVP symptom
burden and quality of life. To overcome this issue, the BVQ
includes specific aspects of BVP symptoms and contexts relevant
to patients.

It is stated that more specific questionnaires such as the
DHI and HADS have greater sensitivity for small changes
in health state or symptom burden, but at the same time
have the disadvantage that they mainly focus on only one
aspect of health or quality of life (63). However, the symptoms
experienced by BVP patients are much broader than the
items included in the DHI and HADS (6). As a result, the
use of these questionnaires alone can overlook many aspects
important to patients living with BVP. The BVQ includes
the full extent of BVP symptoms and is therefore expected
to provide a better representation of the perceived symptom
burden and to be more sensitive to disease-specific changes.
Subsequently, the BVQ should be more suitable for evaluation
of treatment effectiveness.

A limitation of this study was the relatively small number
of participants for the individual patient interviews (n =

8) and expert meeting (n = 5). However, since interviews
continued until data saturation was reached, the number of
BVP patients included for face and content validity testing
was adequate (48, 50). Moreover, no overlap between patients
included in phase I (initial item generation) and phase IIa
(face and content validity testing) was ensured. Furthermore,
the expert meeting was held internationally, to ensure good
quality feedback from well-known experts in the field of
BVP. Additionally, a minor risk of sampling bias could not
be prevented since patients willing to participate in this
study were highly motivated and willing to contribute to the
development of a PROM for BVP. Therefore, possibly patients
with stronger opinions and/or severe symptoms and disease
burden were overrepresented in this study. To minimize the
risk of sampling bias, a variety of patients were selected
with differences in age, symptom duration, sex, educational
backgrounds, and etiologies.

Future work on the BVQ includes testing of the construct
validity and reliability using quantitative methods in a large
study population. After assessment of all psychometric
properties, the BVQ will be translated into different
languages followed by cross-cultural validation to facilitate
its use internationally.

CONCLUSION

The BVQ, which was developed to assess the spectrum
of BVP symptoms and its impact on daily life, proved
to have good face and content validity. It can be used
to characterize current self-reported symptoms and
disability and to depict symptom burden before and after
therapeutic interventions.
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The Effect of Galvanic Vestibular
Stimulation on Visuospatial Cognition
in an Incomplete Bilateral Vestibular
Deafferentation Mouse Model
Thanh Tin Nguyen 1,2,3, Gi-Sung Nam 2,4, Gyu Cheol Han 5, Chuyen Le 3,6* and

Sun-Young Oh 1,2,7*

1 Jeonbuk National University College of Medicine, Jeonju, South Korea, 2Department of Neurology, Jeonbuk National

University Hospital and School of Medicine, Jeonju, South Korea, 3Department of Pharmacology, Hue University of Medicine

and Pharmacy, Hue University, Hue, Vietnam, 4Department of Otorhinolaryngology-Head and Neck Surgery, Chosun

University College of Medicine, Gwangju, South Korea, 5Department of Otolaryngology-Head and Neck Surgery, Gachon

University of Medicine and Science, Graduate School of Medicine, Incheon, South Korea, 6Department of

General-Endocrinology and Internal Medicine, Hue University Hospital, Hue, Vietnam, 7 Research Institute of Clinical Medicine

of Jeonbuk National University-Biomedical Research Institute of Jeonbuk National University Hospital, Jeonju, South Korea

Objectives: To evaluate the efficacy of galvanic vestibular stimulation (GVS) for

recovering from the locomotor and spatial memory deficits of a murine bilateral vestibular

deafferentation (BVD) model.

Methods: Male C57BL/6 mice (n = 36) were assigned to three groups: bilateral

labyrinthectomy with (BVD_GVS group) and without (BVD_non-GVS group) the GVS

intervention, and a control group with the sham operation. We used the open field and

Y maze, and Morris water maze (MWM) tests to assess locomotor and visuospatial

cognitive performance before (baseline) and 3, 7, and 14 days after surgical bilateral

labyrinthectomy. For the GVS group, a sinusoidal current at the frequency at 1Hz and

amplitude 0.1mA was delivered for 30min daily from the postoperative day (POD) 0 to

4 via electrodes inserted subcutaneously close to both the bony labyrinths.

Results: Short-term spatial memory was significantly impaired in bilaterally

labyrinthectomized mice (BVD_non-GVS group), as reflected by decreased spontaneous

alternation performance in the place recognition test and time spent in the novel arm and

increased same arm return in the Y-maze test, compared with the control. Long-term

spatial memory was also impaired, as indicated by a longer escape latency in the hidden

platform trial and a lower percentage of time spent in the target quadrant in the probe

trial of the MWM. GVS application significantly accelerated the recovery of locomotion

and short-term and long-term spatial memory deficits in the BVD mice.

Conclusions: Our data demonstrate that locomotion, short-term, and long-term (at

least 2 weeks) spatial memory were impaired in BVD mice. The early administration

of sinusoidal GVS accelerated the recovery of those locomotion and spatial memory

deficiencies. GVS could be applied to patients with BVD to improve their locomotion and

vestibular cognitive functioning.

Keywords: vestibular, labyrinthectomy, galvanic vestibular stimulation, functional recovery, spatial navigation,

higher vestibular cognition
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INTRODUCTION

Given that anatomical end organs are extremely sensitive
to physical acceleration, the vestibular system is needed to
coordinate motion and balance (1, 2). To adequately accomplish
that complex task, the vestibular system possesses an incredibly
delicate sensory synergy and is linked to motor organs through
reflexes such as the vestibulo-ocular reflex (VOR), vestibulospinal
reflex (VSR), and vestibulocollic reflex (3). In addition, the
vestibular system plays a highly significant role in cognitive
functions, particularly visuospatial memory (2, 4, 5). Recently,
imaging and histologic evidence have proposed pathways,
including thalamocortical, theta-generating, cerebellocortical,
head direction pathways (2, 6, 7), from the peripheral
vestibular organs to the hippocampus, which is involved in
the multiple learning and memory processes (8–10). Once it
arrives in the brain, the vestibular information derived from
peripheral organs swiftly becomes convergent, multisensory-
integrated (1, 2, 11, 12). Accordingly, the loss of vestibular
inputs causes not only vertigo, dizziness, visual instability, and
disturbed balance (because of impairment of the vestibulo-
thalamo-cortical pathways, VOR, and VSR), but also deficits in
spatial navigation and memory tasks, body representation, and
bodily self-consciousness (through dysfunctions in the vestibular
cortex and hippocampus) (13). Although unilateral vestibular
deafferentation (UVD) might cause some degree of visuospatial
memory deficits (14–16), bilateral vestibular deafferentation
(BVD) can create prominent spatial cognitive deficiencies (17–
19) that can last for up to 10 years (20). Furthermore, bilateral
hippocampal atrophy was documented following BVD in the
clinical investigations (20, 21).

Vestibular deafferentation induces several functional and
structural changes in the brain (21), including vestibular
compensation, which encompasses restoration, habituation, and
adaptation (21). Vestibular compensation takes place in various
brain regions, including the vestibular nuclei, spinal cord,
cerebellum, and cortices with different biochemical substrates
(22), in an attempt to partially ameliorate the vestibular
dysfunctions. Clinical prognosis in BVD is usually poor
compared with the unilateral vestibular loss (21) because in BVD,
peripheral recovery is incomplete, and the central mechanisms
are confined to sensory substitution, including lowering the
thresholds of other sensory (auditory, visual, proprioceptive,
and tactile) processing and boosting reciprocal intersensory
interactions. Therefore, a substantial proportion of patients
with bilateral vestibulopathy do not recover significantly and
live with prolonged spatial memory problems (23). Complete
BVD animal models that use vestibular neurectomy, chemical
labyrinthectomy, or complete removal of both the otolith organ
and the semicircular canals (SCCs) (17–19, 24, 25) have produced
permanent impairments in the spatial cognition (17, 18, 25).
In this study, we used an incomplete BVD model by causing
confined bilateral damage to only the posterior SCCs. Given that
a restricted injury level is accompanied by a better possibility of
recovery, our incomplete BVD model appears to be a promising
candidate for evaluating new rehabilitation strategies for bilateral
vestibular-related deficits.

Over the past 100 years, galvanic vestibular stimulation
(GVS) has been extensively applied in the pathological situations
to examine the role of vestibular signals in visual stability,
postural balance, locomotor control, and spatial cognition (26–
28). By modulating the firing rate of vestibular afferents of both
vestibular nerves and hair cells, GVS has been demonstrated
to ameliorate several vestibular-related functional deficits, not
only visual stability, motor coordination, and posture but also
cognitive and memory impairments, particularly in UVD (14,
15, 29, 30). Accordingly, 5 sessions of direct current, bilateral,
bipolar GVS improved UVD-induced short- and long-term
spatial memory deficits when the cathode (excitatory) was placed
on the lesion side (14, 15). We designed this study to evaluate
the efficacy of GVS for recovery from the spatial memory and
navigation deficits caused by the vestibular deafferentation in a
murine BVD model.

METHODS

Animals
A total of thirty-six 9-week-old male C57BL/6 mice (Animal
Technology, Koatech, Kyonggi-Do, Korea), weighing 20–25 g,
were randomly allocated into 3 groups: bilateral labyrinthectomy
(BL) with GVS intervention (BVD_GVS group, n = 12), BL
without GVS intervention (BVD_non-GVS group, n = 12), and
the control group (n = 12). The mice were housed separately
and kept in the laboratory conditions with ad libitum feeding. All
the efforts were made to reduce the number of mice used and to
minimize potential suffering.

Surgical labyrinthectomy was chosen because of its relative
simplicity, reliability, instantly symptom-induced, and faster-
recovered ability in comparison to vestibular neurectomy or
chemical labyrinthectomy. The surgical BL procedure was done
in the BVD_GVS and BVD_non-GVS groups, which were
described in our published studies (14, 15, 30). Through a small
hole made in the posterior SCC with a diamond otologic drill, the
perilymph fluid was aspirated for 3min, and then the hole was
filled with collagen to prevent further leakage (14, 15, 30). Using
this surgical approach, we created a minor lesion (incomplete)
in the vestibular apparatus while retaining the intact auditory
organ. Meanwhile, sham surgery without labyrinthectomy was
applied for mice in the control group. All the surgical and GVS
application-prepared procedures were conducted under inhaled
anesthesia by isoflurane gas (Ifran, O2 5 L/min, 2.0, Hana Pharm
Co. Ltd., Kyonggi-Do, Korea).

The animal procedures used in this study were consistent with
the Assessment and Accreditation of Laboratory Animal Care
International and were reviewed and approved by the Animal
Care Committee of the Gachon University of Medicine and
Science (IRB MRI2019-0008).

Study Design
To acquire baseline levels for motor and swimming capacity,
we evaluated swimming ability and the open field (OF) and Y
maze tests before conducting BL. Only mice that showed freely
move and swimming were assigned to the three experimental
groups. Following the surgery, the OF and Y maze behavioral
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FIGURE 1 | A schematic representation of the experimental design and schedules for GVS application. BVD, bilateral vestibular deafferentation; GVS, galvanic

vestibular stimulation; POD, postoperative day.

tests were checked on postoperative days (PODs) 3, 7, and
14 to determine locomotor activities and spatial cognition.
Meanwhile, the Morris water maze (MWM) training sessions
were conducted for 5 consecutive days from POD 9 to 13,
and the probe trial was performed on POD 14 to measure
the long-term spatial memory (Figure 1). All the behavioral
assessments were performed at the time between 11:00–15:00
to reduce the time-of-day impacts on the locomotor and
exploratory activities.

The GVS application was implemented with the same
paradigm of the electrode implantation and technical system
described in our earlier works (14, 15, 30). As we have
highlighted the beneficial effects of subthreshold GVS in our
earlier studies with UVD model, we applied a subthreshold
current in this study (14, 15, 30). Based on the analog-model
pilot experiment, the GVS threshold was determined using
oculomotor threshold or GVS-induced nystagmus monitoring
which is a feasible and widespread applied approach in animals.
As a result, a subthreshold, bipolar, sinusoidal GVS current
of 0.1mA and 1Hz was generated by a computer-controlled
stimulator (A-M Systems Model 2100 Isolated Stimulator, A-M
Systems Inc., United States, and CED micro1401-4 Cambridge
Electronic Design Ltd, United Kingdom) and delivered during
a 30-min period daily, consecutively for 5 days. The restraint
procedure during GVS application with no current was
likewise applied for mice in the control and BVD_non-
GVS groups.

Behavioral Observations
Assessments of the air-righting reflex and contact righting were
used to behaviorally evaluate vestibular function following BL. In
the air-righting reflex test, we held the mice in a supine position
and dropped (roughly 40 cm) onto a soft surface. Meanwhile, in
the contact-righting test, we laid the mice supine on a horizontal
surface and another horizontal surface was placed in contact
with their feet. Vestibular-intact mice will immediately right
themselves in both the tests (18, 24).

Open Field Test
The OF apparatus and the protocols for assessing the locomotor
activities of the mice have been documented in our previous
papers (14, 15, 30). In which, we employed a circular arena (37 cm
diameter × 53 cm height) and an overhead tracking camera
(HD 1080p C920, Logitech, Switzerland) mounted at the center.
With the 2-min task for mice, we sought to collect 2 major
metrics comprising the total path length across the whole ground
(mm) (Figure 2A), and the percentage of time spent in the outer
(peripheral) zone as an indicator of anxiety (31) (Figure 2B).

Y Maze
The Y maze apparatus and the protocols for measuring the
short-term memory have been described in our previous papers
(14, 15). In which, a plastic Y-shaped maze with three arms (51
× 18 × 32 cm; labeled A, B, C) orientated at 120 angles from
each other and an overhead tracking camera (HD 1080p C920,
Logitech, Switzerland) mounted at the center were employed.
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FIGURE 2 | Evaluation of the locomotor activity of mice in an open-field (OF) task. Locomotion impairment was indicated by a significant decrease in the total path

length. The values of the BVD_non-GVS group were lower than those of the control group on PODs 3 (p < 0.001, Bonferroni test), 7 (p < 0.001, Bonferroni test), and

14 (p < 0.001, Bonferroni test). GVS improved the total path length during OF activity on PODs 7 (p = 0.031, LSD test) and 14 (p = 0.027, LSD test) (A). The

percentage of time spent in the outer zone, which is an indicator of anxiety, did not differ among the three groups (B). Values are indicated as the mean ± SD.

Statistical significances were calculated using one-way ANOVA with post-hoc tests. *Significant differences between two groups: * p < 0.05; *** p < 0.001.

With the 6-min task for mice, we sought to gather three principal
parameters that reflect short-term memories comprising; (i) the
spontaneous alternation performance (SAP: defined as entries
into all the three arms consecutively, e.g. ABC, BCA...) represents
the spatial working memory (32, 33) (Figure 3A), (ii) the same
arm return (SAR: defined as visiting the same arm repeatedly,
e.g., AA, BB, CC) represents the spatial working memory error
(33, 34) (Figure 3B), and (iii) the place recognition test [PRT:
defined as the percentage of time spent in the B arm (after
unblocking)—designated as the novel arm] represents the spatial
working and reference memory (14, 15, 33) (Figure 3C). We
measured these SAP, SAR, and PRT scores at baseline and PODs
3, 7, and 14 (Figure 1).

Morris Water Maze Task
The MWM was used to evaluate spatial memory and navigation,
and the apparatus and experimental protocols as described in
our earlier works (14, 15). The paradigm was comprised of
a plastic circular water tank (175 diameter and 62 cm high)
with opaque made water, an acrylic circular escape platform
(15 cm in diameter), four distal visual cues corresponding to
four directions (east, south, west, and north), and a camera (HD
1080p C920; Logitech International SA, Lausanne, Switzerland)
mounted in the center above the tank. Given the 24-h intervals
between the last training session and the probe trial session,
MWM was appropriate for assessing the long-term memory and
learning process (20, 35–37). We sought to collect two major
parameters, (i) the amount of time that elapsed before the animal

climbed onto the platform to escape the water (escape latency)
during the hidden platform training session (Figure 4A) (ii) the
percentage of time spent in the target quadrant (SE quadrant)
during the probe trial (Figure 4B).We also examined an auxiliary
metric, the mean swim velocity using a visible platform test done
30min following the probe trial to assess sensorimotor ability and
motivation (38).

Statistical Analysis
We analyzed the data with SPSS Statistics version 23.0 (IBM
Corp., Armonk, NY, USA). The normality of the distribution
was assessed using the Shapiro-Wilk test for each parameter.
The repeated measures ANOVA or the Friedman Tests were
used to analyze the interaction between surgical conditions—
time as a first-level analysis. The parametric variables are
shown as the mean ± SD, and statistical significances were
calculated using post-hoc one-way ANOVA accompanied by a
test of the homogeneity of variances (Levene test): (i) if p >

0.05, ANOVA (between-group comparison) and the LSD test
or Bonferroni test (multiple comparisons) were used; (ii) if
p < 0.05, the Robust test (between group comparison) and
Tamhane test (multiple comparisons) were used. Non-parametric
variables are given as the median [interquartile range], and
significant differences were determined using the Kruskal-Wallis
test (between-group comparison) accompanied by the Mann-
Whitney U test or the Wilcoxon signed-rank test (pairwise
comparisons). All the tests were performed at a 0.05 level
of significance.
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FIGURE 3 | Evaluation of locomotor activity and spatial navigation in the Y maze test. The spontaneous alternation performance (SAP), an indicator of spatial working

memory and locomotor activity, was decreased in the BVD_non-GVS group compared with the control group on PODs 3 (p < 0.001, Bonferroni test), 7 (p < 0.001,

Tamhane test), and 14 (p < 0.001, Bonferroni test). The values of the BVD_GVS group were better than those of the BVD_non-GVS group on PODs 3 (p = 0.018,

LSD test), 7 (p = 0.049, Tamhane test), and 14 (p = 0.02, Bonferroni test) (A). The same arm return (SAR), which indicates the degree of attentional difficulty during

active working-memory performance, was significantly higher in the BVD_non-GVS group than in the control group on PODs 3 (p = 0.005, Mann-Whitney U test), 7 (p

= 0.005, Mann-Whitney U test), and 14 (p = 0.005, Mann-Whitney U test). The BVD_GVS group showed better values than the BVD_non-GVS group on PODs 3

(p = 0.006, Mann-Whitney U test), 7 (p = 0.004, Mann-Whitney U test), and 14 (p = 0.003, Mann-Whitney U test) (B). In the PRT, an indicator of spatial reference

memory, the BVD_non-GVS group scored significantly worse than the control mice on PODs 3 (p < 0.001, Bonferroni test), 7 (p = 0.002, Bonferroni test), and 14

(p = 0.017, Bonferroni test). The PRT performance improved significantly in the BVD_GVS group, compared with the BVD_non-GVS group, on PODs 3 (p = 0.033,

LSD test), 7 (p = 0.038, Bonferroni test), and 14 (p = 0.031, LSD test) (C). The SAP and PRT values are given as the mean ± SD, and the p values were calculated

using one-way ANOVA with post-hoc tests. The SAR values are given as the median (95% confidence interval), and those p values were calculated using the

Kruskal-Wallis test and Mann-Whitney U-test. *Significant differences between two groups: * p < 0.05; ** p < 0.01; *** p < 0.001.

RESULTS

The results of the air-righting and contact-righting tests
confirmed the vestibular dysfunction in all the BL mice; the
control mice-righted themselves instantly. In the air-righting
reflex test examining the ability to right themselves in the air,
the control mice all landed on their feet, whereas the BL mice
tended to land on their backs or sides. In the contact-righting
test examining their behavior when placed supine on a horizontal
surface, the control mice-righted themselves, whereas the BL
mice lay supine and did not right themselves. The BL mice
were observed moving in circles, swayed their head, and curled
up when pulled up by the tail. These vestibular symptoms
have severely occurred the first 2 days postsurgery; after that,
BL mice could stand unaided on a tilt platform and walk.
Considering this natural recovery course, we conducted all the
subsequent behavioral investigations beginning on POD 3, when
all mice were free from the limitations of motor coordination
problems (Figure 1).

Galvanic Vestibular Stimulation Effect on
Locomotion in BL Mice
Bilateral labyrinthectomy caused a locomotion impairment that
was indicated by a significant decrease in the total path length

in the OF test. The values of the BVD_non-GVS group were
lower than those of the control group on PODs 3 (p < 0.001,
Bonferroni test), 7 (p< 0.001, Bonferroni test), and 14 (p< 0.001,
Bonferroni test). GVS improved the total path length during OF
activity on PODs 7 (p = 0.031, LSD test) and 14 (p = 0.027, LSD
test) (Figure 2A).

We also used the OF task to quantify the effects of anxiety on
this experimental findings by using an indicator, the percentage
of time spent in the outer zone (31, 39, 40). Because of there
being no significant differences among the groups in this metric,
we could likely exclude the effects of anxiety on locomotor and
spatial cognition results in this study (Figure 2B).

Spatial Cognition in BL Mice and GVS
Effects
The alterations of spontaneous alternation performance (SAP)
and same arm return (SAR) scores of the Y maze test have
partially demonstrated the deficits of the short-term visuospatial
cognitive alternation performance following BL. For instance,
playing as an indicator of both the locomotor activity and spatial
working memory, SAP was lower in the BVD_non-GVS group
than in the control group on PODs 3 (p < 0.001, Bonferroni
test), 7 (p < 0.001, Tamhane test), and 14 (p < 0.001, Bonferroni
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FIGURE 4 | Evaluation of long-term spatial reference memory using the Morris water maze (MWM). The escape latencies to find the hidden platform gradually

decreased through the training sessions, indicating ongoing learning. Longer values of escape latency to find the hidden platform indicate an inadequate acquisition of

spatial memory and navigation. Differences between the groups were observed on training days (TDs) 2 (p = 0.012, ANOVA), 3 (p = 0.013, ANOVA), and 4

(p < 0.001, ANOVA). The BVD_non-GVS group had longer escape latency than the control group on TDs 2 (p = 0.022, Bonferroni test), 3 (p = 0.032, Bonferroni

test), and 4 (p < 0.001, Bonferroni test). The BVD_GVS group had shorter escape latency than the BVD_non-GVS group on TDs 2 (p = 0.037, Bonferroni test), 3 (p =

0.028, Bonferroni test), and 4 (p = 0.024, Bonferroni test) (A). Residual impairments in long-term spatial memory were also indicated by a lower percentage of time

spent in the target quadrant (probe trial) on POD 14 in the BVD_non-GVS compared with both the control (p = 0.001, Bonferroni test) and BVD_GVS groups (p =

0.012, Bonferroni test) (p = 0.001, ANOVA) (B). The values are indicated as the mean ± SD. Statistical significance was calculated using one-way ANOVA with

post-hoc tests. *Significant differences between two groups; #significant differences among three groups: *, #p < 0.05; **, ##p < 0.01; ***, ###p < 0.001.

test). The values of the BVD_GVS group were better than that
of the BVD_non-GVS group on PODs 3 (p = 0.018, LSD test),
7 (p = 0.049, Tamhane test), and 14 (p = 0.02, Bonferroni test)
(Figure 3A). Meanwhile, the values of SARs, reflected the degree
of attentional difficulty during an active working-memory task,
were significantly higher in the BVD_non-GVS group than in the
control group on PODs 3 [3 (2.06–3.94) turns, Z = −2.79, p =

0.005,Mann-WhitneyU test], 7 [5 (3.58–5.75) turns, Z=−2.796,
p= 0.005, Mann-WhitneyU test], and 14 [6.5 (3.49–10.51) turns,
Z = −2.798, p = 0.005, Mann-Whitney U test]. The BVD_GVS
group showed better values than the BVD_non-GVS group on
PODs 3 (Z = −2.776, p = 0.006, Mann-Whitney U test), 7 (Z =

−2.879, p = 0.004, Mann-Whitney U test), and 14 (Z = −2.929,
p= 0.003, Mann-Whitney U test) (Figure 3B).

Serving as an indicator of spatial reference memory, the PRT
was significantly lower in the BVD_non-GVS group than in the
control mice on PODs 3 (24.66 ± 3.91% vs. 39.56 ± 5.66%, p <

0.001, Bonferroni test), 7 (26.41 ± 5.93% vs. 39.03 ± 3.66%, p =
0.002, Bonferroni test), and 14 (29.19 ± 4.84% vs. 39.6 ± 4.78%,
p = 0.017, Bonferroni test). The mean time spent in the newly
unblocked arm increased significantly in the BVD_GVS group
compared with the BVD_non-GVS group on PODs 3 (p= 0.033,
LSD test), 7 (p = 0.038, Bonferroni test), and 14 (p = 0.031, LSD
test) (Figure 3C).

Morris water maze task was sought to assess long-
term visuospatial memory and learning process (20, 35–
37). Accordingly, the ongoing learning was indicated by the
progressive decrease across the training sessions of the escape
latencies to find the hidden platform. Longer escape latency
values in finding the hidden platform reflected an impairment
of spatial memory and navigation. We noticed the differences
among the groups on training days (TDs) 2 (p= 0.012, ANOVA),
3 (p = 0.013, ANOVA), and 4 (p < 0.001, ANOVA). The
BVD_non-GVS group had higher escape latency values than the
control group on TDs 2 (47.43 ± 6.79 s vs. 35.12 ± 2.9 s, p =

0.022, Bonferroni test), 3 (41 ± 8.84 s vs. 27 ± 1.75 s, p = 0.032,
Bonferroni test), and 4 (30.87 ± 6.09 s vs. 12.17 ± 2.76 s, p <

0.001, Bonferroni test). The escape latency was shortened in the
BVD_GVS group compared with the BVD_non-GVS group on
TDs 2 (p= 0.037, Bonferroni test), 3 (p= 0.028, Bonferroni test),
and 4 (p= 0.024, Bonferroni test) (Figure 4A).

The residual impairments in long-term spatial memory
exhibited in the MWM task were also indicated by a worse
probe trial performance on POD 14, that is a lower percentage
of time spent in the target quadrant in the BVD_non-GVS
group (23.9 ± 3.93%) compared with the control (35.57 ±

1.76%, p = 0.001, Bonferroni test) and BVD_GVS groups (31.73
± 5.08%, p = 0.012, Bonferroni test) (p = 0.001, ANOVA)
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(Figure 4B). Meanwhile, the BVD_GVS group displayed a
negligible difference from the control group (p= 0.131, LSD test).
The differences in the MWM learning activities were not derived
from motor deficits (41, 42) because the groups did not differ
significantly in mean swim velocity (p > 0.05, LSD test).

DISCUSSION

Our data demonstrated the effects of the early GVS intervention
on the short-term and long-term spatial memory, navigation, and
locomotion deficits induced by acute BVD in a mouse model.

Locomotion and Spatial Cognition
Impairments in BVD
Given its crucial role in integrating and converging multisensory
information between the ipsi- and contralateral sides of
multilevel brain regions, the relationship between bilateral
impairment of vestibular system (BVD) and deficits of
visuospatial cognitive performance has fascinated scientific
interests for the past decades (17–19). Our experimental-
based current findings could add an evidence that the BVD
induces dysfunctions in spatial memory and navigation
from the acute phase to at least 2 weeks after BL (17–19).
Other neurophysiological investigations have suggested
multiple pathways in which the vestibular signals project to the
hippocampus along with other medial temporal lobe regions,
to build up maps of 3D space for the development of spatial
memory during learning tasks (43, 44).

In the Y maze, the SAP is driven by the innate curiosity and
exploratory behavior of mice for the novel surroundings and
requires good spatial working memory to recognize which arms
have recently been visited (45). During the PRT, mice need to
memorize the relationship between distal spatial cues and the
arm that had previously been blocked to recognize it as novel,
and thus, visit it more frequently than the other arms (33).
Both the SAP and PRT have previously been used to measure
spatial working and referencememory (32), especially short-term
memory. The MWM is also designed to assess hippocampal-
dependent spatial navigation and reference memory, especially
in the place learning, and extensive evidence of its validity is
available (20, 41, 46). Compared to the Ymaze, theMWM ismore
specialized for hippocampal-dependent spatial navigation than
the PRT since it eliminates the use of non-spatial or proximal
cues, such as odor trail interference, to solve the maze (46).
Furthermore, the 24-h interval between the training session
and the probe trial session allows the MWM to reflect long-
term memory or the consolidation process in the hippocampus
rather than the immediate and short-term effects of bilateral
vestibular loss (20, 35–37). It has been shown that short-term
spatial memory is not sequentially linked with the different stages
of long-term spatial memory, even though there was a time-
dependent consolidation of the newly established memory into
the long-term memory (35, 47).

In line with our findings, deficiencies in gait, locomotor
activity, and spatial memory following BVD have been
extensively described in both humans and other animals

(17, 48–51). Vestibular signals make major contributions
to balance and spatial memory functions via multisensory
convergent and multimodal signaling pathways (1, 2, 11, 12).
Concerned to the physiological formation of spatial memory
and navigation, there were two major underlying components:
(i) a continuous representation of the location and motion
of the individual whose coordinates are provided mainly by
vestibular and visual cues, and (ii) spatial memory processing
in the hippocampal formation (20). As a result, inhibiting
the vestibular signals in the pathways to the hippocampus,
such as peripheral vestibular lesions, likely led to disrupt the
function of hippocampal cells in vivo and hippocampal field
potentials in vitro and cause long-term changes in hippocampal
neurochemistry (18). Patients with chronic BVD experience
bilateral hippocampal atrophy (20), particularly a reduction in
hippocampal graymatter volume in the Cornu ammonis 3, which
plays an important role in the formation of episodic memory
and the acquisition of spatial information within short-term
memory in tasks that require rapid encoding, novelty detection,
working memory, and recall of primarily spatial information
(21). Hippocampal atrophy predominantly impaired complex
forms of visuospatial memory processing, even as non-spatial
functions, which additionally rely on the surrounding medial
temporal lobe and prefrontal tissue, remain well preserved (20).
Morphometric changes in BVD subjects have also been shown
to be time-dependent and take place in parallel with adaptive
mechanisms (21). Alternatively, in some recent behavioral
studies, BL was found to disrupt spatial learning, primarily in
the absence of visual signals, because of oscillopsia (52), which
is thought to be the result of difficulties in localization caused
by problems with self-movement monitoring (53), a function
ascribed to the hippocampus.

Galvanic Vestibular Stimulation Effects on
Locomotion and Spatial Cognition in BVD
Mouse Model
Intriguingly, this work has shown that a short-term GVS
intervention conferred benefits on balance control, locomotion,
and short- and long-term spatial memory following acute BL,
which resulted in better behavioral outcomes more than a week
after the cessation of the intervention. Our findings are consistent
with previous studies, which also revealed that GVS had positive
effects on postural control and locomotion in BVD (28, 29,
54–56). Meanwhile, one study revealed that 6-sessions of GVS
induced changes in tactile extinction that lasted up to 1-year
follow-up (57).

In this study, the significant increases we found in the total
path length during the OF test and SAP of the Y maze task after
the GVS intervention imply that the GVS positively affected the
recovery of locomotor and postural control deficits following
BL. The GVS affected the vestibulo-spinal and other non-
dopaminergic pathways probably through a neuromodulation
mechanism of facilitating effect on the vestibular nuclei (VN).
Neuronal sensitivity to GVS increases with discharge variability,
whereby the thick, fast-conducting irregularly firing afferents are
more sensitive than the thin, slower-conducting regularly firing
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vestibular afferents for both the cathode and anode (26, 58–
60). Contrast to the slower-conducting regularly firing afferents
are prevalent in the input of the VOR pathway, the fast-
conducting irregularly firing afferent predominates in the VSR
pathway (26, 61) that underlie postural dysfunction after BL
(62–64). Therefore, the GVS intervention can restore locomotor
function by modulating type I hair cells (58, 60), which show
an irregular phasic signal (65, 66), and can accelerate vestibulo-
motor compensation during the acute period after BL.

The beneficial effects of GVS on the recovery of visuospatial
memory deficits following BL could be explained with the
implications of the reestablishment of four proposed vestibular-
hippocampal signaling pathways: vestibulo-thalamo-cortical,
vestibulo-cerebello-cortical, head direction, and theta pathways
(5, 6). Previous studies revealed that the electrical stimulation
excited the medial VN and increased the firing rates of
hippocampal CA1 complex spike cells, which correspond to place
cells (67). Similarly, GVS at the ampulla of the SCCs generated
the initiation of theta activity in the numerous areas of the
hippocampal formation (44), and it can be speculated that GVS
improves neuronal activity for spatial orientation (68). It has been
also known that the critical involvement of the hippocampal theta
rhythm in visuospatial information processing and regulating
self-movement signals (68, 69). Furthermore, GVS enhances
the neuronal activation demonstrated via an increase in c-
Fos positive cells in the hippocampus following the multiple-
session administration (29, 70). Besides, based on the concept of
sensory substitution, strengthening the function of other sensory
systems, such as visual (30, 71) and somatosensory functions
(72) and boosting reciprocal intersensory interactions could
be considered a beneficial influence of the GVS to enhance
efficiency in the spatial memory and navigation activities (73).
All the aforementioned mechanisms just assist us somewhat in
imagining the explanation of the GVS effects on strengthening
the function of spatial navigation. To acquire a comprehensive
understanding, further in-depth investigations are required.

Although GVS has been shown to be effective in ameliorating
both the motor impairments and short- and long-term spatial
memory deficits induced by BVD that recovery did not appear
to approach the baseline level. Expanding the number of GVS
sessions to more than five might improve the effectiveness. A
second strategy to maximize the effect of GVS could be the use of

different modes of stimulation, such as subthreshold noisy GVS,
which is based on the principle of stochastic resonance, in which a
subthreshold sensory input can be upgraded to exceed a specified
threshold when being augmented by a considerably higher-
frequency noise signal (74). Therefore, further investigations
should be conducted to find the optimal stimulating parameter
for GVS in each disease model.

In conclusion, our data demonstrate that the early
administration of sinusoidal GVS accelerated the recovery
of both locomotion and spatial memory and navigation
deficiencies, although the efficacy remained limited. Nonetheless,
our promising early results allow us to hope that GVS can be
used to treat patients with bilateral vestibulopathies who suffer
from motor coordination and spatial cognitive difficulties.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a high

transmissible infectious disease that primarily impacts the respiratory system and

leads to death as it worsens. Ever since the World Health Organization declared

the disease as a global pandemic, the pathophysiology, clinical manifestations,

and disease prognosis has been discussed in various literature. In addition to

impaired respiratory health, the symptoms also indicated the involvement of the

cardiovascular and neurological system after SARS-CoV-2 infection. Despite the

pulmonary, cardiovascular, and neurological complications, many reports also revealed

the prevalence of vestibulocochlear symptoms like dizziness, vertigo, vestibular neuritis,

sudden sensorineural hearing loss, and tinnitus. Though many clinical reports and

scientific reviews reported the vestibular and cochlear impairments associated with

coronavirus disease 2019 (COVID-19) infection, the underlying pathological mechanisms

are still unclear and unexplored. In this review, we discussed the published clinical reports,

research articles, and literature reviews related to vestibulocochlear manifestations

following SARS-CoV-2 infections. We also summarized the current knowledge about the

prevalence, epidemiological and clinical features, and potential pathological mechanisms

related to vestibular and cochlear manifestations resulting from COVID-19 infections.

Keywords: auditory symptoms, vestibular symptoms, COVID-19, hearing loss, tinnitus

INTRODUCTION

The novel coronavirus disease 2019 (COVID-19) infection caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), severely impairs the human respiratory system and its
clinical manifestation includes cough, fever, and fatigues (1). In December 2019, the outbreak was
identified as pneumonia cases with an unknown cause in Wuhan, China, the WHO declared the
infection as a pandemic in March 2020 (2). As of March 2022, the pandemic has caused 440 million
confirmed cases with 5.9 million deaths worldwide and is still persistent (https://covid19.who.int/).

Many countries are developing vaccines that mainly target the SARS-CoV-2 spike protein
(S protein), a viral surface protein that enters the human cells (3). Even with significant protective
measures, the disease is spreading relentlessly worldwide and causing health and socioeconomic
burden. The COVID-19 pandemic also impacts the mental health of a larger population due to
lockdowns and lifestyle modification-mediated stress, anxiety, depression, and insomnia (4).

The majority of COVID-19 infected cases are asymptomatic in the early stage of disease
progression and affected predominantly with respiratory or extrapulmonary symptoms in
subsequent stages (5). It is becoming apparent through clinical observations that patients with
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COVID-19 infection also exhibit neurological and otological
symptoms (6, 7). With a high prevalent rate along with its
asymptomatic and atypical nature, the COVID-19 is posing
a huge burden and challenge to the healthcare communities.
So there is a critical need for a detailed understanding of its
demographics, transmission risk, symptoms, clinical outcomes,
and manifestations in a broader manner.

In this review, we summarize the research reports and findings
related to neurological, vestibular, and auditory complications in
the patients affected with COVID-19 and discuss the potential
pathological mechanisms.

REVIEW METHODS

Case reports, case series, and multicentral studies were sought
from PubMed and Google using keywords, “coronavirus or
COVID and neurological symptoms, audiological symptoms
including hearing loss, tinnitus, vestibular symptoms including
dizziness and vertigo” were included for this review. Self-reported
case reports and observational studies without any clinical
examination or tests were excluded from this review.

NEUROLOGICAL MANIFESTATIONS IN
COVID-19 PATIENTS

While COVID-19 infections primarily affect the respiratory
system, many clinical observations and symptoms demonstrate
its extrapulmonary involvement in cardiovascular, digestive,
hematological, endocrine, excretory, and neurological systems
(5, 8, 9). Recent evidence are indicating the increasing
neurological manifestations in central and peripheral nervous
systems with symptoms, including headaches, dizziness,
fatigue, and loss of consciousness (10). In addition, other
neurological manifestations like meningitis (11), encephalitis
(12), encephalopathy (13), myelitis (14), and Guillain Barre
syndrome (15), in patients with COVID-19, suggesting its
neuroinfectious properties. Many clinical cases demonstrated
the potential involvement of COVID-19 in acute ischemic
stroke (AIS) (16–19). It is predicted that the stroke risk is
increased to 3.2- to 7.8-fold after the first three days of COVID-
19 infection (20, 21). Evidence also implied that COVID-19
infection may lead to arterial thrombosis through endothelial
dysfunction, thrombin formation, and platelet activation (22).
The neurological symptoms are identified as an initial COVID-
19 presentation in many patients and the prevalence increases
with the severity of the disease. The neurological manifestations
and symptoms associated with COVID-19 are listed in Table 1.

OTOLOGICAL MANIFESTATIONS IN
COVID-19 PATIENTS

The COVID-19 infection also presented with many early
otolaryngological symptoms, like throat infections, dyspnoea,
cough, along the sudden onset of anosmia and ageusia (23, 24). In
addition, few case reports have documented the adverse otologic
(25–28) and vestibular manifestations (29–31) after COVID-19

TABLE 1 | Neurological manifestations and symptoms in patients with COVID-19.

Authors Manifestations and symptoms

Wang et al. (6) Headaches, Dizziness, Fatigue

Bénézit et al. (23) Hyposmia/anosmia and Hypogeusia/ageusia

Niazkar et al. (10) Loss of consciousness

Liang et al. (11) Meningitis

Ye et al. (12) Encephalitis

Zhao et al. (14) Myelitis

Filatov et al. (13) Encephalopathy

Nannoni et al. (19) Cerebrovascular disease

Sedaghat and Karimi (15) Guillain Barre syndrome

infection. The detailed otological information in each report was
shown in Table 2.

AUDITORY MANIFESTATIONS

Hearing loss after viral infections are conductive or sensorineural
types caused and being hypothesized to cause direct or indirect
damage to inner ear structures. Studies have highlighted
the neurotropic and neuroinvasive nature of the COVID-
19 virus (54), and the infection has been considered a
plausible cause for hearing loss. Auditory symptoms, including
hearing loss and tinnitus, are being frequently reported
along with other usual symptoms in patients with COVID-
19 (32, 55, 56). Being a neglected symptom, screening for
hearing is being encouraged in the patients with COVID-
19. The first case of sensorineural hearing loss (SNHL), in
a COVID-19-recovered elderly female patient, was reported
in Thailand (26). Following this, a few other reports also
stated the association between the SNHL and COVID-19
infection (33–36). Similarly, a case report demonstrated a
unilateral conductive hearing loss and tinnitus in a 35-year-old
female asymptomatic patient with COVID-19. The otoscopic
examination revealed the acute otitis media mediated bulging
tympanic membrane (37). In another study, asymptomatic
patients with COVID-19 have significantly worsened high-
frequency pure tone thresholds and transient evoked otoacoustic
emission (TEOAE) amplitudes when compared to control
subjects (25). In addition, a recent also study confirmed
hearing impairment especially at 1,000Hz through TEOAE
tests (39).

Tinnitus is another significant clinical symptom additional
to hearing loss, vertigo, and dizziness in patients with COVID-
19 infection. Chirakkal et al. (38) have reported that unilateral
tinnitus was observed at 4 kHz at 10 dB using frequency and
intensity matching evaluation in a 35-year-old female patient
with COVID-19. This study also demonstrated the detrimental
effects of COVID-19 infection on cochlea outer hair cells, which
was evident through TEOAE and distortion-product otoacoustic
emissions amplitudes. Many case reports and reviews have
reported sudden hearing loss and disabling tinnitus in a patient
with severe COVID-19 infection (27, 40–42, 57). Furthermore,
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TABLE 2 | The detailed otological information in each report.

Authors Study design Total

patients

Age

(Years)

Sex Test Symptoms

Dharmarajan et al. (32) Case series 100 21–60 Both PTA & TEOAE Tinnitus, Hearing loss & Otalgia

Sriwijitalai and Wiwanitkit (26) Case report 1 NA NA NA Neurosensory hearing loss

Abdel Rhman and Abdel Wahid

(33)

Case report 1 52 Male Audiometry SNHL

Degen et al. (34) Case report 1 60 Male MRI Acute SNHL

Edwards et al. (35) Case report 1 68 Female Audiogram Bilateral SNHL

Koumpa et al. (36) Case report 1 45 Male PTA Hearing loss

Fidan (37) Case report 1 35 Female Tympanometry & audiometry Conductive hearing loss

Mustafa (25) Case series 20 20-50 NA Tympanometry & TEOAE Mild hearing loss

Chirakkal et al. (38) Case report 1 35 Female PTA, Tuning fork test, Impedance

audiometry, OAE & Tinnitus pitch

matching

Tinnitus

Kokten et al. (39) Case series 30 NA NA PTA & TEOAE Hearing loss

Lamounier et al. (40) Case report 1 67 Female Audiometry & MRI Hearing loss

Pokharel et al. (41) Case report 1 27 Male Audiometry & MRI SNHL

Ricciardiello et al. (42) Case series 5 18–65 Male &

female

PTA, acoustic immittance test,

ABR, Acufenometry, THI & DHI

SNHL & Tinnitus

Daher et al. (43) Case report 1 49 Male Tympanometry & audiometry Severe tinnitus & Mild Hearing loss

Javanbakht and Babaee (44) Case report 1 27 Male Tympanometry & audiometry Tinnitus

Sun et al. (45) Case report 1 38 Male Tympanometry Bilateral hearing loss & tinnitus

Viola et al. (46) Multicentral study 185 NA NA Questionnaire Tinnitus, Vestibular disorders,

Dizziness & Vertigo

Liotta et al. (47) Case series 509 NA NA Clinical examination Neurologic manifestations &

encephalopathy

Sari et al. (48) Case report 2 12–13 Boy & Girl NA Headache & Dizziness

Vanaparthy et al. (49) Case report 1 63 Female Dix-Hallpike maneuver Vertigo and vestibular neuritis

Maslovara and Košec (50) Case report 2 29 & 41 Female The Romberg test & Dix–Hallpike

test

Vertigo, dizziness, and nausea

Mat et al. (51) Case report 1 13 Female Vestibulo-ocular reflex Vestibular Neuritis

Motawea and Monib (52) Case report 1 60 Female Physical examination Vertigo

Malayala and Raza (53) Case report 1 29 Female Self-report & Clinical examination Vestibular Neuritis

PTA, pure tone audiometry; TEOAE, transient evoked otoacoustic emissions; ABR, auditory brainstem response; THI, tinnitus handicap inventory; DHI, dizziness handicap inventory;

VOR, vestibulo-ocular reflex; NA, not applicable.

sudden unilateral hearing loss with worsening tinnitus was
observed in a 52-year-old male physician affected with COVID-
19 without any history of head trauma or ototoxic medications
(33). Another study has reported bilateral tinnitus in a 60-year-
old patient with COVID-19 having signs of inflammation in both
cochleae through MRI findings (34). Multiple case reports and
meta-analysis reviews have shown the prevalence of tinnitus in
patients with COVID-19 (43–46, 56, 58, 59).

A case of sensorineural hearing loss and tinnitus was
reported in the unilateral ear 2 days after administration of
the Oxford-AstraZeneca (VAXZEVRIA) vaccine in a 57-year-
old male patient (60). In another case study, the SSHL was
demonstrated through pure tone audiometry 2 days after the
second dose of Oxford-AstraZeneca vaccine in a 61-year-old
female (61). But the hearing loss was recovered after 15 days
with a treatment of glucocorticoids and acetylsalicylic acid.
Furthermore, a 37-year-old male patient was diagnosed with
tinnitus and cochleopathy after receiving his first AstraZeneca
COVID-19 vaccine dose, which was reversed by dexamethasone
and prednisolone treatment (62). Another case series have

reported the transient sudden unilateral tinnitus after BNT162b2
mRNA-vaccine (e.g., pfizer), which resolved rapidly in 2 out
of 3 cases (63). Recently, many case reports have reported a
prevalence of sudden hearing loss and tinnitus after the COVID-
19 vaccinations (64–68).

VESTIBULAR MANIFESTATIONS

Though the involvement of COVID-19 infection in otologic
manifestations has not been confirmed yet, many case reports
are providing preliminary evidence to emphasize the potential
association between the COVID-19 infection and ear disorders.
Along with auditory manifestations, a few vestibular symptoms
like dizziness, vertigo, and tinnitus are described as the common
clinical manifestations in patients with COVID-19 (47, 69). Many
case studies have reported dizziness as a prevalent neurological
symptom post-COVID-19 infection (47, 69, 70). In addition,
many other reviews also reported dizziness as a common clinical
manifestation along with other vertigo, hearing loss, and tinnitus
(56, 71). A recent case report has stated the manifestation of
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FIGURE 1 | Vestibulocochlear pathway.
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dizziness in two COVID-19-affected children (12–13 years),
which resolved in a week (48). Vestibular neuritis is a vestibular
disorder that causes vertigo, dizziness, and balance problems, and
is diagnosed in patients with COVID-19 (49). In addition, a few
case reports also demonstrated vertigo as an important clinical
manifestation of COVID-19 (50–53).

DISCUSSION

Association between various types of viral infections and hearing
loss have been implied for years. Hearing loss is a well-known
complication of bacterial and viral meningitis (72) and some viral
infections can cause SNHL (73, 74).

Many researchers have discussed the neuroinvasive and
neurotropic properties of SARS-CoV-2 (54, 75, 76), which
has been linked the post-COVID neurological manifestations.
Almost every coronavirus variant has a similar structure and
infection mechanisms. Earlier reports have confirmed the
presence of SARS-CoV in cerebrospinal fluid of infected patients
(77, 78).

SARS-CoV-2 primarily enters the body through the
angiotensin-converting enzyme-2 receptor (ACE2) in the
respiratory epithelium. The virus is replicated and enters
the circulation by attaching to the β chain of hemoglobin in
erythrocytes, and transported and binds to several organs (79).

Angiotensin-converting enzyme-2 receptor (ACE2) receptors
are abundant in neurons and glial cells of various brain regions
like the cortex, striatum, substantia nigra, and the brainstem
(80), suggesting the neuronal damage potential of SARS-CoV-
2. In addition, the ACE2 receptors, including the medulla
oblongata and temporal lobe (81), are key auditory regions. These
auditory centers could be affected by cytokine release-mediated
inflammatory responses (82). Recent reports also stated that
SARS-CoV-2 can directly enter the brain through the olfactory
epithelium or the cribriform bone (83). An earlier experimental
study using a human ACE2 overexpressed mouse model, the
intranasal SARS, SARS-CoV-1 infection caused neuronal death
in the brainstem regions (84, 85). As the brainstem contains vital
components of the auditory pathway (Figure 1), damage to these
regions can cause hearing complications and deafness.

The blood-brain barrier is a physical barrier that prevents
the entry of any harmful and infectious substances. Recent
evidence also demonstrated that the spike protein of SARS-
CoV-2 was able to cross the blood-brain barrier in male mice
when it is administrated intravenously and intranasally (86).
Adding to this, many research reports and review articles also
cite the evidence of blood-brain barrier disruption caused by
SARS-CoV-2 infection through upregulation of proinflammatory
mediators (87–90). With a compromised blood-brain barrier, the
SARs-CoV-2 can easily enter the brain parenchyma and lead
to exacerbated brain pathology and neurological manifestations,
including hearing and vestibular complications.

Another possible hypothesis of hearing loss and vestibular
complications is hypoxia caused by the hyperfusion-mediated
ischemia in the inner ear structures. Numerous clinical and
experimental reports have confirmed that the SARS-CoV-2

infection enhances the chances of thrombus formation in the
circulation and leads to increased risk for cerebrovascular
diseases (91–96). SARS-CoV-2 can cause hypoxia by
deoxygenating the binding erythrocytes. As vascular smooth
muscles contain ACE2 receptors, the SARS-CoV-2 infection can
form a blood clot in the blood vessels supplying the inner ear,
thus leading to ischemic damage and subsequent hearing loss and
vestibular impairments. According to the ischemia theory, the
geriatric population is mainly prone to SARS-CoV-2-mediated
otological complications (97).

A recent research finding has demonstrated the involvement
of direct viral infections in the inner ear tissues as a potential
cause for auditory and vestibular dysfunctions after COVID-19
infection (98). Varying degree of hearing impairment by direct
or indirect damage to inner ear components following viral
infections can be reversed with antiviral drugs. But, ototoxicity by
specific drugs to treat SARS-CoV-2 infection, could be a potential
cause for negative auditory and vestibular manifestations of
COVID-19 treatments. Drugs like hydroxychloroquine used
in early pandemics were proved to be ototoxic and cause
SNHL, tinnitus, and balance issues (99). In addition, other
drugs like azithromycin (100), Remdesivir, Favipiravir (101), and
Lopinavir (102) used to combat COVID-19 have been proved to
cause ototoxicity.

CONCLUSION

The novel coronavirus disease 2019 (COVID-19) pandemic
became the major healthcare challenge in recent human
history. Although respiratory and cardiovascular are identified
as characteristic features, neurological and otological
manifestations are being frequently reported in patients
with COVID-19. These atypical symptoms can severely affect
the long-term outcomes and impair the post-COVID-19 life
quality. However, current data available on inner ear disorders
associated with COVID-19 and studies describing the possible
pathophysiology remain unclear and limited. Thus, there is a
critical need for early screening and clinical laboratory diagnosis
to identify the auditory and vestibular disorders to manage
the disease effectively. Furthermore, it is crucial to ascertain
the potential ototoxic properties of the drug used to manage
COVID-19 to avoid permanent hearing and vestibular disorders.
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Objective: This study aimed to investigate (1) the patterns of vestibular impairment

in bilateral vestibulopathy (BVP) and subsequently, the implications regarding patient

eligibility for vestibular implantation, and (2) whether this pattern and severity of vestibular

impairment is etiology dependent.

Methods: A total of one hundred and seventy-three subjects from three tertiary referral

centers in Europe were diagnosed with BVP according to the Bárány Society diagnostic

criteria. The subjects underwent vestibular testing such as the caloric test, torsion swing

test, video Head Impulse Test (vHIT) in horizontal and vertical planes, and cervical and/or

ocular vestibular evoked myogenic potentials (c- and oVEMPs). The etiologies were

split into idiopathic, genetic, ototoxicity, infectious, Menière’s Disease, (head)trauma,

auto-immune, neurodegenerative, congenital, and mixed etiology.

Results: The caloric test and horizontal vHITmore often indicated horizontal semicircular

canal impairment than the torsion swing test. The vHIT results showed significantly higher

gains for both anterior canals compared with the horizontal and posterior canals (p

< 0.001). The rates of bilaterally absent oVEMP responses were higher compared to

the bilaterally absent cVEMP responses (p = 0.010). A total of fifty-four percent of the

patients diagnosedwith BVPwithout missing datamet all three Bárány Society diagnostic

test criteria, whereas 76% of the patients were eligible for implantation according to

the vestibular implantation criteria. Regarding etiology, only horizontal vHIT results were

significantly lower for trauma, neurodegenerative, and genetic disorders, whereas the

horizontal vHIT results were significantly higher for Menière’s Disease, infectious and

idiopathic BVP. The exploration with hierarchical cluster analysis showed no significant

association between etiology and patterns of vestibular impairment.

Conclusion: This study showed that caloric testing and vHIT seem to be more sensitive

for measuring vestibular impairment, whereas the torsion swing test is more suited for

measuring residual vestibular function. In addition, no striking patterns of vestibular

impairment in relation to etiology were found. Nevertheless, it was demonstrated
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that although the implantation criteria are stricter compared with the Bárány Society

diagnostic criteria, still, 76% of patients with BVP were eligible for implantation based

on the vestibular test criteria. It is advised to carefully examine every patient for their

overall pattern of vestibular impairment in order to make well-informed and personalized

therapeutic decisions.

Keywords: bilateral vestibulopathy, etiology, vestibular implantation, preclinical implantation criteria, Bárány

Society diagnostic criteria, vestibular impairment, patterns

INTRODUCTION

Bilateral vestibulopathy (BVP) is a chronic disease which
is characterized by bilaterally reduced or absent vestibular
function due to deficits of the vestibular organs, the vestibular
nerves, and/or the brain (1–3). Patients typically suffer from
imbalance, worsening in the dark and/or on uneven ground,
and movement-induced blurred vision (oscillopsia) (4). BVP
also leads to additional symptoms such as an increased risk of
falling, cognitive deficits, impairment of navigation and spatial
memory, autonomic dysfunction, anxiety, and depression (4–
11). Consequently, BVP leads to reduced quality of life and
imposes a significant socioeconomic burden on society (12–
14). BVP appears to be a heterogeneous disorder with various
clinical characteristics and multiple identified etiologies, such as
ototoxicity (e.g., gentamicin exposure), genetic disorders (e.g.,
DFNA9), Menière’s Disease, infectious causes (e.g., meningitis),
neurodegenerative and inherited syndromes (e.g., CANVAS),
autoimmunity (e.g., Cogan’s syndrome), or trauma (2, 15–23).
Nonetheless, the reported percentages of idiopathic BVP vary
between 20-75%, indicating that identifying the etiology can be
challenging (2, 13, 15, 18, 24).

To date, the prognosis for the recovery of vestibular function
is poor and the effective treatment for BVP is missing (18, 25–
27). However, different research groups are in the process of
developing a clinically applicable vestibular implant that might
be able to address at least the major symptoms of BVP (28–
35). Despite reaching important milestones in the development
of the vestibular implant, many questions remain, and in order
to develop a clinically useful device, it is crucial to gain a better
understanding of the underlying disease BVP.

So far, it remains unclear which factors contribute to the
severity of the vestibular impairment. The current diagnostic
criteria for BVP are primarily based on the function of the
horizontal semicircular canals (e.g., caloric test, video Head
Impulse Test (vHIT), and torsion swing test) (3). However,
recent studies have highlighted the varying pattern of impairment
of the other vestibular sensors in patients with BVP (i.e.,
the otolith organs and the anterior and posterior semicircular
canals) (24, 36–42). For example, anterior semicircular canal
sparing was found in aminoglycoside-related BVP due to
bilateral Menière’s Disease and in idiopathic BVP (24, 39,
42). Ocular vestibular evoked myogenic potentials, most likely
reflecting utricular function, showed to be the most impaired
in aminoglycoside-related BVP and the least impaired in BVP
due to bilateral Menière’s Disease (38). An evidently rare subtype

of idiopathic BVP was proposed in which the saccular function
was impaired in the presence of normal functioning horizontal
semicircular canals (37), while another study showed that
horizontal semicircular canal function was more often affected
than saccular function in aminoglycoside-related BVP (41).

All studies mentioned above either included small patient
groups, retrospectively analyzed the data, did not always include
patients with BVP according to the Bárány Society criteria, or
investigated only one or two of the vestibular sensors. To date,
no studies investigated the pattern of vestibular impairment of
all vestibular sensors with relatively large patient groups, while
recently published vestibular implantation criteria developed for
research settings take all vestibular sensors into consideration.
According to these criteria, for instance, all vestibular tests (i.e.,
caloric test, horizontal and vertical vHIT, and torsion swing test)
need to show a significantly impaired function in order to qualify
as a vestibular implant candidate (43).

This study provides a description of vestibular function, in
a large cohort of patients with BVP diagnosed according to
the Bárány Society criteria. The objective was to 1) investigate
the patterns of vestibular impairment in BVP in general, and
subsequently, the implications regarding patient eligibility for
vestibular implantation, and 2) investigate whether the pattern
and severity of vestibular impairment depend on the etiology.

METHODS

Subjects
Study subjects were recruited from three tertiary referral
centers in The Netherlands, Belgium, and Germany: The
Department of Otorhinolaryngology and Head and Neck surgery
from Maastricht University Medical Center (MUMC+, center
1) and Antwerp University Hospital (UZA, center 2), and
the Department of Neurology and the German Center for
Vertigo and Balance Disorders, Ludwig Maximilians University
Munich (LMU, center 3). Enrolled subjects were diagnosed with
BVP in accordance with the BVP diagnostic criteria, which
included unsteadiness and/or oscillopsia during walking or head
movements, and a reduced bithermal caloric response (sum of
the bithermalmaximal peak slow phase velocity<6◦/s bilaterally)
and/or a bilaterally reduced horizontal vHIT gain of <0.6,
and/or a vestibulo-ocular reflex (VOR) gain <0.1 during torsion
swing test at 0.1Hz (3). In center 1 and center 2, all patients
diagnosed with BVP at the outpatient clinic of the Department
of Otorhinolaryngology were asked to participate in the study.
These studies consisted of a full day of clinical testing [e.g., caloric
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test, horizontal and vertical vHIT, torsion swing test, ocular
vestibular evoked myogenic potentials (oVEMP), and/or cervical
vestibular evoked myogenic potentials (cVEMP)]. In center 3,
all patients presented with BVP at the outpatient clinic of the
Department of Neurology within the study period were included
in the study. Subjects below the age of 18 and subjects who were
not able to stop vestibulosuppressive medication were excluded
from participation in this study.

Vestibular Testing
All centers performed vestibular testing to confirm a BVP
diagnosis, although the number of tests performed differed
between centers. In center 1, vestibular testing included
electronystagmography with caloric and rotatory chair testing,
as well as horizontal and vertical vHIT and c- and oVEMPs.
In center 2, subjects underwent electronystagmography with
caloric and rotatory chair testing, horizontal and vertical
vHIT, and cVEMPs. In center 3, videonystagmography with
caloric testing was performed, together with a horizontal
vHIT. An overview of different tests performed in each center
is shown in Supplementary Table 1 of the supplementary
materials (SM).

The Caloric Test
An extensive description of caloric testing was described
previously (44). To summarize, in all centers, bithermal caloric
testing was performed in both ears whilst patients were in supine
position with a forward head inclination of 30◦. Each irrigation
lasted 30 s with a volume of at least 250ml of water in centers 1
and 2 and at least 100ml of water in center 3, for both cold (30◦C)
and warm (44◦C) irrigations with a 5-min stimulus interval
between irrigations (Variotherm Plus device, Atmos Medizin
Technik GmbH, Lenzkirch, Germany for all three centers).
Eye movements were recorded using electronystagmography
with self-adhesive electrodes at centers 1 and 2 (Blue sensor,
Ambu, Denmark) and with videonystagmography at center
3 (Interacoustics, Munich, Germany). The maximum peak
slow phase eye velocity at the culmination phase (◦/s) was
measured (KingsLab 1.8.1, Maastricht University, Maastricht,
The Netherlands at center 1; Nystagliner, Toennies, Germany at
center 2; Interacoustics, Munich, Germany at center 3).

Torsion Swing Test
During the torsion swing test, patients were seated in a servo-
controlled rotatory chair in complete darkness with their eyes
open (Ekida GmbH, Buggingen, Germany at center 1 and
ServoMed AB, Varberg, Sweden at center 2). Sinusoidal rotatory
stimulation was performed at 0.1Hz at center 1 and 0.05Hz at
center 2 with a peak velocity of 60◦/s. Again, eye movements
were recorded with electronystagmography with self-adhesive
electrodes (Blue sensor, Ambu, Denmark in both center 1 and
2) and the VOR gain was calculated as the ratio between peak
eye velocity and peak head velocity (KingsLab 1.8.1, Maastricht
University, Maastricht, The Netherlands at center 1; Nystagliner,
Toennies, Germany at center 2).

Video Head Impulse Test
The horizontal vHIT and the vHIT in the Right-Anterior-Left-
Posterior (RALP) and Left-Anterior-Right-Posterior (LARP)
canal planes were performed using the Video-Head Impulse Test
device from Otometrics at center 1 and 2 (Otometrics, Taastrup,
Denmark). At center 3, horizontal vHIT was performed using
the Eye-SeeCam (Interacoustics, Munich, Germany). The testing
method was described previously (45, 46). In brief, the technician
stood behind the subject (who was sitting on a static chair)
and held their head firmly without touching the goggles. The
subject was instructed to maintain visual fixation on an earth-
fixed target at a distance of 2m at centers 1 and 2 and 1.8m
at center 3. Head impulses comprised fast unpredictable, low-
amplitude (±20◦) head movements in the horizontal plane (all
three centers, peak head velocity >150◦/s) and in the RALP and
LARP planes (center 1 and 2, peak head velocity >100◦/s). The
Otometrics system defines the VOR gain as the ratio of the area
under the eye velocity curve to the area under the head velocity
curve from the impulse onset until the head velocity drops to zero
again (47). The inter-acoustics system divides the eye and head
velocity at a certain point in time (around 60ms after impulse
onset) (46).

Vestibular-Evoked Myogenic Potentials
Both centers 1 and 2 used the Neuro-Audio system with
electromyographic software (v2010, Neurosoft, Ivanovo, Russia)
and self-adhesive electrodes (Blue sensor, Ambu, Denmark) to
record the o- and/or c-VEMPS. cVEMPs were measured over
the sternocleidomastoid muscle after stimulating the ipsilateral
vestibular organ with air-conducted tone bursts of 500Hz,
provided via inserted earphones at a stimulation rate of 13Hz.
oVEMPs were measured over the inferior oblique muscle after
stimulating the contralateral vestibular organ with the same
stimulation parameters as for cVEMPs. Details on the procedure
have been published previously (44, 48, 49). In brief, for cVEMPS,
subjects were in a supine position with their back tilted at an
angle of 30◦ from the horizontal plane and were instructed to
turn their head away from the stimulus and to lift their head
up slightly. A total of 200 EMG traces with a minimum rectified
voltage of 65 µv and a maximum rectified voltage of 205 µv were
accepted. A visual feedback system (v2010, Neurosoft, Ivanovo,
Russia) provided patient feedback to maintain correct muscle
contraction. For oVEMPS, subjects were in a supine position
and were instructed to keep their gaze fixed on a focus point
30 degrees behind the head to achieve superomedial gaze. A
minimum of 300 EMG traces were accepted.

Vestibular-evoked myogenic potentials (VEMPs) were first
recorded starting at maximum stimulus intensities of 130 dB
sound pressure level (SPL) (center 1) or 95 dB hearing level
(HL) (center 2). Then recordings were attempted again using
stimulus amplitudes successively decreasing by 5 dB at each
step. Thresholds were determined in consensus between two
independent technicians at the level where a biphasic wave
response was present. When no typical biphasic wave was found
at 130 dB SPL at center 1 or 95 dB HL at center 2, a patient was
considered to have an absent c- or oVEMP response.
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Data Collection, Processing, and Analysis
The caloric test was performed in all three centers. The torsion
swing test was performed in centers 1 and 2, but at different
frequencies (0.1 and 0.05Hz respectively). Since the frequency
of sinusoidal rotatory stimulation at center 2 differed from the
frequency stated in the BVP diagnostic criteria, the patients from
center 2 were not included in this analysis based on their VOR
gain measured during the torsion swing test alone. As described
above, the horizontal vHIT was performed in all three centers,
vertical vHIT and cVEMPs in centers 1 and 2, and oVEMPs only
in center 1. Therefore, the amount of data available for analysis
differed between tests.

IBM SPSS Statistics version 25 (Armonk, NY: IBM Corp.)
and R version 3.5.2 (R Foundation for Statistical Computing,
Vienna, Austria) were used for data analysis. Descriptive
statistics were used to describe the basic features of the data
(e.g., percentages). Non-parametric methods were applied to
determine the significant differences between the test results (e.g.,
Kruskal Wallis H test with post hoc Dunn’s test and Mann-
WhitneyU test). P-values≤ 0.05 were considered significant and
were adjusted and reported with Benjamini-Hochberg correction
for multiple testing. Fisher’s exact test and the Chi-squared test
were used to compare proportions of categorical outcomes.

Before the data was analyzed extensively, it was checked
whether the data between the centers could be pooled. Caloric
test results differed between the three centers (χ2(2) = 40.8, p
<0.001), therefore, the data could not be pooled. The torsion
swing test results from center 1 and center 2 could not be pooled
since the frequency of sinusoidal rotatory stimulation at center
1 (0.1Hz) differed from center 2 (0.05Hz) and the results were
significantly different (Mann-Whitney U = 1,954.5, p = 0.002).
No significant differences for vHIT results between centers for
five out of six semicircular canals were found (Kruskal-Wallis
H test, p > 0.05). The left horizontal canal showed a significant
difference between centers (χ2(2) = 7.2, p = 0.029), however
the Levene’s test for homogeneity of variance did not show a
significant difference (F = 1.32, p = 0.192). Therefore, the vHIT
results of all centers were pooled per canal.

The VEMP results were categorized in absent vs. present
responses (i.e., when no typical biphasic wave was found at 130
dB SPL at center 1 or 95 dB HL at center 2, a patient was
considered to have an absent c- or oVEMP response). cVEMPs
were analyzed for each center separately since 1) the decibel
measurement level differed between center 1 (dB SPL) and center
2 (dB HL) and 2) the Chi-squared test showed that there was
a significant association between centers and absent vs. present
cVEMP responses (χ(2)= 8.57, p= 0.014).

To investigate the patterns of vestibular impairment in BVP
in general, the vestibular test results were first analyzed using
descriptive statistics to describe the basic features of the data.
Subsequently, the results were interpreted according to the
Bárány diagnostic criteria for BVP, which included a reduced
bithermal caloric response (sum of bithermal maximal peak slow
phase velocity <6◦/s bilaterally) and/or a VOR gain <0.1 during
the torsion swing test at 0.1Hz and/or a bilaterally reduced
horizontal vHIT gain of<0.6 (3). To investigate patient eligibility
for vestibular implantation regarding the results from vestibular

reflex testing, vestibular test results were interpreted according to
the vestibular implantation criteria, which included a bilaterally
reduced or absent angular VOR function documented by at least
one of the major criteria and all minor criteria (i.e., in case only
one or two major criteria were met, the remaining tests should
comply the minor criteria). Themajor criteria included a reduced
bithermal caloric response (sum of bithermal maximal peak slow
phase velocity ≤6◦/s bilaterally), a reduced horizontal VOR gain
≤0.1 during the torsion swing test at 0.1Hz, and a pathological
horizontal VOR gain ≤0.6 bilaterally with at least one vertical
VOR gain <0.7 bilaterally, measured with vHIT. The minor
criteria included a reduced bithermal caloric response (sum of
bithermal maximal peak slow phase velocity <10◦/s bilaterally),
a reduced horizontal VOR gain <0.2 during torsion swing test at
0.1Hz, and pathological VOR gains of at least two semicircular
canals <0.7 bilaterally, measured by vHIT (43).

Hierarchical cluster analysis was applied to explore and
visualize patterns of vestibular impairment with respect to
etiology. Cluster analysis requires complete cases (i.e., no missing
data), therefore, only patients with complete data for caloric
testing, torsion swing test, horizontal and vertical vHIT, cVEMPs,
and oVEMPS were included (i.e., 45 patients from center 1).
Before clustering, the data were standardized in Z-scores (i.e.,
the individual scores minus the mean, divided by the standard
deviation), in order to have the variables weigh equally in
the cluster analysis. Ward’s method with the distance measure
squared Euclidian distance was used since Ward’s method has
the highest agglomerative coefficient compared with the other
hierarchical clustering methods. The silhouette method was used
to determine the optimum number of clusters (50). Hierarchical
cluster analysis resulted in two dendrograms with etiology on
the x-axis and vestibular tests results on the y-axis. A heatmap
was created. Each column represented one subject and each row
represented the output of a specific vestibular test. A “relatively
bad (vestibular) score” was illustrated by lower Z scores in the
color red. A “relatively good (vestibular) score” was illustrated by
higher Z scores in the color blue. After performing the analysis,
etiology and patient characteristics, and vestibular test results
were compared between clusters.

Ethical Considerations
The study was approved by the local ethical committee of center
1 (protocol number NL52768.068.15 / METC 151027), the local
ethical committee of center 2 (protocol number 16/42/426),
and the local ethical committee of center 3 (project number
20-174). The study was registered on trialregister.nl [center
1, Trial NL5446 (NTR5573)]and ClinicalTrials.gov [center 2,
(NCT03690817)]. All study participants gave their written
informed consent prior to inclusion in the study.

RESULTS

Patient Characteristics
A total of 173 patients (50 from center 1, 58 from center 2,
and 65 from center 3, 53% males) were included in this study
with a mean age of 60 ± 15 years (range 19–91 years). A
diagnosis of the underlying etiology of BVP could be identified
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FIGURE 1 | Distribution of etiology of bilateral vestibulopathy (BVP) for all three centers combined (A) and per center separately (B–D). Numbers shown in each pie

chart represent the count (n) of each etiology.

in 112 out of the 173 patients. Genetic disorders (n = 29,
17%), ototoxicity (n = 28, 16%) and infectious disorders (n =

21, 12%) were the most common etiologies. Less frequently,
the cause of BVP was due to Menière’s Disease (n = 12, 7%),
(head)trauma (n = 6, 4%), auto-immune disease (n = 5, 3%),
neurodegenerative disorders (n= 5, 3%), or congenital disorders
(n = 4, 2%). Two patients presented with a mixed etiology
(vestibular schwannoma on one side and idiopathic etiology on
the other side). In approximately one-third of the cases (n = 61,
35%), no underlying etiology could be identified. The distribution
of etiology (Figure 1) was significantly different between centers
(Fisher’s Exact Test p< 0.01). A detailed overview of all etiologies
is shown in Supplementary Table 2.

Vestibular Function
Vestibular Test Results
Median caloric test results were significantly higher for center
3 (6.2◦/s) compared with centers 1 and 2 (both 0◦/s) (χ2(2) =
39.6, p < 0.001, Figure 2). No significant differences were found

between the median caloric test results for centers 1 and 2. The
torsion swing test results from center 1 (0.1Hz) were significantly
higher compared with center 2 (0.05Hz) (Mann-Whitney U =

1,954.5, p= 0.002, Figure 2).
The vHIT results showed a median VOR gain below 0.5 for

all semicircular canals, with the lowest VOR gain measured at
the horizontal canals and the highest VOR gain measured at
the anterior canals (χ2(5) = 35.5, p < 0.001, Figure 3). After
analyzing the data separately per center, this trend was detectable
in both centers 1 and 2 but only significant in center 2 after
correction for multiple comparisons (χ2(5) = 35.7, p < 0.001,
Supplementary Figures 1, 2 and Supplementary Table 3).

The percentage of bilaterally absent cVEMP responses was
higher in center 2 compared with center 1 (66 and 44%
respectively, χ(2) = 8.57, p = 0.014). When looking at the
cVEMP and oVEMP responses at center 1, the rates of bilaterally
absent oVEMP responses were higher compared to bilaterally
absent cVEMP responses (74 vs. 44% respectively, χ(2) = 9.30,
p= 0.010) (Figure 4).
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FIGURE 2 | Vestibular test results for the caloric test (sum of the bithermal

maximal peak slow phase velocity bilaterally) (A) and torsion swing test (VOR

gain) (B) per center. Each box plot represents the 25 to 75 percentiles, bold

black lines the median, dots the outliers, and asterisks (*) illustrate statistically

significant differences. Statistical significance levels: ***p < 0.001, **p < 0.01,

*p < 0.05.

Vestibular Impairment According to the Bárány

Diagnostic Criteria for BVP
Regarding the cases without missing data for caloric testing,
torsion swing test, and horizontal vHIT, the majority of the
patients (54%) met three of the criteria of the Bárány Society
described earlier, whereas 21% met two of the Bárány criteria,
and 25% only met one criterion. In the group of patients whomet
two out of three Bárány criteria, an impaired VOR gain measured
with vHIT combined with a reduced caloric response was most
prevalent (19%). In the group of patients who only met one of
the Bárány criteria, a reduced caloric response wasmost prevalent
(17%), followed by an impaired VOR gain measured with vHIT
(6%) and torsion swing test (2%) (Figure 5).

When considering the total study population, the caloric
test and horizontal vHIT more often indicated horizontal
semicircular canal impairment than the torsion swing test
(Figure 6). For example, in center 1 only one patient was
diagnosed with BVP according to the Bárány criteria based on
the torsion swing test alone, whereas the rest of the population
was diagnosed with the caloric test or horizontal vHIT or both.

Patient Eligibility for Vestibular Implantation

According to the Implantation Criteria
Regarding the cases without missing data for caloric testing,
torsion swing test, and horizontal and vertical vHIT (n = 45),

FIGURE 3 | Vestibulo-ocular reflex (VOR) gain for all six semi-circular canals

measured with video Head Impulse Test for all three centers combined

(Horizontal canals: center 1, 2 and 3, Vertical canals: center 1 and 2). Each

box plot represents the 25 to 75 percentiles, bold black lines the median, dots

the outliers, and asterisks (*) illustrate statistically significant differences.

FIGURE 4 | Percentages of bilaterally absent, unilaterally absent, and

bilaterally present cervical and ocular vestibular evoked myogenic potentials

(cVEMPs, oVEMPs) of patients with BVP at center 1 (A) and center 2 (B).

the majority of the patients (n = 34, 76%) met the implantation
criteria. A total of 71% of this group met three of the major
criteria, whereas 24% met two major criteria, and 6% only
met one major criterion. In the group of patients who met
two out of three major implantation criteria, an impaired VOR
gain measured with vHIT combined with a reduced caloric
response was most prevalent. In the group of patients who
only met one of the major implantation criteria, a reduced
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FIGURE 5 | Percentages of patients with BVP meeting one, two or three of the diagnostic criteria of the Bárány Society (shown in the outer circle, i.e., a reduced

bithermal caloric response with a sum of the bithermal maximal peak slow phase velocity <6◦/s bilaterally and/or a VOR gain <0.1 during torsion swing test at 0.01Hz

and/or a bilaterally reduced horizontal video Head Impulse Test gain of <0.6). The inner-circle shows the percentages of which tests are met by patients meeting one

or two of the diagnostic criteria. Only cases without missing data for caloric testing, torsion swing test, and horizontal video Head Impulse Test were included (center

1, n = 48).

caloric response and an impaired VOR gain measured with
vHIT were equally common. None of the patients only met
the major implantation criteria for the torsion swing test
(Figure 7).

Vestibular Function and Possible Relations
to Underlying BVP Etiology
The median vestibular test results for caloric testing and
torsion swing test did not differ between different etiologies
(Kruskal-Wallis H test with post hoc Dunn test and Benjamini
Hochberg correction p > 0.05, Supplementary Tables 4, 5).
The vHIT results did not differ between etiologies for the
anterior and posterior canals in the total group (Kruskal
Wallis H test, p > 0.05, Supplementary Table 4). However,
the horizontal vHIT results were significantly lower in the
total group for neurodegenerative disorders compared with
the idiopathic group, infectious disorders, Menière’s Disease,
and the mixed etiology group. The horizontal vHIT results
were also significantly lower for genetic disorders compared
with the idiopathic group and Menière’s Disease. Lastly,
horizontal vHIT results were significantly lower for (head)trauma
compared with the idiopathic group, Menière’s Disease and
mixed etiology (Kruskal-Wallis H test with post hoc Dunn test
and Benjamini Hochberg correction p < 0.05, Figure 8 and
Supplementary Tables 4, 5). After analyzing the data separately
per center, some trends were detectable per center (e.g., lower
horizontal vHIT results for genetic disorders in center 1 and
lower horizontal vHIT results for (head)trauma in center

2), however, no significant differences were found except for
lower horizontal vHIT results for neurodegenerative disorders
compared with the idiopathic group and Menière’s Disease
in center 3 (Kruskal-Wallis H test with post hoc Dunn test
and Benjamini Hochberg correction, Supplementary Table 5,
Supplementary Figure 3).

Regarding VEMPs, the highest fraction (≥50%) of bilaterally
absent cVEMP responses in center 1 was found in patients
with ototoxic, infectious, autoimmune, and congenital
etiologies, whereas in center 2 almost all etiologies showed high
fractions (>60%) of bilaterally absent cVEMP responses (except
neurodegenerative disorders). Next to this, all etiologies showed
high fractions (≥50%) of bilaterally absent oVEMP responses
(center 1) (Supplementary Figures 4, 5). No significant
differences were found between the different etiologies and
the proportion of patients with pathologic VEMP responses
(Fisher’s exact test p =0.52 and p = 0.99 for cVEMPs centers 1
and 2 respectively and Fisher’s exact test, p = 0.36 for oVEMPs
center 1).

To investigate the pattern of vestibular impairment and
its relation with etiology, hierarchical cluster analysis was
performed, which resulted according to the silhouette method
in two clusters (Figure 9). The first cluster “severe BVP” (n
= 30; 47% female; mean age 58 years) showed overall lower
median vestibular test results compared with the second cluster
“moderate BVP” (n = 15; 60% female; mean age 60 years),
which is illustrated by lower Z scores in the color red for
relatively low vestibular scores and in the color blue for
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FIGURE 6 | Distribution of patients with BVP meeting the diagnostic criteria of

the Bárány Society, presented for each test separately in the color blue (i.e., for

the caloric test a reduced response with a sum of bithermal maximal peak

slow phase velocity <6◦/s bilaterally; for the torsion swing test (0.1Hz) an

impaired VOR gain <0.1; for horizontal video Head Impulse Test (vHIT) a

bilaterally reduced VOR gain <0.6). Patients not meeting the diagnostic criteria

for each test separately are indicated with the color red. Each column

represents one of the diagnostic criteria per center; each row represents one

subject per center. NA, no data available.

relatively high vestibular scores compared with the study group
in Figure 9. This was significant for the caloric test, torsion
swing test, horizontal vHIT, vertical vHIT (Mann-Whitney U, p
<0.001), and cVEMP (Fisher’s Exact Test p = 0.04). A detailed
overview of all median test results and statistics can be found
in Supplementary Tables 6, 7. Next to this, the distribution of
the amount of Bárány criteria met, was significantly different
among clusters: cluster 1 “severe BVP” consisted of patients who
predominantly met three criteria, whereas cluster 2 “moderate
BVP” mainly included patients who only met one criterion
(Supplementary Figure 6).

Some etiologies were more prevalent in one of the two
clusters. For example, genetic disorders were more prevalent
in the first cluster “severe BVP”, whereas Menière’s Disease
was more prevalent in the second cluster “moderate BVP”
(Supplementary Figure 7). However, no significant association
between etiology and clusters was found (Fisher’s Exact Test p
= 0.854, Supplementary Table 8).

Next to this, some similarities in vestibular reflex tests were
found in the cluster analysis (Figure 9, left dendrogram). It was
observed that the horizontal and anterior vHITs were arranged
close to each other and to caloric testing; the posterior vHIT was
located close to the torsion swing test; and oVEMPs and cVEMPs
formed a pair.

DISCUSSION

This study provided a description of patterns of vestibular
impairment and its relation to BVP etiology in a cohort of 173
patients with BVP from 3 centers, diagnosed according to the
Bárány Society criteria. Vestibular function was measured using
the caloric test, torsion swing test, horizontal and vertical vHIT,
cVEMPs, and/or oVEMPs. Etiologies were split into 10 separate
groups (i.e., idiopathic, genetic disorders, ototoxicity, infectious
disorders, Menière’s Disease, (head)trauma, auto-immune
disease, neurodegenerative disorders, congenital disorders, and
mixed etiology). The patterns of the vestibular impairment and
their relation to BVP etiology are discussed below.

Patterns of Vestibular Impairment
Overall, this study demonstrated that more than half of patients
diagnosed with BVP according to the Bárány Society diagnostic
criteria met all three criteria regarding vestibular testing. In
patients who only met one or two of the criteria, the caloric
test and horizontal vHIT criteria were most often met, in
contrast to the torsion swing test criterion. The same trend was
found when adhering to the vestibular implantation criteria.
However, since the implantation criteria also include the vertical
semicircular canals, the percentage of patients meeting the
horizontal and vertical vHIT implantation criterion was lower
compared with the percentage of patients meeting the horizontal
vHIT diagnostic (Bárány Society) criterion. Despite the fact that
the Bárány Society diagnostic criteria and vestibular implantation
criteria seem to be, to some extent, similar to each other,
they set different goals and have therefore several substantial
differences. As stated above, the vestibular implantation criteria
include all three semicircular canals. As a consequence, the
vertical canal function should be considered next to the
horizontal canal function. Additionally, although the major
and especially the minor implantation criteria are less strict
in terms of cut-off values for the caloric test, torsion swing
test, and horizontal vHIT compared with the Bárány Society
diagnostic criteria, a potential implant candidate must meet
all the implantation criteria (Figure 5 vs. Figure 7). Therefore,
76% of the patients diagnosed with BVP according to the
Bárány Society diagnostic criteria were eligible for implantation
according to the vestibular implantation criteria. Furthermore,
apart from vestibular reflex testing, the vestibular implantation
criteria also include assessment of comorbidities and eligibility
to undergo surgery (43). Therefore, only a subgroup of the BVP
population will be eligible for implantation.

When investigating vestibular test results per test and per
center separately, it was observed that the slow phase eye
velocities measured during the caloric test were significantly
higher in center 3 compared with centers 1 and 2 (Figure 2). This
can be explained by different factors, varying from differences in
caloric testing methods used (namely electronystagmography at
center 1 and 2 and videonystagmography at center 3) which can
result in different phase velocities values due to different blink
detection and image processing algorithms used (51), to different
patient populations included in each center (2). Next to this,
torsion swing test results were significantly higher in center
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FIGURE 7 | Seventy-six percent of the patients met the criteria for vestibular implantation (n = 34). For this group, the outer circle shows the percentages of patients

meeting one, two, or three of the major implantation criteria (i.e., for caloric testing bilateral impaired caloric responses with a sum of bithermal maximal peak slow

phase velocity ≤6◦/s, for torsion swing test a reduced VOR gain ≤0.1 and for vHIT a bilaterally reduced horizontal VOR gain ≤0.6 combined with at least bilaterally

one vertical VOR gain <0.7). The inner-circle shows the percentages of which tests are met by patients meeting one or two of the major implantation criteria.

1 compared with center 2, which can be explained by the
differences in the used frequency (0.1Hz at center 1 and 0.05Hz
at center 2): the vestibular system ismore sensitive for rotations at
0.1Hz than 0.05Hz, leading to a higher response (i.e., VOR gain)
(2, 52, 53). This sensitivity might also account for the fact that
the diagnostic torsion swing test criterion was less often met than
the criteria of the caloric test. After all, since the vestibular system
has its optimum sensitivity around the frequencies tested by the
torsion swing test at 0.1Hz (in contrast to the frequencies tested
by the caloric test), a uniform decrease in semicircular canal
function across all frequencies might result in losing responses
to caloric testing first. Although frequencies tested with vHIT
are also within the optimum frequency range of the vestibular
system, vHIT more often indicated horizontal semicircular canal
impairment than the torsion swing test. Therefore, it might be
hypothesized that the vestibular system shows an impairment
for conditions earlier that demand a relatively large vestibular
output in response to high accelerations and velocities. This
hypothesis needs further investigation. Nevertheless, the results
of this study showed that the response to torsion swing testing
might be preserved the longest (53). Therefore, the torsion swing
test is least sensitive in detecting BVP, but most sensitive in
measuring residual vestibular function, whereas caloric testing
and vHIT seem to be more sensitive for measuring vestibular
impairment (2).

The variability of VEMP responses in this study is in line
with results from previous studies, which also demonstrated
the wide range of otolith function (as measured with c- and

oVEMPs) in patients with BVP (36, 38, 54). This variability could
be explained by the large range of VEMP responses present in
normal subjects, the heterogeneous nature of BVP, and the nature
of VEMP testing itself (e.g., it is still unknown howmuch residual
otolith function needs to be present to produce a synchronous
motor discharge) (54). Furthermore, because of the diagnostic
inclusion criteria, all of the included patients have horizontal
semicircular canal impairment, whereas the function of the other
vestibular end organs can have variable degrees of (dys)function.
Since the utricle (tested with oVEMPs) projects into the superior
branch of the vestibular nerve together with the horizontal
semicircular canal, it can be hypothesized that patients included
based on horizontal canal impairment also show bilaterally
absent oVEMP responses (55). This might explain why rates of
bilaterally absent oVEMP responses were higher compared to
bilaterally absent cVEMP responses in center 1 (Figure 4) since
there is possibly an intact inferior vestibular nerve function on
which the saccule projects. Currently, it is not known whether
isolated bilateral dysfunction of both otolith organs also causes
significant disability (54). Therefore, all vestibular end organs
should be evaluated before and after vestibular implantation
in order to create awareness about potential damage to intact
vestibular structures.

Contribution of Etiology to Vestibular
Impairment
The distribution of etiologies (Figure 1) was significantly
different among the three centers, indicating the inhomogeneity
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FIGURE 8 | Vestibular Ocular Reflex (VOR) gain per etiology for all three pairs

of semi-circular canals (i.e., horizontal, anterior, and posterior canals) measured

with video Head Impulse Test, presented for all three centers combined. Each

box plot represents the 25–75 percentiles, bold black lines the median, dots

the outliers and asterisks (*) illustrate statistically significant differences.

of the data. This can potentially be caused by differences in
clinical settings, namely ENT clinics (center 1 and center 2)
compared with a neurological clinic (center 3). This fact can
explain the trend that among all 3 centers the biggest fraction of
neurodegenerative and idiopathic patients was observed in center
3, whereas the biggest fraction of infectious and genetic disorders
were observed in centers 1 and 2.

The distribution of the vHIT VOR gains between different
etiologies indicated several trends, although not every trend
proved to be statistically significant (Figure 9). Overall, the
vHIT results showed significantly better gains for both anterior
canals compared with the horizontal and posterior canals, which
corresponds with previous literature (24). The vHIT results
did not differ significantly between etiologies for anterior and
posterior canals although trends of anterior canal sparing were
observed for Menière’s Disease, infectious disorders, ototoxicity,
trauma, and idiopathic BVP. This is congruent with previous
literature (24). Next to this, horizontal vHIT results were
significantly lower for neurodegenerative disorders, genetic
disorders, and trauma, whereas horizontal vHIT results were
significantly higher forMenière’s disease and infectious disorders.

Cluster analysis identified two separate clusters of patients
with BVP in center 1 (which was the center with the most
available vestibular test data) with significant differences in
residual vestibular function according to vestibular testing.
This was also reflected by the amount of diagnostic and

vestibular implantation criteria met between clusters. Cluster
1 “severe BVP” consisted of patients who predominantly met
3 criteria, whereas cluster 2 “moderate BVP” mainly included
patients who met only 1 criterion (Supplementary Figure 6).
Although, no statistically significant differences were found
in the etiology distribution between clusters (Figure 9), a
slightly higher prevalence of Menière’s Disease was observed
in cluster 2 “moderate BVP” that performed “better” in
all vestibular tests, whereas the idiopathic and ototoxicity
etiologies prevailed in cluster 1 “severe BVP” and performed
“worse” (Supplementary Figure 4). This could imply that the
contribution of etiology to specific patterns of vestibular
impairment might be limited and would eventually result in
an overall better or worse vestibular function. Despite some
patterns being found for a few BVP etiologies, one should
consider every case individually and investigate every part of the
vestibular system separately to obtain a full understanding of the
vestibular impairment.

Order of Vestibular Test Outcomes
According to Cluster Analysis
The cluster analysis showed similarities in the vestibular reflex
tests used in center 1 (Figure 9, left dendrogram). For example,
horizontal and anterior vHITs were arranged close to each
other and to caloric testing; posterior vHIT was located close
to torsion swing test; and oVEMPs and cVEMPs formed a
pair. It is quite intuitive for VEMP results to be correlated
to each other since the two otolith organs are located next to
each other. However, the opposite was found when testing the
semicircular canal function. The caloric test, torsion swing test,
and horizontal vHIT are aimed to measure horizontal canal
function and it could be hypothesized that they would closely
correlate to each other. However, this was not observed in
the cluster analysis, which showed the close correlation of the
anterior and horizontal vHIT results together with the caloric
test, and the close correlation of posterior vHIT results with the
torsion swing test. The proximity of the horizontal and anterior
vHIT in the cluster analysis can be partly explained in terms
of anatomy. The horizontal and anterior canals ampullae are
located close to each other and project into the same superior
vestibular nerve division, whereas the inferior vestibular nerve
division receives input from the posterior canals (56). Next to
this, as stated before, vHIT and the caloric test seem to be able
to indicate vestibular impairment, whereas the torsion swing
test is more sensitive to measure the residual vestibular function
(53). This could explain why the torsion swing test is not in
close proximity to the horizontal vHIT and caloric test in the
cluster analysis. The trends found in this cluster analysis differed
from the trends described by a previous study (40). For example,
differences in the arrangement of the variables after clustering
[e.g., horizontal and posterior canals in close proximity to the
utriculus according to the previous study (40)]. Furthermore, in
contrast to the study presented here, no differences in vestibular
impairment were found. This could be the result of different
approaches used, namely: (1) Normalization of data using single
test results across patient groups (this study) compared with
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FIGURE 9 | Heatmap as a result of hierarchical cluster analysis with two dendrograms; Each column represents one subject; each row represents the results of a

specific vestibular test. A “bad (vestibular) score” (i.e., low scores on tests of vestibular reflexes) is illustrated by lower Z scores in the color red. A “relatively good

(vestibular) score” (i.e., relative high scores on tests of vestibular reflexes) is illustrated by higher Z scores in the color blue. Bold underlining indicates the 2 clusters;

“Cluster 1, severe BVP” and “Cluster 2, moderate BVP”. Only cases without missing data for caloric testing, torsion swing test, and horizontal and vertical vHIT, and

o- and c-VEMPs (n = 45). vHIT, video Head Impulse Test; oVEMP, ocular Vestibular Evoked Myogenic Potential; cVEMP, cervical Vestibular Evoked Myogenic

Potentials.

using all vestibular test results within one single patient (40);
(2) scoring of vestibular function using results from separate
vestibular reflex tests (this study) compared with considering
separate vestibular organs [canals and otoliths, (40)]. To sum up,
the different study goals could result in a different distribution of
patients among clusters and different interpretations regarding
etiology, despite the implementation of the same analysis.
Therefore, it is advised to investigate all vestibular end
organs separately to appreciate the vestibular impairment
as a whole.

Limitations
Most importantly, some etiology groups included small amounts
of patients (n < 5), which complicated statistical analysis. Next
to this, the vestibular implantation criteria include a number
of items that are not related to the vestibular reflex testing,
which were not considered in this study (e.g., psychological or
psychiatric disorders or an ability to undergo surgery). This
could imply that the number of patients eligible for implantation
in this study is an overestimation. Due to the study setting in
centers 1 and 2, it cannot be ruled out that this study potentially
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suffered from selection bias due to the inclusion of a relative
“healthy” BVP population (i.e., patients with severe symptoms
would potentially not want to participate in a full day of clinical
testing). However, when comparing centers 1 and 2 with center
3, the results indicate that this might not be the case. A potential
risk of referral bias in center 1 could not be excluded, since center
1 is involved in research regarding future vestibular implant
therapy (43). This could lead to specific referrals or third opinion
consultations in this center. Finally, the torsion swing test phase,
being the 4th criterion according to Bárány criteria, was not used
in this study, because either it was not measured or the automatic
calculation algorithm was not considered reliable.

Future Perspectives
In order to gather a much bigger dataset from different sources
that can be pooled and analyzed together, an international
standardized approach for vestibular testing will be crucial
(57). In particular, (1) different VEMP devices should be
compared to each other in order to obtain the relation between
stimuli and the threshold values; (2) the same torsion swing
frequency and velocity should be used; and (3) raw traces
of eye movements in both vHIT [obtained from different
devices (46)] and caloric testing (electronystagmography vs.
videonystagmography) should be analyzed, since different
processing algorithms may lead to a significant difference in
results of gain and SPV. In the case of a larger dataset, etiologies
can be definedmore specifically and at a more pathophysiological
and morphological level (e.g., etiologies that lead to fibrosis).
Next to this, future research between objective vestibular reflex
test results and self-reported symptom severity could provide
more insight into the effect of different patterns of vestibular
impairment and degree of specific BVP symptoms (e.g., anterior
canal sparing and self-reported oscillopsia severity).

CONCLUSION

This study provided a description of vestibular function in a
large cohort of patients with BVP diagnosed according to the
Bárány Society criteria. Overall, this study showed differences
in the degree of vestibular impairment measured with different
vestibular tests such as caloric test, vHIT, torsion swing test,
and VEMPs. More specifically, some tests (i.e., caloric testing
and horizontal vHIT) seem to be more sensitive for detecting
vestibular impairment, whereas other tests (e.g., torsion swing
test) are more suited for measuring residual vestibular function.
In addition, no striking patterns of vestibular impairment in
relation to etiology were found. Nevertheless, when comparing

the Bárány Society diagnostic and vestibular implantation
criteria, it was shown that although the implantation criteria
are more strict, still 76% of the patients with BVP were eligible
for implantation based on vestibular test criteria. It is advised,
especially in the research setting, to carefully examine every
patient for their overall pattern of vestibular impairment (i.e., all
five vestibular end organs), in order to make well-informed and
personalized therapeutic decisions.
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Background: Persistent postural-perceptual dizziness (PPPD) is a functional vestibular

disorder that causes chronic dizziness interfering with daily activities. Transcranial

direct current stimulation (tDCS) has reportedly improved dizziness in patients with

phobic postural vertigo in an open-label trial. However, no randomized, double-blind,

sham-controlled study has been conducted on its therapeutic efficacy in PPPD.

Objective: This study was conducted to investigate the efficacy and safety of tDCS as

an add-on treatment to pharmacotherapy in patients with PPPD. In addition, functional

neuroimaging was used to identify the neural mechanisms underlying the effects of tDCS.

Materials and Methods: In a randomized, double-blind, sham-controlled trial, 24

patients diagnosed with PPPD were randomized to receive active (2mA, 20min) or sham

tDCS to the left dorsolateral prefrontal cortex (DLPFC), administered in 15 sessions over

3 weeks. The clinical measures that assess the severity of dizziness, depression, and

anxiety were collected at baseline, immediate follow-up, 1-month follow-up, and 3-month

follow-up. Adverse events were also observed. The effect of tDCS on regional cerebral

blood flow (rCBF) was evaluated with single photon emission tomography before and

after tDCS sessions.

Results: For the primary outcome measure of the Dizziness Handicap Inventory (DHI)

score, a significant main effect of time was found, but neither the treatment-by-time

interaction effect nor the main effect of treatment was significant. For the Hamilton

Depression Rating Scale (HDRS) score, there was a statistical significance for the

treatment-by-time interaction effect and the main effect of time, but not for the main effect

of treatment. However, the treatment-by-time interaction effect and themain effect of time

on HDRS score appear to be due to one data point, an increase in depressive symptoms

reported by the sham group at the 3-month follow-up. For the Activities-specific Balance
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Confidence (ABC) Scale and the Hamilton Anxiety Rating Scale scores, there were

no significant main effects of time, treatment, and treatment-by-time interaction.

In a comparison with the changes in rCBF between the groups, a significant

treatment-by-time interaction effect was found in the right superior temporal and left

hippocampus, controlling for age and sex.

Conclusion: Active tDCS was not found to be significantly more efficacious than sham

tDCS on dizziness symptoms in patients with PPPD. It is conceivable that tDCS targeting

the DLPFC may not be an optimal treatment option for reducing dizziness symptoms in

PPPD. Our findings encourage further investigation on the effects of tDCS in PPPD,

which considers different stimulation protocols in terms of stimulation site or the number

of sessions.

Clinical Trial Registration: cris.nih.go.kr, identifier: KCT0005068.

Keywords: dizziness, persistent postural-perceptual dizziness, neuromodulation, transcranial direct current

stimulation, single photon emission computed tomography

INTRODUCTION

Persistent postural-perceptual dizziness (PPPD) is a chronic
functional vestibular disorder that is characterized by waxing
and waning non-spinning dizziness for more than 3 months
(1). PPPD is a common disorder, which comprises about one-
fifth of patients who visited the tertiary care dizziness clinic
(2, 3). Prior to being established as a new diagnostic term,
there were several clinical syndromes of functional dizziness such
as chronic subjective dizziness (CSD) (4, 5), phobic postural
vertigo (PPV) (6), visual vertigo (VV) (7), and space-motion
discomfort (SMD) (8, 9). The unifying diagnosis of PPPD was
established incorporating several descriptions of these syndromes
by the Bárány Society in 2017, and it is now included in the
International Classification of Diseases 11th Revision (ICD-
11) (10).

While there are available treatments with some evidence
of benefit including pharmacology, vestibular rehabilitation,
and cognitive behavioral therapy, there are currently no
gold standard guidelines for the treatment of PPPD (11, 12).
Regarding pharmacological treatment, selective serotonin
reuptake inhibitors (SSRIs) or serotonin norepinephrine
reuptake inhibitors (SNRIs) are the first line of treatment options
and are most commonly used. It has been reported that SSRI may
indirectly interfere with dizziness symptoms by reducing anxiety
and depressive symptoms, which are often observed in patients
with PPPD (12). Moreover, it remains a possibility that SSRI may
directly have effects on the vestibular nuclear complex, which is
related to motion-sensitive neural pathways (13). Nonetheless,
among patients who properly received SSRI treatment, more
than 30% of them reported no significant benefits (14, 15).
Therefore, developing another treatment option is a priority.

Transcranial direct current stimulation (tDCS) is a
neuromodulation technique that applies a weak current to
the scalp for modulating neuronal activity (16). tDCS has been
shown to have therapeutic effects in various neurologic and
psychiatric disorders (17). An open-label pilot study conducted

in patients with PPV, which administers 5 daily sessions of
tDCS, has shown to have acute effects on dizziness symptoms
(18). However, this trial did not include sham controls and only
observed short-term treatment effects.

Furthermore, while neuroimaging studies of PPPD have
shown dysfunctional brain activities in regions related to
balance and postural control (19), no studies have applied
neuroimaging methods to study neural mechanisms associated
with treatment effects in PPPD. Hence, the goal of this study was
to investigate the therapeutic efficacy of tDCS combined with
the medications in patients with PPPD using a double-blind,
sham-controlled design. In addition, single photon computed
tomography (SPECT) was used before and after the treatment
to investigate the changes in regional cerebral blood flow (rCBF)
associated with treatment effects.

MATERIALS AND METHODS

Participants
Patients with PPPD between the ages of 18 and 69 years were
recruited from the neurology outpatient clinic. The diagnosis
of PPPD was made by a licensed neurologist (SN) according to
the diagnostic criteria of PPPD, established by the Classification
Committee of the Bárány Society (10). All patients were tDCS
naive and it was predetermined that patients who receive at least
80% of tDCS treatment (12 out of 15 sessions) were considered
adherent. To minimize the possible confounds of side effects,
patients were recommended to start and continue maintenance
treatment with SSRIs for at least 3 weeks prior to and during
the study period. Exclusion criteria were neurological disorders
other than PPPD, psychiatric disorders (e.g., generalized anxiety
disorder or major depressive disorder), contraindications to
tDCS (e.g., metallic implants in the head or history of
seizure), history of head trauma with loss of consciousness, and
pregnancy. The study was approved by the Institutional Review
Board of the Incheon St. Mary’s Hospital and was conducted in
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accordance with the Declaration of Helsinki. The study protocol
was registered in the Clinical Research Information Service
(Registration Number: KCT0005068).

Study Protocol
This study was a clinical trial that used a randomized, double-
blind, sham-controlled design. Following screening evaluation,
patients were randomized to receive active tDCS or sham
tDCS. Randomization was performed using a computer-based
random number-producing algorithm by a research staff who
was not involved in the data collection (HJ). A neurological
examination, clinical interview, self-report measures, and brain
perfusion SPECT were performed at the baseline and within 1
week after completing the 3-week treatment (immediate follow-
up). Additionally, a neurological examination, clinical interview,
and self-report measures were collected at 1 and 3 months
after the end of treatment. At the baseline, a research staff (JJI)
provided training on tDCS self-administration and ensured that
participants could independently set up and use the tDCS device,
so they can safely perform tDCS at home.

Transcranial Direct Current Stimulation
Active or sham tDCS was administered for a total of 15 sessions
(20min per session) over 3 weeks via two surface electrodes
with saline-soaked sponges (6 cm in diameter) using the YDS-
301N device (YBrain Inc, South Korea). The anodal electrode
was placed over the left dorsolateral prefrontal cortex (DLPFC)
(F3; International 10–20 EEG system) and the cathodal electrode
over the right DLPFC (F4). For the active condition, the current
was ramped up to 2.0mA (current density, 0.07 mA/cm2) over
30 s, remained at 2.0mA for 19min, and ramped down to 0mA
over 30 s. For the sham condition, the current was ramped up to
2mA over 30 s and ramped down over the next 30 s. The tDCS
device was set to be used only one time a day, and the usage
logs were automatically stored after each session. Compliance was
checked based on the usage logs when the device was returned
at the immediate follow-up. During stimulation, patients were
instructed not to fall asleep and they were allowed to go about
their regular activities. Participants were asked to fill out a survey
on side effects after each session. The side effects survey included
13 items, namely burning sensation, dizziness, fatigue, headache,
itchiness, nausea, neck pain, pain at the stimulation site, redness
of the skin, reduced concentration, sleepiness, tingling sensation,
and others. Adequacy of blinding to treatment condition was
assessed at the immediate follow-up by asking the participants
to guess the treatment condition (active, sham, or do not know)
that they were assigned to.

Clinical Measures
All patients underwent a detailed neurologic examination
including neuro-otologic assessment with Frenzel glasses
including various positional maneuvers, head-shaking test,
bedside head impulse test, and oculomotor tests. Dizziness was
rated with self-report measures including the Dizziness Handicap
Inventory (DHI), which was the primary outcome measure,
and the Activities-specific Balance Confidence (ABC) scale.

Handedness was measured using the Edinburgh Handedness
Inventory. The severity of depressive and anxiety symptoms was
measured with the clinician-administered 17-item Hamilton
Depression Rating Scale (HDRS) and the 14-item Hamilton
Anxiety Rating Scale (HARS), respectively.

Brain SPECT Imaging Acquisition and
Analysis
The SPECT images were obtained with a dual-headed gamma
camera (Discovery NM630; GE Healthcare, Milwaukee, WI,
USA) equipped with a low-energy fan-beam collimator. Prior
to scanning, patients were injected with 555–740 MBq of
technetium-99m ethyl cysteinate dimer (99mTc-ECD) and rested
for about 40min. The images were taken by rotating the camera a
total of 720◦ at 6-degree intervals at a rate of 12 s per frame. Using
a filtered back-projection technique, the images were corrected
for attenuation and reconstructed into a 128 x 128 matrix with a
pixel size of 1.95 mm3 × 1.95 mm3 × 2.08 mm3.

Statistical Parametric Mapping 12 (SPM12; Wellcome
Department of Cognitive Neurology, London, UK) implemented
in MATLAB R2021 (MathWorks, Natick, MA, USA) was
used for preprocessing and analysis. The SPECT images were
spatially normalized to the SPM-provided standard SPECT
template, which is based on the Montreal Neurological Institute
(MNI) template. After spatial normalization, each voxel count
was standardized to the mean voxel count of the whole brain
using proportional scaling. The normalized SPECT images
were then smoothed with a 16-mm full-width half-maximum
Gaussian kernel.

Voxel-wise comparisons were performed using (1) a two-
sample t-test model to investigate rCBF difference between
groups at baseline, (2) a flexible factorial model to identify
treatment (anode and sham) × time (baseline and immediate
follow-up) interaction effects on rCBF, and (3) as a post hoc
analysis, a paired t-test model to investigate rCBF changes within
each group before and after the treatment. Statistical significance
level was defined as a p-value threshold of 0.001 and a minimum
cluster size of 50 contiguous voxels.

Statistical Analysis
Baseline characteristics of groups were compared using
independent t-test for normally distributed continuous
variables, Wilcoxon rank-sum test for non-normally distributed
continuous variables, and chi-square test for categorical
variables. A mixed-effects linear regression model was
conducted to assess the interaction effect of treatment
(anode and sham) and time (baseline, immediate, 1-month,
and 3-month follow-ups) for each outcome measure. To
better understand the interaction effects between group
and time, a two-sample t-test was performed between
active and sham groups at each visit. Reported side effects
were compared between groups using the chi-square test.
All statistical analyses were performed using R software
(version 4.0.5).
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FIGURE 1 | Flow diagram for study participants.

RESULTS

Participants
Among 24 participants whowere randomized into active (n= 12)

or sham (n = 12) groups, 23 participants were included in the
final analysis after excluding one participant in the sham group

due to low adherence to tDCS treatment (Figure 1). The baseline

demographic and clinical characteristics of the participants did

not differ between active and sham groups (Table 1).
Neurologic examinations at the baseline and follow-ups

revealed no abnormal findings except for subtle positional
nystagmus in 1 patient and transient head-shaking nystagmus in

4 patients. Precipitating events of PPPD were reported as benign

paroxysmal postural vertigo (n = 8), vestibular neuritis (n = 5),
other systemic diseases such as flu (n = 1) or cardiovascular
symptoms (n = 3), emotional stress (n = 3), mild head trauma
without loss of consciousness (n= 1), and none (n= 2).

Prior to study entry, all participants started taking either SSRI
[20 participants with escitalopram (8.82 ± 4.52mg per day)
and 1 with sertraline (25mg per day)] or herbal medicine (2
participants with hypericum extracts known for antidepressant
effects). Then, four out of 20 participants taking escitalopram
discontinued the medication due to the side effects (n = 3 for
gastrointestinal effects and n = 1 for loss of libido), and all
other participants took their respective medication during tDCS
treatment and the dosage did not change during the trial.
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Regarding the validity of the blinding procedure, most
participants from both groups (21/23) either guessed that the
treatment they received was active treatment or was unsure.

TABLE 1 | Baseline demographic and clinical characteristics of the study

participants.

Characteristic Active group

(n = 12)

Sham group

(n = 11)

p-value

Age (years) 47.8 (13.0) 51.7 (13.1) 0.48

Sex (male:female) 4:8 4:7 1.00

Education (years) 11.6 (3.9) 11.9 (3.1) 0.90

Disease duration (months) 17.6 (396.3) 14.8 (348.0) 0.65

Medication 10 (8 with

Escitalopram, 2 with

Hypericum extracts),

2 with no medication

9 (8 with

Escitalopram, 1

with Sertraline), 2

with no medication

0.99

DHI score 34.3 (15.9) 35.3 (14.2) 0.88

ABC score 77.3 (21.0) 77.6 (17.5) 0.90

HDRS score 5.4 (3.2) 5.8 (5.6) 0.81

HARS score 6.6 (3.2) 7.6 (6.4) 0.63

Data are presented as mean (standard deviation) or numbers.

ABC, activities-specific balance confidence; DHI, dizziness handicap inventory; HARS,

hamilton anxiety rating scale; HDRS, hamilton depression rating scale.

In the active group, 6 participants (50%) answered that they
received active treatment (correctly guessing their treatment
group) and 6 participants (50%) answered, “don’t know.” In
the sham group, 7 participants (63.63%) answered that they
received active treatment (incorrectly guessing their treatment
group), 2 participants (18.18%) answered that they received
sham treatment (correctly guessing their treatment group), and 2
participants (18.18%) answered, “don’t know.” Two participants
(n = 1 in active and n = 1 in sham groups) were left-handed,
and the rest were right-handed. The number of participants
who experienced the side effects during tDCS treatment for each
group is reported in Table 4.

Clinical Outcomes
Results for the clinical outcomes are illustrated in Table 2 and
Figure 2. For the primary outcome measure of DHI score, a
significant main effect of time was found (p < 0.001), but neither
the main effect of treatment (p = 0.79) nor the treatment-by-
time interaction effect (p= 0.58) was significant. Post hoc analysis
revealed no significant group difference in the DHI score at each
time point. For the ABC score, there was no significant main
effect of time (p = 0.44), treatment (p = 0.45), and treatment-
by-time interaction effect (p= 0.35).

For the HDRS score, the treatment-by-time interaction effect
(p= 0.005) and themain effect of time (p= 0.02) were significant,

TABLE 2 | Summary of clinical variables across time and group.

Measures Anode Sham Treatment

(active vs. sham)

Time Treatment x Time

F p-value F p-value F p-value

DHI

Baseline 34.33 (15.9) 35.27 (14.2) 0.07 0.79 14.79 <0.001 0.66 0.58

Immediate F/U 29.17 (20.6) 25.64 (12.8)

1-month F/U 23.1 (14.7) 21.8 (16.1)

3-month F/U 25.1 (13.6) 19.1 (14.3)

ABC

Baseline 77.34 (21.0) 77.61 (17.5) 0.59 0.45 0.91 0.44 1.10 0.35

Immediate F/U 72.03 (26.6) 81.82 (15.9)

1-month F/U 75.57 (21.9) 82.84 (16.4)

3-month F/U 75.34 (24.7) 85.00 (15.1)

HDRS

Baseline 5.42 (3.20) 5.82 (5.56) 0.29 0.60 3.75 0.02 4.65 0.005

Immediate F/U 5.17 (4.30) 4.36 (2.87)

1-month F/U 6.0 (3.58) 5.0 (4.84)

3-month F/U 5.36 (3.59) 9.73 (6.80)

HARS

Baseline 6.58 (3.18) 7.64 (6.44) 0.54 0.47 0.48 0.70 0.66 0.58

Immediate F/U 5.92 (5.11) 6.82 (5.34)

1-month F/U 6.55 (3.75) 7.09 (6.12)

3-month F/U 6.09 (4.23) 8.91 (7.65)

Data are presented as mean (standard deviation). Statistical test results are from linear mixed-effects models with each clinical variable as dependent variables and time and treatment

(active vs. sham) as the predictors.

Treatment, main effect of treatment; Time, main effect of time; Treatment X Time, interaction effect of treatment and time.

ABC, activities-specific balance confidence; DHI, dizziness handicap inventory; F/U, follow-up; HARS, hamilton anxiety rating scale; HDRS, hamilton depression rating scale.
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FIGURE 2 | Changes in clinical scores over time. (A) Changes in the Dizziness Handicap Inventory (DHI) total score. (B) Changes in the Hamilton Depression Rating

Scale (HDRS) score. (C) Changes in the Hamilton Anxiety Rating Scale (HARS) score. tDCS sessions were between baseline and immediate follow-up. Values are

mean scores and error bars indicate 95% confidence intervals. Significant differences at the p < 0.05 level between groups at a time point are denoted with a “*”.

FU, follow-up.

but the main effect of treatment (p = 0.60) was not significant.
Post hoc analysis showed that the HDRS score was lower in
the active group compared to the sham group at the 3-month
follow-up (5.36 vs. 9.73, p = 0.02). Notably, the treatment-by-
time interaction effect and the main effect of time on HDRS score
appear to be due to an increase in depressive symptoms reported
by the sham group at the 3-month follow-up. Considering that
the minimal clinically important difference (MCID) is 4–6 points
for the HDRS-17, there was no clinically meaningful difference
in the HDRS score within or between groups at any other time
point (20). For the HARS score, there were no significant main
effect of time (p= 0.70), main effect of treatment (p= 0.47), and
treatment-by-time interaction effect (p= 0.58).

Brain SPECT Imaging
Before testing models of interest, a two-sample t-test model
was conducted to compare the baseline SPECT images between

the active and sham groups and found that there was no
significant difference in rCBF between groups at the baseline.
In comparison with the changes in rCBF between the groups,
a flexible factorial model identified a significant treatment-by-
time interaction effect in the right superior temporal gyrus and
left hippocampus or parahippocampus, controlling for age and
sex (Table 3 and Figure 3). Post hoc analysis of a paired t-test
showed that the rCBF from the left superior frontal gyrus and
left hippocampus was significantly decreased in the active group
between the baseline and immediate follow-up, but no changes
were observed in the sham group (Table 3).

Safety Outcomes
All participants filled out a survey on side effects after each
session. The number of participants who reported side effects is
summarized by groups in Table 4. The most reported side effects
were transient dizziness and itchiness in both active and sham
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groups. No significant group differences were observed for all
side effects.

DISCUSSION

To the best of our knowledge, this was the first randomized,
double-blind, sham-controlled trial that investigated the effects
of tDCS in patients with PPPD. Our study found no
significant beneficial effects of tDCS on dizziness symptoms
and balance confidence, measured by DHI and ABC scale,
respectively. Regarding psychiatric symptoms, there was no
clinically meaningful effect of anodal tDCS on depressive and
anxiety symptoms measured by HDRS and HARS, respectively.

The demographic characteristics of the participants were
typical of PPPD. Mean age was middle-aged and female

TABLE 3 | Information on the significant clusters for both the interaction contrast

and the within-group contrast.

Region t p Coordinates

(x, y, z)

Cluster size

(voxels)

Interaction

Anode < sham

Right superior temporal gyrus 4.78 <0.001 66, −2, 2 75

Left hippocampus 4.3 <0.001 −20, −32, −10 127

Within-Anode

Baseline > immediate follow-up

Left hippocampus 6.55 <0.001 −20, −32, 4 61

Left superior frontal gyrus 6.14 <0.001 −24, 54, 10 95

Within-Sham

No significant findings

All analyses used models with age and sex as covariates. The coordinates refer to the

Montreal Neurological Institute coordinate system.

predominance was noted. Most patients reported that
precipitating events were peripheral vestibular disorder but
two patients could not identify any specific trigger. The failure
to identify precipitants could be attributed in part to the
patients regarding the triggers as trivial or having difficulty
linking the seemingly unrelated triggers to the development of
their symptoms.

The absence of tDCS effects on dizziness symptoms in
PPPD patients contradicts the previous open-label study, which
reported a significant reduction of DHI scores on the last day
of the 5-day tDCS treatment in patients with PPV; however,
these effects were transient and were not observed during the
1, 2, and 4-week follow-ups (18). In addition, although not
statistically significant, this previous study showed a tendency for
decreased depression and anxiety symptoms after the treatment
compared to the baseline. Due to the absence of a control group

TABLE 4 | Reported side effects between treatment groups.

Side effects Active group

(n = 11)*

Sham group

(n = 11)

p-value

Dizziness (n) 6 6 1.00

Itchiness (n) 6 4 0.81

Headache (n) 5 3 0.66

Tingling sensation (n) 5 3 0.66

Pain at the stimulation site (n) 3 3 1.00

Sleepiness (n) 3 2 1.00

Neck pain (n) 3 1 0.58

Redness of skin (n) 3 1 0.58

Reduced concentration (n) 3 1 0.58

Fatigue (n) 3 2 1.00

Nausea (n) 1 2 1.00

Burning sensation (n) 1 2 1.00

*Side effects records for 1 participant from the active group were missing.

FIGURE 3 | SPECT analysis results. Significant areas with treatment (active vs. sham) x time (baseline vs. immediate follow-up) interaction effects of rCBF are overlaid

on the Montreal Neurological Institute (MNI) 152 template. Color bar represents the voxel-level t-values.
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and the small sample size, the results from this previous study
should be interpreted with caution. For the DHI, our study
revealed that there was a significant main effect of time. The
gradually decreased dizziness symptomswith time in both groups
could be due to the effects of SSRIs, as the treatment efficacy
of serotonergic medication in PPPD has been proven in the
previous studies (4, 14, 21).

Unexpectedly in our study, the severity of depressive
symptoms increased at the 3-month follow-up in the patients
of the sham group, whereas the severity of depressive symptoms
remained stable in the patients of the active group. These results
were not due to the outliers as the baseline HDRS scores were
increased at the 3-month follow-up in 6 patients in the sham
group, which is almost half of the patients in the group. The
reasons for this isolated increase in the HDRS score in the
sham group at the 3-month follow-up are unclear but may be
due to the clinical outcome not meeting patients’ expectations,
frustration or anger with sustained dizziness symptoms, or
initially underestimated baseline symptom (17, 22).

In our study, the brain SPECT analysis revealed a significant
treatment-by-time effect on rCBF in the left hippocampus and
right superior temporal areas. The post hoc analysis showed that
the rCBF was decreased at the immediate follow-up compared
to the baseline only in the active group. Considering that these
regions are regarded as the components of multimodal vestibular
cortical areas (22), this tDCS protocol might have unintentionally
exacerbated the maladapted brain function to the extent that
clinical symptoms did not worsen.

Several assumptions could be made concerning the absence
of tDCS effects in patients with PPPD. First, it is possible that
the target area for stimulation might be inappropriate. The left
DLPFC was chosen as the target area based on the previous
tDCS studies in PPV (18) and also in various neurological
and psychiatric disorders including major depression disorder,
addiction or craving, tinnitus, and neurodegenerative disorders
(23). We expected that anodal tDCS would have positive
effects on chronic dizziness by ameliorating various cognitive
functions related to the high-risk postural control strategies,
stimulating the functionally decreased prefrontal regions (24),
and improving possibly coexisting psychiatric symptoms such as
depressive or anxious mood in patients with PPPD. Contrary
to the expectations, anodal tDCS did not improve dizziness
symptoms compared to sham tDCS. In functional neuroimaging
studies in PPPD, it was reported that the local activity and
connectivity in the multimodal vestibular area are usually
decreased and the connectivity between the prefrontal and
primary visual areas is usually increased, which is related to
the over-reliance on the visual stimuli (19, 24). In neurological
disorders with chronic pain, the M1 (the primary motor cortex)
area is adopted as the target area other than the dorsolateral
prefrontal region (25). Patients with fibromyalgia and diabetic
polyneuropathy who received tDCS stimulation on the M1 area
showed efficacy on various pain measures but studies targeting
the DLPFC were failed to show such effects (25, 26). Like these
cases, changing the stimulation target might have therapeutic
effects and should be tested in future studies. For example,
tDCS stimulation on the multimodal vestibular cortical areas

could enhance the local activity and connectivities to other
relevant regions and may directly induce the improvement of
dizziness symptoms.

The lack of tDCS efficacy may also be due to the suboptimal
parameters of the tDCS protocol for PPPD. Whereas the tDCS
protocol used in this study consists of 15 tDCS sessions, the
pilot study of tDCS on PPV was conducted with only 5 sessions
(18). In the previous studies of major depressive disorder and
fibromyalgia, about 10 sessions were commonly conducted (25,
27). On the other hand, a much greater number of sessions
with longer periods have been used in several previous studies
(28, 29). In addition, other treatment modalities of PPPD such
as vestibular rehabilitation or medications are needed up to 12
weeks to achieve sustained benefit. Thus, the number of sessions
in this study might be inappropriate. Finally, the interaction with
medication also could be another reason for the lack of tDCS
effects (30, 31).

This study has strengths in that, in spite of a relatively small
sample size, it utilized a larger sample size than the only existing
study regarding the effects of tDCS on PPV (18) and is the first
double-blind study with a sham-controlled condition. Moreover,
this study demonstrated the feasibility of home-based treatment,
of which its importance is being acknowledged especially in this
pandemic era. Considering the reported adverse events in our
study and the dropout rate of the enrolled patients, the home-
based tDCS appears to be safe and easy to apply. This study has
several limitations. We did not perform any prior power analysis.
Therefore, due to the underpowered design, it cannot be ruled
out that we may not detect the true effect of tDCS. Moreover, in
spite of possible drug-induced effects over the tDCS effects, our
study was not a monotherapy trial as it was difficult to conduct
a study that would restrict patients from receiving SSRI/SNRIs,
medications in which early studies have shown some benefits for
treating PPPD, for more than 3 months in a clinical setting.

In conclusion, active tDCS targeting the left DLPFC was
not found to be significantly more efficacious than sham tDCS
on dizziness symptoms in patients with PPPD. Considering
the high incidence of PPPD and the overall response rate of
serotonergic medication, developing an alternative treatment
option is needed. Our findings encourage further investigation
on the effects of tDCS in PPPD, which considers different
stimulation protocols in terms of stimulation site or the number
of sessions.
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Using cultures of freshly isolated spiral ganglion cells (SGC) is common to investigate the

effect of substances on spiral ganglion neurons (SGN) in vitro. As these cultures contain

more cell types than just neurons, and it might be beneficial to have cochlear fibroblasts

available to further investigate approaches to reduce the growth of fibrous tissue around

the electrode array after cochlear implantation, we aimed at the purification of fibroblasts

from the spiral ganglion in the current study. Subcultivation of the primary SGC culture

removed the neurons from the culture and increased the fibroblast to glial cell ratio in the

preparations, which was revealed by staining for vimentin, the S100B-protein, and the

200-kD neurofilament. We performed direct immunolabeling for the Thy1-glycoprotein

and the p75NGFR-enabled fluorescence-based cell sorting. This procedure resulted in a

cell culture of cochlear fibroblasts with a purity of more than 99%. The received fibroblasts

can be subcultivated for up to 10 passages before proliferation rates drop. Additionally,

80% of the cells survived the first attempt of cryopreservation and exhibited a fibroblast-

specific morphology. Using the described approach provides a purified preparation of

cochlear fibroblasts, which can now be used in vitro for further investigations.

Keywords: inner ear, spiral ganglion cells, cochlear fibroblasts, Thy1, vimentin, cell sorting

INTRODUCTION

Fibroblasts are the main cells of the loose fibrous tissue and are responsible for the formation
of the extracellular matrix (1). Besides fibroblasts, fibrous tissue contains also other cells such
as lymphocytes, granulocytes, macrophages, and mast cells, which are a part of the immune
defense. The morphology of the fibroblasts can be variable and appears to be tissue-specific (1).
Fibroblasts are involved in wound healing and encapsulation of foreign bodies (2, 3). In the cochlea,
this is of special importance in connection to cochlear implantation. After the insertion of the
cochlear implant (CI) electrode array into scala tympani, an increase in electrical impedance at
the stimulating contacts can be observed (4, 5). Even though not all authors agree, this was shown
to be connected to the formation of fibrous tissue around the electrode array (6, 7).

Potentially, there are at least three possible sources where fibroblasts could be recruited for this
process. The first option is that the fibroblasts are derived from pieces of tissue (muscle or fascia)
that are typically used to seal the entrance of the electrode array into the cochlea, which can be a
cochleostomy or the round window (8). Indication for this was found in earlier studies showing
that the increase in impedance starts at the basal electrodes (5). But this study also showed that
the impedance increase can be higher in the apical contacts than in the middle contacts. This
might indicate that there are additionally other sources of the fibroblasts. As the electrode arrays
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have to be inserted into the spiral of the scala tympani, they
will most likely touch the cochlear walls during insertion
or when taking its final position. This might, depending on
the electrode type (straight or perimodiolar) and insertion
technique, injure either the lateral wall or/and the modiolar
wall close to Rosenthal’s canal and could include bleeding,
which is known to enhance tissue formation (9). These
regions are considered the other two possible sources
of fibroblasts.

Despite huge efforts to reduce tissue growth after
cochlear implantation (10), this problem is not solved
yet and needs further attention. To facilitate further in
vitro tests in this direction, organ-specific cell cultures
might be helpful. There is one report on an immortalized
fibroblast cell line originating from type I fibrocytes of
the spiral ligament (11). The authors considered this cell
line a research tool for investigating homeostasis and
inflammation in the ear and it was used in several reports
in this context. According to Yian et al. (11), type I fibrocytes
can mainly be found next to stria vascularis, far away from
scala tympani.

In our lab, the preparation of spiral ganglion cells (SGC)
was established for many years to investigate the effects of
drugs and electrical stimulation on spiral ganglion neurons
(SGN) (12, 13). But this is a mixed culture containing more
of other cells than neurons. Besides neurons, the spiral
ganglion contains mainly glial cells of the peripheral nervous
system and endoneural fibroblasts, which are embedded
in the endoneural fibrous tissue. The spiral ganglion is
surrounded by a fibrous capsule, which extends into the
epi- and perineurium of the nerve fibers (14). Therefore,
it is to be expected that at least glial cells and fibroblasts
are part of the dissociated SGC culture. Enrichment and
purification of Schwann cells from these cultures using
either different adhesion properties to surfaces (15) or
an immune-magnetic purification procedure (16) was

TABLE 1 | Overview on conditions for the different cell preparations.

Preparation/sort

number

Age of the

animals [d]

Time to

subcultivation

[d]

Confluence in

T25 [%]

Amount of

trypsin [%]

Duration of

trypsin

incubation [min]

Harvested cells

[%]

1 3–4 8 100 0.05 7 70

2 3 6 90 0.05 7 80

3 2 4 90 0.05 7 90

4 2 4 70 0.25 5 95

5 3–4 8 100 0.05 7 70

6 1 6 100 0.05 7 70

7 3 5 95 0.15 4 90

8 2–4 5 100 0.15 4 90

9 3 8 100 0.15 4 95

10 2–3 11 100 0.15 4 95

11 2–4 8 100 0.15 4 95

12 2–4 9 100 0.15 4 95

13 2–4 7 100 0.15 4 95

described, but there was no purification of fibroblasts. Both
authors used the p75NGF-receptor staining to identify
the Schwann cells of the spiral ganglion, as described by
Whitlon et al. (17).

The aim of the current study was to purify cochlear

fibroblasts from the existing mixed culture of SGC

and make them available for other investigations

in vitro.

MATERIALS AND METHODS

Ethics Statement
All experiments were carried out according to the German

“Law on Protecting Animals” (§4) and with the European

Directive 2010/63/EU for the protection of animals

used for experimental purposes. These experiments
were registered (2013/44 and TVT-2017-V-95) with the

local authorities.

Animals
Sprague–Dawley rats (postnatal days 2–4) of both sexes were

used for the experiments with one exception (postnatal day

1). Animals were kept at room temperature with 50–60%

relative humidity. They had access to food and water ad

libitum. Day–night cycle was automatically regulated with
12 h each. Rat pups were separated from their mothers

about 30min before cell preparation and kept in groups

at 37◦C.

Preparation of Spiral Ganglion Cells
Spiral ganglion cells were prepared as described by Wefstaedt
et al. (12). Briefly, the rats were decapitated, skull opened,
and subsequently the cochlea removed from the temporal
bone and transferred into ice-cold phosphate-buffered saline
(PBS). Under a stereomicroscope (Leica-MZ6) and by means
of fine forceps (Dumont), the cochlea was opened by removing
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the outer shell. In the next step, the spiral ligament, organ
of Corti, and spiral ganglion were disconnected from the
modiolus before the spiral ganglion was separated from the
other parts and transferred to ice–cold Hank’s buffered salt
solution (HBSS) without calcium and magnesium. The spiral
ganglia were enzymatically and mechanically dissociated.
They were transferred to HBSS solution containing 0.1%
trypsin (BIOCHROM, Berlin, Germany), 0.1% DNase I
(ROCHE, Basel, Switzerland), and 0.01% collagenase and then
incubated for 17–20min at 37◦C, 5% CO2, and 95% humidity.
Dissociation was stopped by adding pre-warmed fetal calf
serum, and the cells were transferred to a serum-free medium.
Mechanical dissociation was performed by gentle trituration.
Dissociated cells were then transferred into fibroblast specific
medium containing 89% DMEM + L-glutamine, 10% FCS, and
1% penicillin/streptomycin.

Cell Culture
Spiral ganglion cells were seeded at densities of 3 × 105

cells per T25 culture flask, kept at 37◦C, 5% CO2, and 95%

humidity. The medium was exchanged every 2–4 days.
When the cells reached confluence, they were detached
by the addition of trypsin (concentrations between 0.05
and 0.25%)/0.02% EDTA solution. To stop the enzyme
action, 3–5ml pre-warmed medium with FCS was added.
Cells were counted in a Neubauer counting chamber
after adding 10 µl trypan blue (0.5%) to 10 µl of cell
suspension. An overview of the different conditions
used to prepare the cells for sorting is provided in
Table 1.

Immunolabeling
For immunolabeling, 1 × 104 cells were seeded on coverslips
positioned in 24-well plates and fixed after 72 h. Cells on
coverslips were washed twice with PBS before fixation by
the addition of 300 µl PFA (4%) to the wells for 10min.
After the removal of PFA, cells were again washed twice
with Tris-buffered saline (TBS) and additionally incubated
with TBS for 5min. Then TBS was removed, 600 µl PBS

FIGURE 1 | Isolated cells from the spiral ganglion after 72 h cultivation. (A) DIC-image, exposure time 40ms. (B–D) Fluorescence images: 200 kD-NF (DL488, green),

S100B-protein (Cy3, yellow), vimentin, clone V9 (Cy5, red), DAPI (blue). Exposure times: (B) DL488 1 s, Cy3 500ms, Cy5 500ms, DAPI 800ms. (C,D) Higher

magnification of the marked section in B. DL488 1 s, Cy3 200ms, Cy5 1 s, DAPI 800ms. SGN: 200kD-NF-positive spiral ganglion neuron. GC: S100B- and

vimentin-positive glial cells. F: Vimentin-positive fibroblasts.
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For indirect immunocytochemistry, the following primary antibodies were used.

Antibody against Type Source Catalog-number Dilution

Intracellular:

200kD-NF polyclonal, chicken-IgY Abcam, Cambridge, UK Ab4680 1:10,000

S100, astrocyte marker polyclonal, rabbit-IgG Abcam Ab868 1:100

Vimentin, clone V9 monoclonal, mouse-IgG DakoCytomation, Wiesentheid,

Germany

M0725 1:75

carbonic-anhydrase II polyclonal, rabbit-IgG Abcam Ab6621 1:50

Connexin-26 (Cx26) monoclonal, mouse-IgG Invitrogen, Karlsruhe, Germany 13-8100 1:50

S100 polyclonal, rabbit-IgG Sigma-Aldrich GmbH, Steinheim,

Germany

S2644 1:100

Extracellular:

Thy1.1, clone Ox-7 monoclonal, mouse-IgG Merck Millipore, Darmstadt, Germany MAB 1406 1:100

p75NGFR polyclonal, rabbit-IgG Abcam Ab8874 1:400

As secondary antibodies were used:

rabbit-IgG, Cy3-conjugated polyclonal, goat-IgG JacksonImmunoResearch

Laboratories, Hamburg, Germany

111-165-045 1:500

chicken-IgY, DL488-conjugated polyclonal, goat-IgG Abcam Ab96947 1:250

mouse-IgG, Cy5-conjugated polyclonal, goat-IgG Abcam Ab97037 1:250

Direct immunolabeling of the cells for sorting was performed using:

Thy1 (CD90.1), clone Ox-7, FITC-conjugated monoclonal, mouse-IgG Merck Millipore CBL1500F 10 µl/1 × 106 cells

p75NGFR (192-IgG), PE-conjugated monoclonal, mouse-IgG Santa Cruz Biotechnology, Inc.,

Heidelberg, Germany

Sc - 71691 1 µg/1 × 106 cells

was added to each well, and the cells were stored at 4◦C
until staining.

Antibodies were diluted by adding a solution containing 10ml
PBS and 0.858ml bovine serum albumin (BSA) solution (0.7 g
BSA in 2ml aqua dest). For intracellular staining, the cells were
permeabilized by the addition of 300µl of 0.1% PBT (0.5 g Triton
X-100 in 500ml PBS) per well for 5min at room temperature
(RT). After washing with PBS (3×), the cells were first incubated
for 1 h at RT in 20 µl of the solution containing the primary
antibody followed by further washing steps. Then incubation
with 20 µl of the secondary antibody followed by washing in
PBS was performed. The cells were then covered using ProLong-
Gold-Antifade reagent with DAPI (Life Technologies GmbH,
Darmstadt, Germany). For this, 5 µl of the reagent was added
on a slide and the coverslip with the cells was put on it such
that no air bubbles were entrapped. The slides were dried for
at least 12 h and then stored at 4◦C while keeping them in
the dark.

Cell Sorting
The harvested cells were counted and transferred to the
buffer solution for cell sorting consisting of 12.5ml PBS and
1.79ml BSA solution. A total of 1 × 106 cells was re-
suspended in 1ml buffer solution. Staining for Thy1 (FITC-
conjugated, fibroblasts) or p75NGFR (PE-conjugated, glial
cells) was done at the concentrations recommended by the

manufacturers by the addition of 10 µl Thy1-antibody and 20
µl p75NGFR antibody per 100 µl buffer solution with cells
for 30min and subsequent washing of the cell preparation.
In addition, at least 5 × 104 cells remained unlabeled as the
negative control.

Cell sorting was done using a MoFloTM-XDP Upgrade high-
speed sorter (Beckman Coulter GmbH, Krefeld, Germany)
equipped with a 488-nm solid-state laser. Before the sort, cells
were filtered through a 70-µm nylon filter. The nozzle used had a
diameter of 100µm. The process was controlled and the data was
analyzed by Summit-software 5.1.0, which is running the system.
The negative controls were always investigated first to check and
optimize settings.

To confirm the purity of each preparation, the collected
fibroblasts were re-analyzed. Finally, collected fibroblasts were
centrifuged at 800 rpm for 5min, the supernatant removed, and
the cells re-suspended in 5ml warmmedium before culturing the
cells again.

Microscopy
Immunolabeled cells were documented using an Olympus-
Bx51 fluorescence microscope (Olympus, Hamburg, Germany)
equipped with 4×, 10×, 20×, and 40× optics and the following
filter sets: F41-017 (DL488), U-MWIG3 (Cy3), U-M41024 (Cy5),
and U-MWU2 (DAPI). Image acquisition was done via a cooled
color camera (CAM-XC10) and a 1.4 MPixel CCD chip using
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CellSense software (Olympus), which controlled all the settings
for image acquisition. Individual settings are provided in the
figure legends.

Cryoconservation
After subcultivation to 80% confluence in T75 flasks, the cells
were trypsinized for 6min by the addition of 3ml of 0.05%
trypsin solution. The process was stopped by adding 10ml of
pre-warmed medium. The cell suspension was transferred to a
15-ml Falcon tube and the number of cells were determined.
After centrifugation at 800 rpm for 4min, the cell pellet was
resuspended in a freezing medium (95% FCS, 5% DMSO) such
that a cell concentration of 1.4 × 106 cells per ml was achieved.
Cells were then transferred into cryovials at 1-ml aliquots and
frozen at −80◦C. Two days later, the vials were stored in liquid
nitrogen at−196◦C.

After 3 weeks, cells were thawed again, taken into cell culture,
and further subcultivated.

RESULTS

In the first step, the preparation of spiral ganglion cells was
modified in a way that the fibroblast-specific medium was used
for all preparation steps. Using this medium, SGN, glial cells, and
fibroblasts were still found in the culture after 72 h of cultivation
(Figure 1).

To increase the number of available cells, SGC were seeded
in culture flasks (25 cm²) at densities of 1 × 105 to 5 × 105

cells and subcultivated after confluence was achieved. Starting
with 3 × 105 cells, the time until confluence remained constant
from passage P0 to P2 whereas for lower cell densities more
time was necessary with each subcultivation to reach confluence
(Figure 2). For all further subcultivation steps, a cell density of 3
× 105 cells per flask was used.

Subcultivation of the cell preparation removed the neuronal
cells, and the number of glial cells in the preparations was
reduced to about 30%. Additionally, the distribution of cells
within the cultures appeared altered. Glial cells seem to arrange in
clusters, whereas fibroblasts are widely spread (Figure 3). These
results were independent of the amount of trypsin used and the
duration of incubation with trypsin.

With this approach, only a fibroblast-enriched culture was
achieved, and cells were now prepared for fluorescence-based
cell sorting. To distinguish between neurons, fibroblasts, and
glial cells, indirect labeling with fluorescent antibodies against
the p75NGF receptor (glial cells), 200 kD neurofilament
(SGN), and Thy1-glycoprotein (fibroblasts) was established
with P0 preparations (Figures 4A–D) and later applied to P2
preparations (Figure 4E). Thy1 and p75NGFRwere then used for
direct immunofluorescence labeling of vital cells, which enabled
cell sorting (Figure 4F). The neuron in Figure 4 appears to be
stained not only for the 200 kD neurofilament but also for
p75NGFR and Thy1. Thy1 positive fibroblasts can have either a
weak or intense staining (Figures 4D–F). Additionally, few cells
without staining were found (Figure 4E, white arrowhead). As
the neurons were removed by subcultivation, cells were either

positive for Thy1 (fibroblasts) or p75NGFR (glial cells), but no
coexpression was detected.

From each cell preparation, a negative control was tested
first and the gates were defined. The first gate should remove
cell debris and cell cluster. In gate 3, cells were classified
according to their autofluorescence (Figure 5). Regions R4
(FITC-fluorescence) and R5 (PE) should still be empty. Intensity
values below 102.3 (FITC-channel) and below 102.7 (PE-channel)
were defined as autofluorescence. Investigating negative controls,
no counts were detected in R4 and R5 for all the samples.

An example of the results of a stained preparation is presented
in Figure 6, where cells were also found in R4 and R5. The
number of counts in both regions is given in G4 with the R9
region comprising all cells counted in R4, which are the FITC-
labeled fibroblasts.

Parts of the collected fibroblasts were re-analyzed (Figure 7).
This confirmed a very high purity of fibroblasts. Only in two out
of 13 preparations, a single cell was detected in R5 (glial cells). In
all other preparations, only fibroblasts (R4) were detected. This
results in a purity of 99.9% cochlear fibroblasts, when averaged
over all preparations. Some cells were damaged during the sorting
procedure in all experiments.

An overview of the counted cell numbers for all preparations
is provided in Figure 8. The total number of counted cells was
between 3.3 × 105 (prep 5) and 1.2 × 107 (prep 12) with an
average number of 3.6 × 106 ± 3.3 × 106 cells (mean ± SD).
On average, the number of collected fibroblasts was 1.2 × 106,
which is 33% of the total cell number before the sorting process.
The number of counted glial cells was 1.2 × 105 (3.3% of total
cells), far lower than the fibroblasts. Only in preparations 4 and 6
more glial cells than fibroblasts were detected.

The collected fibroblasts were cultured and subcultivated
again. Intracellular staining revealed that all cells (100%)
were Vimentin-positive and S100B negative (Figure 9A),
indicating that (nearly) only fibroblasts were in the culture.
This was confirmed by staining for p75NGFR and Thy1,
where only Thy1 fluorescence was detected (Figure 9B).
Additionally, all cells showed the typical morphology of
fibroblasts. Again, cells with strong and weak fluorescence
signals were detected.

The received fibroblast preparations were subcultivated for
up to 16 passages. A relatively slow growth of cells was
observed between P3 and P5 followed by P6 to P8 with the
highest proliferation rates. Starting with P9 or P10, cell growth
slowed down again before it stopped between P13 and P16.
First morphological changes (granules were observed) could be
observed starting from P5, which became more pronounced
(nuclei appeared homogenous) around P10.

A first attempt was made for cryoconservation of the received
cochlear fibroblast preparations (P5). After 3 weeks, cells were
thawed and subcultivated for at least three more passages. After
24 h, about 80% of the cells adhered to the surface and after 3 days
of culture, no differences to the non-frozen fibroblasts were found
morphologically. Only the growth rate was slightly diminished
from P2 after thawing.

Different populations of fibroblasts from the spiral ligament
were distinguished according to their immunhistochemical
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FIGURE 2 | Subcultivation of isolated spiral ganglion cells in T25 flasks. Growth until confluence is provided in days for different seeded cell numbers. P0: Primary cell

culture. P1: First passage. P2: Second passage. *subcultivated at 60–65% coverage.

FIGURE 3 | Subcultivation of the SGC culture in fibroblast specific medium 72h after seeding. Fluorescence images: 200kD-NF (DL488, green), S100B-protein (Cy3,

yellow), vimentin, clone V9 (Cy5, red), DAPI (blue). (A–C) Passage P1, exposure times: DIC 100ms, DAPI 1 s, DL488 40ms, Cy5 1 s, Cy3 50ms. (D–F) Passage P2,

exposure times: DIC 100ms, DAPI 1 s, DL488 50ms, Cy5 1 s, Cy3 137ms. GC: S100B- and vimentin-positive glial cells.

profile (18–23). To be able to compare our fibroblasts from
Rosenthal’s canal with these published results, additional
staining against S100, Connexin-26, and carbonic anhydrase

II was performed. The fibroblasts from the current study
were found to be positive for S100, vimentin, CAII, and
Cx-26 (Figure 10).
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FIGURE 4 | Fluorescent staining of cultures [(A–D) P0; (E,F) P2]. (A) 200kD-NF (DL488, green, exposure time: 1 s), Thy1.1, clone Ox-7 (Cy5, red, 5 s), p75NGFR

(Cy3, yellow, 250ms), DAPI (blue, 500ms). (B) 200kD-NF of the SGN (C) p75NGFR-receptor (glial cells). (D) Thy1-protein (fibroblasts). (E) Indirect staining: Thy1.1,

clone Ox-7 (Cy5, red, 5 s), p75NGFR (Cy3, yellow, 600ms), DAPI (blue, 1 s). (F) Direct staining: Thy1 (CD90.1), clone Ox-7, FITC-conjugated (green, 1 s), p75NGFR

(192-IgG), PE-conjugated (yellow, 1 s), DAPI- (blue, 1 s). White arrows: SGN with neurites. Green circle: Strong Thy1-fluorescence. Orange circle: weak

Thy1-fluorescence, Arrowhead: p75NGFR- und Thy1-negative cell with fibroblast-like morphology.
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FIGURE 5 | Results of the sorting process with non-labeled cells from P2. G1: Entire cell population in side scatter (SSC-Height) and forward scatter (FSC-Height). R1

is set to exclude cell debris. G2: Cell population from R1 in SSC (Width and Heights). G3: Autofluorescence of the cell population in R2. FL1 serves as FITC-channel

(green) and FL2 as PE-channel (yellow). R3 is set such that FL1- values below 102.3 and FL2-values below 102.7 are taken as autofluorescence. R4: FITC positive

cells. R5: PE positive cells. G4: Counts of detected cells within R4 and R5. R9 contains Thy1-FITC positive fibroblasts.

DISCUSSION

Freshly prepared spiral ganglion cells (SGC) are typically used
to investigate the effects of drugs or electrical stimulation on
spiral ganglion neurons (SGN) (12, 13). When addressing the
growth of fibrous tissue in in vitro experiments, immortalized
cells lines, such as NIH/3T3 or L929, are used (24). Here, it might
be beneficial to have organ-specific primary fibroblasts available.
When preparing the SGC culture, apart from spiral ganglion
neurons, glial cells and fibroblasts are also part of the culture
(25, 26). Based on the SGC culture, enrichment and purification
of Schwann cells has already been described (15, 16). Therefore,
in the current study, we isolated fibroblasts from the SGC culture.

When establishing the staining protocol for our SGC
preparation, it was first observed that all 200-kD neurofilament

negative cells were positive for vimentin but no neurons
expressed vimentin. Studying the human spiral ganglion (SG)
(27) and the SG of 3–4 months old Wistar rats (28), all
neurons were negative for vimentin. Furthermore, for cells
from the spinal ganglion and the Ischias nerve of 10-week-
old rats, it was documented that glial cells in the PNS and
fibroblasts express vimentin (29), which is in accordance with
the current results. The 200-kD neurofilament could only be
detected in type II SGN (27, 30) when using mature cochleae,
whereas in early developmental stages it is found in type I
and type II neurons (31). Therefore, we can expect that in our
preparations from postnatal days 2–4 both types of neurons
are detected. Additional staining against the glial cell-specific
S100B protein revealed that some of the vimentin-positive
cells were also positive for the S100B protein. As Schwann
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FIGURE 6 | Results of the sorting process with labeled cells from P2. G1: Entire cell population in side scatter (SSC-Height) and forward scatter (FSC-Height). G2:

Cell population from R1 in SSC (width and heights). G3: Cell population from R2 according to their fluorescence signal. R3: non-labeled or weakly stained cells, R4:

Thy1-FITC-positive fibroblasts, R5: p75NGFR-PE-positive glial cells. G4: Cell counts from R4 and R5 with R9 containing Thy1-FITC positive fibroblasts. The number of

cells at distinct points decreases from blue to red in G1 to G3.

cells are the main glial cells in the PNS (25, 32, 33), we
expect that the S100B positive cells are mainly Schwann cells.
But also satellite cells were described as vimentin- and S100-
positive (28, 29, 34). Van Neerven et al. (29) reported that
fibroblasts in the PNS were S100B negative and vimentin-
positive whereas Schwann cells and satellite cells were S100B-
and vimentin-positive. Regarding the SGC, more than 50%
of the non-neural cells in the culture were other cells than
glial (Schwann) cells (16). In our study, more glial cells than
fibroblasts were found in P0 preparations, and only after

subcultivation, the number of fibroblasts increased to more
than 50 %.

In contrast to the published procedure of preparing SGC
(12), a fibroblast-specific medium was used in the current study.
Using DMEM plus FCS should enhance the proliferation rate of
fibroblasts but not glial cells (25, 35). As other authors reported
that after 72 h the proliferation rate of fibroblasts was enhanced
whereas after 48 h Schwann cells were still outnumbering the
fibroblasts; cells were cultured on coverslips for 72 h. Before
seeding the cells (except for P0), cells grew in culture flasks and
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FIGURE 7 | Reanalysis of collected fibroblasts. G2: Cell population from R1 in SSC (Width and Heights). G3: Cell population from R2 according to their fluorescence

signal. R3: non-labeled or weakly stained cells, R4: Thy1-FITC-positive fibroblasts, R5: p75NGFR-PE-positive glial cells.

had to be trypsinized. Incubation in 0.25% trypsin 0.02% EDTA
for 4min resulted in the detachment of 100% of the cells. Already
after the first passage no SGN was observed and the number
of glial cells was reduced to about 20–30% in the culture. The
reduction in glial cells could be explained by the lack of SGN (16)
or the use of a fibroblast-specific medium (35).

To separate fibroblasts and glial cells by cell sorting,
immunolabeling of the cells has to be done using extracellular
marker proteins. From other studies, it was known that
fibroblasts express the surface protein Thy1 (CD90) and glial
cells the p75NGF receptor (p75NGFR) (33, 36, 37). For the
spiral ganglion, neurons and fibroblasts were shown to be
Thy1 positive (38, 39). Furthermore, satellite cells and neurons
express p75NGFR (40). Staining of the p75NGFR was also
used die purify Schwann cells from the spiral ganglion (16).
These authors additionally report that some neurons were also
collected using their approach. These findings perfectly match
with the immunolabeling pattern in the current study where
non-neuronal cells were either Thy1- or p75NGFR-positive and
neurons were stained for both the proteins. As discussed above,
neuronal cells were removed from the culture after the first
passage. Therefore, we can be sure to have only fibroblasts and
glial cells in our preparations for cell sorting when using cells of
the second passage.

Altogether, 13 preparations were used for cell sorting, some
of them with slightly modified protocols (compare Table 1). All
the collected Thy1 positive fractions were re-analyzed. Some
counts were always outside the regions defined for fibroblasts
and glial cells. This could potentially be explained by a reduced
fluorescence intensity due to first exposure to the LASER (41)
or some (mechanical) damage to the cells during the process.
More than 99% purity of the collected fibroblasts, as determined

by the device, was confirmed while immunolabeling the cells
after the sort. Nearly no glial cells were detected at P3. In most
preparations, the number of counted fibroblasts was relatively
low compared to the original cell number. On average, 74.5%
of the cells were lost during the procedure. This is larger than
described for the separation of Schwann cells and fibroblasts
using magnetic-activated cell sorting (35) for cells from rat sciatic
nerve. One of the reasons for this might be the settings used for
the sorting process. To receive a fibroblast preparation as pure as
possible it might be that with the settings chosen weaker labeled
cells were not detected. In all of our preparations, strong and
weakly labeled cells were found. This observation was already
described by Fields et al. (38) for antibodies against the Thy1
protein. It could also be that some unlabeled cells were still in
the culture as macrophages are described for the PNS (42), and
these cells were negative for Thy1. Furthermore, it is also known
that fibroblasts are a heterogeneous group within a population
and not all sub-groups might be Thy1 positive (43). The latter
explanation appears to be unlikely in our investigation as nearly
no unlabeled cells were detected before cell sorting.

As the ratio of counted fibroblasts and glial cells differed
between preparations, some damage to the epitopes during
trypsinization cannot be excluded, especially with long
incubation times or high concentrations (44). With 0.25%
trypsin in the solution, the total loss of cells was with 83.7% very
high, and much more glial cells than fibroblasts were counted.
Using only 0.05% trypsin in the solution, which is the standard
for weakly adherent cells (44), cell loss was reduced and the
number of fibroblasts increased. Here, maybe not all fibroblasts
were detached from the culture flasks. Best results were achieved
with 0.15% trypsin in the solution. Using this approach, cell loss
was about 60%, which is in the range of the reported cell loss for
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FIGURE 8 | Results of the cell sorting procedure. Total cell numbers, received fibroblasts and glial cells are presented.

FIGURE 9 | Staining of collected fibroblasts after the sorting process (P3 after 72 h cultivation). (A) Intracellular staining: vimentin, clone V9 (Cy5, red, 5 s),

S100B-protein (Cy3, yellow, 100ms), DAPI (blue, 1 s). (B) Staining of surface proteins: Thy1.1, clone Ox-7 (Cy5, red, 1 s), p75NGFR (Cy3, yellow, 1 s), DAPI (blue, 1 s).
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FIGURE 10 | Immuncytochemical characterization of the purified fibroblasts (P3 after 72 h cultivation). (A) Anti-Vimentin, clone V9 (Cy5, red, 3 s) . (B) Anti-S100 (Cy3,

yellow, 400ms). (C) Anti-Cx26 (Cy5, red, 5 s). (D) Anti-carbonic-anhydrase II (Cy3, yellow, 100ms). All preparations were additionally stained for DAPI (blue, 1 s).

magnetic-activated cell sorting (35). Besides preparation 4 (high
trypsin), there was one more preparation with more counted
glial cells than fibroblasts. This preparation (sort 6) was the only
preparation where the animals were only 1 day old instead of
2–4 days. This might be the reason for the different result in
this preparation.

Compared to immortalized cell lines, primary cells and their
subcultures have the advantage of keeping most characteristics
from their host tissue, also in vitro (3). The purified cochlear
fibroblasts were further subcultivated until P16. The observed
changes in cell growth correspond to the phases described by
Hayflick and Moorhead (45). Phase I (Lag-phase) is the primary
cell culture until a confluent monolayer is reached. This is
followed by phase II (Log-phase) with good proliferation rates
and phase III with a decreasing proliferation rate and finally
death of the cell culture. The cochlear fibroblasts seem to enter
the latter phase after 9–10 passages, at least with the seeding
density used in this study.

The purified fibroblasts were analyzed according to the
immunohistochemical profile that is described for fibroblasts of

the spiral ligament (18–23). They were positive not only for
vimentin but also for carbonic anhydrase II, connexin 26, and
the S100 protein. The expression pattern of the fibroblasts from
Rosenthal’s canal appears to be similar to that of type I fibroblasts
of the spiral ligament, which can be found predominantly in
the spiral ligament distal from scala tympani (11). Here, a more
detailed characterization would be necessary.

Finally, and as not all cells might be suitable for
cryoconservation, purified fibroblasts were frozen and
thawed again. Cells with a survival rate of about 80%
and an unchanged morphology are considered suitable for
cryconservation (46). Therefore, we conclude that the described
purified fibroblasts from Rosenthal’s canal are also suitable
for cryoconservation.

With the described procedure, fibroblasts could be purified
from the SGC preparation and are now available for further
in vitro experiments. As the cells can be subcultivated and
frozen, cells from one preparation could be used for experiments
for days and weeks without frequent new preparation from
the animals.
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Background: After a prolonged static whole-body roll-tilt, a significant bias of the internal

estimates of the direction of gravity has been observed when assessing the subjective

visual vertical.

Objective: We hypothesized that this post-tilt bias represents a more general

phenomenon, broadly affecting spatial orientation and navigation. Specifically, we

predicted that after the prolonged roll-tilt to either side perceived straight-ahead would

also be biased.

Methods: Twenty-five healthy participants were asked to rest in three different lying

positions (supine, right-ear-down, and left-ear-down) for 5min (“adaptation period”)

prior to walking straight-ahead blindfolded for 2min. Walking was recorded with the

inertial measurement unit sensors attached to different body locations and with sensor

shoe insoles. The raw data was segmented with a gait–event detection method. The

Heading direction was determined and linear mixed-effects models were used for

statistical analyses.

Results: A significant bias in heading into the direction of the previous roll-tilt position

was observed in the post-adaptation trials. This bias was identified in both measurement

systems and decreased again over the 2-min walking period.

Conclusions: The bias observed further confirms the influence of prior knowledge on

spatial orientation and navigation. Specifically, it underlines the broad impact of a shifting

internal estimate of direction of gravity over a range of distinct paradigms, illustrating

similar decay time constants. In the broader context, the observed bias in perceived

straight-ahead emphasizes that getting up in the morning after a good night’s sleep is

a vulnerable period, with an increased risk of falls and fall-related injuries due to non-

availability of optimally tuned internal estimates of the direction of gravity and the direction

of straight-ahead.

Keywords: prior knowledge, spatial orientation and navigation, post-tilt bias, perceived straight-ahead, inertial

measurement unit, sensor shoe insoles
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INTRODUCTION

For the spatial orientation and navigation in 3-dimensional
space, accurate and precise estimates of self-motion and
orientation relative to gravity are important. To keep track of
the current body positions with reference to previous locations
and surroundings (1, 2), input from several, partially redundant
sensory systems are computationally combined within the central
nervous system in a weighted fashion based on their reliability.
Thereby, optimal internal estimates of the direction of gravity (3),
self-motion (1, 4) and heading direction (5) are achieved.

Such awareness of one’s spatial orientation and movement in
the environment has been referred to as “spatial cognition” (6)
and it is used to achieve a variety of goals, including navigation
through space, maintaining postural control and identifying and
acting on objects (2). Sensory input signals emerge from the
peripheral–vestibular organs (measuring rotational and linear
accelerations), the visual system and proprioception.

The perceptual estimates of the self-orientation relative to the
gravity provide a straightforward means to quantify graviception
at the level of the cortex. Due to their widespread availability
and easy-to-understand instructions, visual line adjustments
indicating the “subjective visual vertical” (SVV) are preferentially
used to assess graviception. In behavioral studies investigating
prolonged whole-body roll-tilt, concomitant drifts of the SVV
(7, 8) and a bias (i.e., deviations of SVV) upon return to upright
position (9), termed “post-tilt bias” were observed.

We have previously characterized this post-tilt bias using
an SVV paradigm, demonstrating that it is usually toward the
direction of previous whole-body roll-tilt (termed “adaptation
position”) and that it decays exponentially [time constant =

∼70 s (10)]. We favored the central mechanisms to explain
the post-tilt bias and proposed a perceptual shift of perceived
vertical toward the recent (roll-tilted) position based on prior
knowledge (10). This concept describes a strategy relying on
the assumption that an earth–vertical (upright) position is most
likely and therefore assumes that the subject’s recent whole-body
orientation was approximately parallel to gravity. Accordingly,
this prior knowledge is combined with sensory input in a
Bayesian framework to estimate the most likely roll position (11–
13). As a result, the perceived direction of gravity will be shifted
toward the body-longitudinal axis. A similar effect was observed
for vision-independent paradigms of verticality perception as
the subjective haptic vertical, again showing significant post-tilt
biases (14).

Internal estimates of the direction of gravity are not only
important for verticality perception, but also for postural
control and ambulation. Specifically, a significant post-tilt bias
toward the adaptation position has been demonstrated for self-
positioning in space relative to gravity after prolonged static
roll tilt (15). In the patients with acute or persistent unilateral
peripheral–vestibular deficits, both heading direction and self-
alignment relative to straight-ahead have been shown to be
biased toward the affected ear when removing vision. With
eyes closed, strong ipsilesional walking deviations (16, 17) and
ipsilesional whole-body rotational deviations when walking on
the spot (18) have been observed. Furthermore, it has been shown

that the repetitive one side predominant asymmetric (off-vertical
axis) stimulation of the vestibular system influences the spatial
representation of the subjective straight-ahead (SSA) and self-
motion perception in the opposite direction of the most rapid
stimulus (19, 20), emphasizing a significant otolithic component
in this paradigm.

Thus, in analogy to the observed post-tilt bias in perceived
direction of vertical, we hypothesized that after prolonged static
roll-tilt a shift in the internal estimate of direction of gravity
will bias heading direction during ambulation. Specifically, we
predicted walking straight-ahead while blindfolded to be biased
toward the adaptation side, resulting in a curved walking pattern.
The magnitude of this effect is expected to decay exponentially.
Alternatively, preserved straight-ahead walking would suggest
that the post-tilt bias is a more restricted phenomenon, limited to
verticality perception and self-positioning relative to gravity. To
test this hypothesis, we measured walking with vision removed
after prolonged static whole-body roll-tilt in different body
positions relative to gravity in healthy human subjects using two
different gait–assessment systems.

MATERIALS AND METHODS

Ethical Approval
All subjects provided written informed consent after a full
explanation of the experimental procedure. The study
was approved by the Ethikkommission Nordwest- und
Zentralschweiz (EKNZ, ID = 2020–01712) on the research
involving humans. The research project was conducted in
accordance with the university policies, the Federal Act on Data
Protection, the Declaration of Helsinki (except for registration in
a database), the principles of Good Clinical Practice, the Human
Research Act (HRA) and the Human Research Ordinance
(HRO). The data will be made available on request from
the authors.

Subjects
Twenty-five healthy, adult human subjects (9 females, 16 males,
age [mean ± 1 standard deviation (SD): 29.4 ± 8.7 years, range,
20–60 years] were recruited for the study. The subjects weighed
between 50 and 121 kg with an average height of 163.5 and
178.6 cm for female and male subjects, respectively. The vast
majority of participating subjects reported that they were right-
handed (22 of 25).

Experimental Setup
The trials were performed in a double sports hall (length, 31m;
width, 26m). One of the sports hall’s corners was selected as the
starting point, where subjects could rest on two vaulting boxes
before walking. All trials were performed while the participant
was equipped as shown in Figure 1. The subjects had to wear
a sleeping mask and earmuffs to eliminate visual cues during
walking and to reduce auditory feedback for orientation in
space, respectively.
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FIGURE 1 | The fully-equipped participant during the study; 9 IMUs (MTw Awinda, Xsens Technologies B.V., Enschede, Netherlands) were attached to the subject

with Velcro® patches and bands at both ankles, both thighs, lower back, chest, both wrists, and at the forehead. Sensory shoe insoles (Insole3, Moticon ReGo AG,

Munich, Germany) were laid in the subject’s own shoes. Additionally, the subject wore a GoPro Hero 6 on a chest mount (GoPro Inc., San Mateo CA, USA), a sleeping

mask and earmuffs.

Sensor Systems
Inertial Measurement Unit (IMU) Based Motion

Tracking
Motion was measured with nine inertial motion trackers (MTw
Awinda, Xsens Technologies B.V., Enschede, Netherlands).
This motion tracker is composed of a three-dimensional (3D)
accelerometer, 3D gyroscope, 3D magnetometer, barometer, and
a thermometer (21). Inertial motion trackers were placed at both
ankles, both thighs, lower back, chest, both wrists, and at the
forehead with Velcro R© patches and bands, resulting in a total
of nine sensors attached. The individual sensors were placed at
the same defined body parts for every participant. The forehead
sensor was directly placed onto the sleeping mask at the height
of the nasion. The chest sensor was either positioned on a
chest mount (Chesty, GoPro Inc., San Mateo CA, USA) or on
a Velcro R© band, which was wrapped around the subject’s chest.
Signals were recorded at a sampling rate of 100Hz. Before each

individual measurement, the sensor orientation of all motion
trackers was reset while the subjects stood in neutral pose.

Inertial Pressure Measurement Sensory Shoe Insoles
Foot pressure was measured using sensory shoe insoles (Insole3,
Moticon ReGo AG, Munich, Germany). The Insole3 is a
thin, wireless measuring insole with an integrated 16MB flash
storage. It contains 16 pressure sensors and 1 IMU with a 3D-
accelerometer and a 3D-gyroscope. The area covered by pressure
sensors in relation to the total area of the sensor insoles is
between 62.5 and 67.4%, with a higher sensor coverage for
larger insoles. The origin is defined as the center of the shoe
insole. Consequently, center of pressure measurements during
normal walking is subject dependent and can vary from zero.
The posterior–anterior (PA) direction is set as the positive x-
direction and the lateral–medial (LM) direction as the positive
y-direction thus resulting in an opposite orientation between the
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left and right foots. The shoe insoles were laid in the subject’s own
shoes. Before all measurements, the soles’ pressure sensors were
zeroed. Apart from pressure measurement data, the sensory shoe
insoles also recorded data of an integrated inertial measurement
unit sensor. The sensor insole data was recorded with a sample
rate of 100 Hz.

Subjects were able to get used to the attached sensors by
walking once with their eyes open and once with their eyes
covered before data collection started. This acclimation phase
lasted approximately 3min to adjust the temperature of the
sensory insoles to that of the shoe to reduce possible sensor drifts
(22, 23). For later determination of eventual irregularities, the feet
and floor were also filmed using a GoPro Hero 6 camera (GoPro
Inc., San Mateo CA, USA).

Experimental Paradigm
The baseline measurements were recorded first. Therefore, the
subjects remained in a sitting–upright position for 1min before
walking (“baseline trials”). Subsequently, the test trials were
collected. Each test trial consisted of an adaptation phase in
different resting (i.e., whole-body horizontal) positions and
a walking phase directly following the adaptation phase (for
description, see the following paragraphs). For each resting
position, three runs per participant were performed.

During the adaptation phase, subjects had to rest in one of
three different whole-body horizontal positions (eyes closed)
for 5min. To study the effect of gravity on perceived straight-
ahead, and thus on the following walking direction, three distinct
horizontal whole-body positions were defined (as illustrated in
Figure 2): lying in supine position, lying on the right side (i.e.,
right-ear-down, RED) or lying on the left side (left-ear-down,
LED). While lying, the head was positioned in reference to
gravity. For the adaptation phase, a duration of 5min was selected
based on previous reports stating that adaption mechanisms
during SVV adjustments occurred mostly during the first three
to 5min (7, 8, 10, 24).

At the beginning of the walking phase (before standing up
from the vaulting boxes), subjects had to sit upright and slap
their legs together. This event was used for later sensor-system
synchronization. Next, the subjects were guided to the starting
position, and they were realigned with the sports hall’s diagonal.
Briefly, the subjects took the neutral pose and started walking
naturally and at a slow, comfortable pace. The neutral pose was
defined as the subject standing upright with the feet parallel to
the hips and the hands turned toward the body. The subjects
were accompanied by the experimenter to allow interventions
when needed. Whenever an end of the sports field was reached,
the subjects were turned around (clockwise or counter-clockwise
direction, direction selected randomly) and they could continue
their walk. This procedure was continued until a total walking
time of 2min was reached. The ranges between the turning points
are referred to as walking segments (WS). To avoid learning
effects toward a straight walking direction, the subjects were
guided back to the measurement starting area before removal
of earmuffs and blindfolding at the end of each measurement
(Figure 2, right panel).

The session started with three baseline trials in a row, which
were followed by three repetitions of each of the adaptation trial
conditions in random order to avoid learning effects (Figure 2,
left panel).

Data Analysis
The measurements from both sensor systems were processed
with MATLAB (version R2020a; The MathWorks Inc.,
Massachusetts, USA). A schematic overview of both sensor
systems’ signal processing is shown in Figure 3. The statistical
analyses were performed with RStudio Version 1.4 (RStudio,
Boston, USA) and R Version 4.03 (R Core Team, Vienna,
Austria). Statistical comparisons were conducted with the R
libraries car (25), nlme (26), emmeans (27) and rstatix (28).

Sensor System Synchronization
Both sensor systems were synchronized in time by detection of
the leg slapping event, which was performed at the beginning
of every trial. The event was detected in the signals of the
left ankle motion tracker and the left sensory shoe insole.
The synchronization points were identified by a threshold peak
identification algorithm on the absolute medial–lateral (ML)
acceleration signals.

Signal Scaling and Equalization
The signals of both measurement systems were scaled to
standardized measurement units and equalized in time. The
missing data from themeasurements of both sensor systems were
interpolated using modified Akima Cubic Hermite interpolation.

Gait–Event Detection
For the later extraction of gait–cycle dependent parameters,
individual gait events (strides) were determined. Due to a timely
drift between both sensor systems, the gait–event detection was
performed on both systems individually. For both measurement
systems, smoothed angular velocity signals of the sagittal plane
were used. For the motion tracking sensors, the signals from
both ankle sensors were used, for the sensory insoles, signals
of the integrated IMU sensor were analyzed. Signal smoothing
was obtained by a fourth-order Butterworth filter with a cut-off
frequency of 12 Hz.

As a first step, mid-swing phases were determined. It was
shown that positive peaks of the angular velocity around the
frontal axis denote the mid-swing phases of every step (29–
31). Therefore, positive peak detection was used to determine
the mid-swing phases of every gait cycle in the smoothed
angular velocities around the participant’s frontal axis. The peak
thresholds were determined for every trial and sensor system
individually. The mid-swing peaks were detected to define search
windows in the signals for heel strike (following zero-crossing)
and toe-off (previous valley) identification (29–32). Figure 4
shows an example of the resulting gait–event detection.

The WS were defined as phases of walking separated by
passively turning subjects after reaching the border of the sports
hall. TheWSwere determined for both sensor systems separately.
The first step of every WS was found by comparing the events
of both legs. The last step was defined with the same conditions
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FIGURE 2 | The schematic illustration of the experimental paradigm. Left panel: The baseline resting position and the three different whole-body horizontal positions

are depicted. To stabilize the subjects while lying, pillows were used (orange boxes). Each trial was repeated three times. The adaptation trials were performed in

randomized order after the baseline trials. Right panel: The adaptation or resting phase was conducted on vaulting boxes at position A. The subjects were guided to

the starting position, and they were realigned with the sports hall’s diagonal (B). The dashed lines show how a subject could have walked during the trials; WS1-3

denote the different WS.

but in reverse direction. Larger time differences (≥2 sec) between
detected gait cycles were used to separate WS. The first and last
steps were performed with high variability and thus could not be
defined with an equal peak detection threshold.

Gait Measure Extraction
The different gait measures with the aim to describe postural
control and walking direction of the participants were analyzed.
Ideally, a possible trial effect would be described by both sensor
systems. Two measures were calculated for every WS.

Linear Regression of the Yaw
The heading direction or yaw (rotation of the sagittal plane
around the cranio–caudal axis) of the subjects was estimated
from data of the chest motion tracker, as this sensor has shown
the steadiest behavior in terms of body orientation during
walking in the initial data analysis. Orientation of the chest sensor
was estimated by fusing acceleration (accelerometer) and angular
velocity (gyroscope) data using a Kalman filter (MATLAB
function imufilter). No magnetometer data were considered. In
the resulting coordinate system x-, y-, and z-axes were oriented
in cranio–caudal, medio-lateral and PA direction respectively.

Orientation was transformed to Euler angles relating to the
rotations around the medio-lateral (pitch), anterior–posterior
(AP, roll) and the cranio–caudal (yaw) body axes. The linear
regression of the orientation of the chest around the cranio–
caudal axis (yaw) was computed for each WS. The inclination
of the determined regression line is further being referred to
as “yaw slope.” In accordance with the IMU coordinate system,
chest rotations to the left and the right were assigned positive and
negative values, respectively.

Centre of Pressure (CoP)
The CoP sensory insole data in LM and AP was averaged for each
step and eachWS. To increase the separability of the results, only
data recorded during the stance phase were considered.

Statistical Investigations
For the statistical analysis of walking patterns, yaw slope and
CoP in medio–lateral direction (CoPLM) of the first three WS
were considered. As it was found that the averaged CoPLM is
more separable when observing the difference between the left
(CoPLM left), and the right leg (CoPLM right), the investigations
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FIGURE 3 | The signal processing of the chest inertial measurement unit (left) and the sensory shoe insoles (right). Missing data was interpolated and both sensor

systems were synchronized during the pre-processing phase. The measurements were separated in time to different WS. Gyroscope and accelerometer data were

fused to calculate Euler angles in three-dimensional space. In the resulting yaw signal, linear regressions were calculated for every WS separately. The CoP of each leg

was averaged for every stance phase of each step. Afterward the CoP was averaged for every WS separately and the difference between the left and right foot

calculated.

were performed based on the symmetries (CoPLM Sym), with

CoPLM Sym = CoPLM left − CoPLM right . (1)

Consequently, a disequilibrium to the left side would result in a
negative value, to right in a positive value.

The distribution of yaw slope and CoPLM Sym was tested
for equal variance using Bartlett’s and Levene’s tests and for
normality in Shapiro–Wilk tests and quantile–quantile plots.

For the correlation analysis between yaw slope and CoPLM
Sym in the first WS, the average was calculated for each trial
condition for both variables and the baseline average was
subtracted (baseline-corrected average data). The distribution of
all the resulting data together was tested for normality using the
Shapiro–Wilk test and visual histogram analysis. Correlation was
analysed with the Pearson’s correlation coefficient.

Linear Mixed Effect Models
The statistical investigation of the results was performed using
linear effects models. The models were created as shown in

Eq. (2) (26).

data.lme = lme(slope ∼ trial+ trial ∗ walkingSegment, (2)

random =∼ 1 |
participant

walkingSegment
,

data = slope.data

The slope is described by the fixed effects trial and
walkingSegment, which interact with each other. The interaction
was included since any effect of the adaptation phases could
potentially decrease over time. Testing the model with an
ANOVA showed significance in the interaction term (25, 26, 33).
The main random effect participant was included to consider
subject-dependent deviations in walking direction. The random
term was nested with walkingSegment because any decay of a
possible effect would take different lengths of time for individual
subjects. The R library emmeans (27) was used to calculate
estimated marginal means from the linear mixed effect models.
The pairwise comparisons between trials were performed and
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FIGURE 4 | The illustrative example of filtered angular velocity signal from the right ankle inertial motion tracker with detected gait events. The detected peaks (red) in

the signals are defined as mid-swing phases of every step. The lowest valley right before the mid-swing peaks are assumed to depict the toe-off events (blue). The

datapoint at the zero-crossing event after every mid-swing peak determines the heel strike (green) of the next step.

p-values were calculated, using the Tukey method to adjust for
the multiple testing (27).

RESULTS

On average, the subjects completed 4.5 ± 0.8 WS within the 2-
min time limit. One subject (#3) had to repeat a single supine and
one LED trial on a second examination day due to information
loss during data transfer. To adjust for possible changes in the
elementary drift between the test days in this subject, all three
baseline attempts were repeated as well. Noteworthy, no change
in the elementary drift was observed in this subject. For two
subjects (#10 and #21) one RED trial was omitted for the CoP-
measurements because of missing data of one foot.

Single Subject Data for Both Sensory
Systems
The calculated chest heading orientations (“yaw”) from the IMUs
with fitted linear regressions are shown in Figure 5 for all four
resting positions studied for a single participant (#25). For the
baseline trial, the subject showed a tendency to walk to the left
side (Figure 5, upper left). In this example, the deviation to the
left side decreased during the supine trial (Figure 5, upper right).
The subject turned more to the right-hand side during RED
trials and more to the left-hand side during LED trials (Figure 5,

bottom left and right). Comparing the WS during the LED trial
shows that the slope decreases for subsequent WS.

Using the sensory shoe inlets, the CoP-coordinates of each
leg during the first segment are shown in Figure 6. The subject
and trials are the same as shown for chest heading orientation
(Figure 5). The CoP in this example generally spreads on a larger
area for the right foot indicated as well as by a higher standard
deviation of the average CoPLM. The anterior and medial tail
(toe-off) is more pronounced in the right foot. Generally, the
medial borders are sharper on the right foot. The LM distribution
is highest during the RED trial for the right foot. Observations of
the left foot show that the dispersion is lowest during the LED
trials. Average CoPs show a very small difference between left
and right foot during baseline and supine positions resulting in
very small CoPLM Sym values. During RED and LED conditions
the Avg CoP values become more negative for the right and
left foot respectively indicating a weight shift to the lateral side.
Average values for the foot opposite to the ear-down direction
remain the same compared to baseline for the left foot (RED
condition) and shows a slight weight shift to the left for the right
foot (LED condition). CoPLM Sym values indicate this shift by a
positive value for the RED condition and a negative value for the
LED condition.

Inter-Individual Variability in Walking
Performance
The yaw slopes derived from the IMU sensors of every participant
and trial for the first WS are shown in Figure 7A. During the
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FIGURE 5 | The example of the chest heading orientation (yaw) with linear regression lines for all four resting positions of a single subject (#25). The oscillations in the

yaw result from upper body twists while walking. Linear regression of the yaw was computed for each WS (WS1–WS4) separately. The slope of the fitted linear

regression lines (“yaw slope”) was used in statistical investigations as an estimate of heading direction. Upper left: Baseline trial showing tendency to walk to the left

side. Upper right: deviation decrease to the left side during the supine trial. Bottom left: Turn to the right-hand side during RED trials. Bottom right: Turn to the

left-hand side during LED trials.

baseline trials, the investigated population generally deviated to
the left side when walking blindfolded, resulting in positive yaw
slope values. The yaw slopes are mostly more positive for supine
than for baseline trials. Even if the extent of the deviations varies
between patients, the LED and RED conditions led in most cases
to a deviation to the left and right side, respectively.

Using the sensory shoe inlets, the differences between the
averaged LM–CoP symmetries are shown in Figure 7B. Absolute
values for the LM–CoP symmetries differ between subjects and
are though subject specific. Averaged LM–CoP symmetries (left–
right foot) of the baseline and supine trials seem to be similar.
During the RED condition the weight was more shifted to the
right, during the LED condition more to the left compared to
the baseline. The general tendencies of changes in LM–CoP
symmetry between the conditions are opposite to the yaw slopes
as depicted in Figure 7A, which means that the direction of the
deviation is identical when comparing to the baseline data.

Effect of Adaptation Position on Walking
Direction
In a next step, we compared individual walking patterns and
focused on the impact of the previous adaptation position.

Bartlett’s and Levene’s tests showed that the yaw slopes do
not have equal variance between the trials while CoPLM Sym

is distributed with equal variance. Shapiro–Wilk tests and
quantile–quantile plots showed that both measures are normally
distributed except for the RED trials. In Figure 8A results are
depicted as boxplots per trial and WS for the IMU sensors.
The general deviation of the investigated population to the left,
in form of a positive shift, can also be observed in this figure.
For the first WS, all trials significantly differ from each other.
The deviation to the left side was larger for the supine laying
trials compared to baseline trials and was highest when subjects
rested LED. The only distributionwith amedian heading rotation
toward the right side can be observed for the RED trials. The
difference between the trials was largest when comparing yaw
slopes from RED trials with those from LED trials.

The boxplots and significance values show decreasing
differences between the trials for subsequentWS. In the thirdWS,
results significantly differed only between the LED trials and the
baseline trials, and between the LED trials and the RED trials.

In Figure 8B results are depicted as boxplots per trial and WS
for the sensory shoe inlets. The distributions of the difference
between both feet of the averaged LM–CoP symmetry show that,
except for the baseline compared to the supine trials, all trials
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FIGURE 6 | The CoP coordinates of each leg during the first WS for each resting position of the same subject. The examples depict the same measurements of

subject #25 as shown in Figure 5. The positive x-axis values are medial, and the positive y-axis values are anterior CoP displacements. The CoP output of the

sensory insoles on both axes ranges from −0.5 to 0.5 and is related to the corresponding insole length or width, respectively. Some values appeared more than once

which is not illustrated in the figure. Averaged CoPLM values are presented next to each plot for left and right foot as well as well as the CoPLMSym all together with

their standard deviations.

significantly differ to each other for the first WS. Compared to
the baseline, a shift in the positive direction can be observed
for the RED trials and in the negative direction for the LED
trials. The distribution difference between the trials is highest
when comparing RED and LED trials. The difference between
the trials decreases for subsequent WS. In the third WS, results
only significantly differ between the RED and LED trials. For the
baseline and supine trials, no significant difference was found for
any WS.

The correlation analysis of the baseline corrected and averaged
yaw slope and CoPLM Sym per trial condition during the first
walking revealed a moderate negative correlation (R=−0.518; p
< 0.001) (34), as shown in Figure 9.

DISCUSSION

Asking healthy human subjects to walk straight-ahead
blindfolded after prolonged whole-body roll-tilt to either
side, we observed a significant bias in post-adaptation walking in
darkness into the direction of the previous roll-tilt position. This
bias was observed in two independent measurement systems for
gait tracking and decreased again over the time.

An Overall Leftward Bias in Perceived
Straight-Ahead
Yaw data showed a tendency to deviate toward the left side
while walking blindfolded both in the baseline trials and in the
“neutral” adaptation trials (i.e., in supine position) in themajority

of subjects. This leftward bias was significantly stronger for the
supine adaptation condition than the baseline condition in the
first two WS as recorded by the IMU motion tracking system,
while this difference disappeared again in the third WS, possibly
indicating a decay in adaptational mechanisms due to prolonged
supine roll position. This overall leftward tendency could also
be depicted on the adaptation trials with preceding RED or
LED resting position. While subjects deviated significantly more
toward the left after adaptation in LED position, the overall
walking direction was still slightly leftward after adaptation in
RED position.

The reason for this overall leftward bias when walking
blindfolded remains unclear. Previously, lateralized cortical
processing of vestibular input has been reported. Perception
of straight-ahead was studied in patients with unilateral
vestibular deficits (UVD), indicating side-specific deviations
in subjective straight-ahead (SSA). While patients with left-
sided UVD demonstrated a contralesional shift in SSA, the
SSA remained accurate in patients with right-sided UVD
(35). Thus, the authors concluded that their data support the
hypothesis of an asymmetric vestibular function in healthy
human subjects. Others have demonstrated an overall right-
hemispheric dominance of the vestibular cortex as well (36,
37). With regards to the observed overall tendency to deviate
toward the left side in the post-adaptation trials, this could
be linked to such asymmetric representation of higher cortical
vestibular properties. Lack of reporting of such an effect in
the literature on blindfolded walking could be related to the
total walking distance, being much shorter (5–8m) in previous
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FIGURE 7 | The yaw slope (slope of the linear regression of the chest heading orientation) (A) and differences of the averaged LMCoPLM Sym (left–right) (B) per trial for

the first WS for all 25 subjects. For (A), positive slope values correspond to a rotation to the left. For (B), positive differences of LM–CoP symmetries to the baseline

indicate a pressure shift to the right, negative ones to the left.
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FIGURE 8 | The yaw slope (A) and averaged LM–CoP symmetries (CoPLM Sym, left to right foot) (B) and for all subjects and trials with pairwise comparisons between

trials for the first three WS. For (A), positive slopes indicate yaw rotations to the left side, negative slopes to the right side. For (B), the results were calculated by

subtracting the averaged CoP of the right foot from those of the left foot. Baseline values are hardware related and subject specific and should not be interpreted but

used as a reference value. Positive changes between two measurement conditions or WS represent a shift of weight to the right side, negative changes to the left

side. For both panels, linear mixed-effects models were calculated for every WS in which all trials were compared pairwise. Comparisons and p-value adjustments

according to Tukey are displayed on top of the boxplots according to the legend on the lower right. Boxplot details: Lower and upper edges of the boxes depict the

boundaries between the 25th and the 75th percentile of the data. The lines inside the boxes represent the median for every trial. Each whisker has at most a length of

1.5 times the interquartile range (box length). Data points outside of this limit are marked as separate points. Extreme points (i.e., further apart than 3*IQR) were

classified as outliers and disregarded for the analysis. An inlet (placed right to the figure) provides the level of significance by using different numbers of * symbols.
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FIGURE 9 | The correlation between baseline-corrected average yaw slope and baseline-corrected average CoPLM Sym for the first WS. The Pearson correlation

coefficient was R = −0.518 (p < 0.001). The figure is composed of three data points per subject: one for the supine, one for the RED and one for the LED condition.

publications, the specific experimental paradigms applied or the
patient populations studied.

When investigating larger walking distances when
blindfolded, healthy human subjects tend to walk in sometimes
surprisingly small circles (<20m diameter), though rarely in a
systematic direction (38). The authors proposed accumulating
noise in all components of the sensory system to explain such
non-systematic deviations from straight-ahead. Noteworthy,
no correlations between the laterality of these deviations and
functional asymmetries (handedness/footedness) were found.
Thus, on top of a systematic post-tilt bias, accumulating noise
may have affected the precision of walking in our study.
Noteworthy, the duration of walking blindfolded was much
longer in the study by Souman and colleagues (38) than in
the work presented here, possibly triggering different walking
patterns over larger time scales.

The Pathophysiology of the Observed
Post-Tilt Walking Bias
Five minutes of the whole-body static roll-tilt to either side
were sufficient to induce significant shifts in walking direction
compared to lying on the back during the adaptation period.
Over the time, the effect of the adaptation in ear-down position
on walking direction decreased, indicating partial re-adaptation
to the current (non-biased) condition. Thus, over a period of
2min walking a decrease, but not complete cessation of the
adaptation effect can be noted. While in the current paradigm

no decay time constant of the post-tilt bias can be calculated,
the pattern observed suggests a decay time constant in the range
of a few minutes. Noteworthy, using the pressure measurement
sensory shoe insoles, observed differences in walking direction in
the adaptation trials disappeared faster, but were still significant
for RED vs. LED post-adaptation trials in WS 3.

We have previously discussed the pathophysiological bases
for such a post-tilt bias on the SVV (10, 14) and SHV (14).
In brief, we have proposed a shift in the internal estimate
of direction of gravity based on recent experience (prior
knowledge) in the context of Bayesian optimal observer theory
(see introduction). As a result, the perceived direction of
gravity will be shifted toward the body-longitudinal axis, thus
immediately after returning back upright shows a shift toward
the previous static whole-body roll-tilted position. We predicted
that a shift in perceived earth–vertical in the roll-plane affects
walking direction as well, which was confirmed in our study
demonstrating a clear bias in perceived straight-ahead toward the
previous adaptation position.

A potential mechanism to explain an effect of prolonged

static roll-tilt on translational responses could be related to

the continuous otolith stimulation while lying on the side.
Thus, in left/right ear-down position gravity pulls down the
otoliths of the utricles and activates them continuously. This
stimulus for the receptors is identical to an ongoing linear
translational acceleration. Consequently, an adaptive process to
this acceleration could occur that is maintained for a certain
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amount of time after returning to the upright position. In
this position, the adaptive response would be reoriented in
a latero-lateral adaptation, that, in turn, would influence the
SSA and thus translatory motor activity. While this mechanism
emphasizes adaptational effects of body resting position on
central coordinates, alternatively, prolonged whole-body roll tilt
could act on the motor system of gait by changing directly
one side otolithic descending motor output. Thus, the walking
directional shift observed in our study cannot be directly related
with a shift of the SSA. However, taking into account previous
studies emphasizing adaptational mechanisms on both perceived
direction of gravity (10, 14) and self-motion perception (19, 20)
by prolonged (asymmetric) otolith stimulation, such a direct
mechanism seems less likely.

The path integration in both healthy human subjects and
patients with either acute or chronic vestibular deficits has
been extensively studied [see (39) for review]. Previously,
the galvanic vestibular stimulation has been applied to study
the role of the vestibular organs in path integration (40),
demonstrating significantly increased arrival errors and angular
errors in a virtual triangle completion task. Likewise, the
repetitive transcranial magnetic stimulation (rTMS) has been
used to disrupt path integration in a vestibular navigation
task, demonstrating deteriorated perceived contralateral spatial
displacement after rTMS in the area of the right posterior parietal
cortex (41).

In patients with UVD, veering has been noted in non-visually
guided walking tasks (42, 43), with walking trajectories deviating
toward the lesioned side when walking straight-ahead over short
distances (5.5m) (17) and significantly larger final arrival errors
in a triangular-path walking task have been reported (44).

Comparison of Two Independent Gait
Analysis Systems
Whereas we measured trunk yaw rotation in the first setup,
distribution of pressure on the feet was assessed in the
second setup. Both systems detected significant deviations in
heading while walking blindfolded toward the side of the
adaptation position during the first WS in the post-adaptation
trials, with results from both setups correlating significantly.
Thus, our findings were confirmed using two independent
gait measurement systems that monitored distinct parameters
of heading simultaneously. Specifically, when biasing internal
estimates of perceived straight-ahead, walking patterns in
participants were modified in such a way that both the difference
in distribution of pressure between the left and the right foot
and the yaw rotation of the trunk were pointing toward the
adapted side.

However, when assessing the temporal evolvement of the
deviations over the whole walking distance, the dynamics were
distinct. Overall, the level of significance was higher when
comparing the different post-adaptation test conditions and
more frequently found also in the 3rd WS when assessing the
body-fixed accelerometers/gyroscopes compared to the pressure
sensors placed in the participant’s shoes. Thus, the first system
was superior in detecting deviations in walking direction for

the paradigm studied here. These discrepancies are most likely
related to the selection of the parameters to be monitored,
the signal-to-noise ratio of the sensors implemented and inter-
individually varying walking habits, foot shape and type of shoes
used. Based on these observations, with the proposed parameters,
the use of trunk-fixed gyroscopes/accelerometers currently seems
more suitable to detect deviations in walking direction accurately
and precisely in future studies than pressure sensors located in
shoe inlets. On the other side, the handling of the inlets was less
demanding, thus selection of devices for recordings depends also
on the requirements (temporal/spatial resolution, signal-to-noise
ratio) of the specific paradigm to be implemented.

Clinical Implications of a Heading Bias
While none of our healthy young participants showed signs of
truncal instability or even demonstrated (near) falls, this post-
tilt bias may become clinically relevant in the elderly and in
patients with pre-existing gait disorders. Taking into account the
sleeping habits, lying on the side at night may increase the risk
of falls and fall-related injuries when getting up in the morning
or during the night, especially if vision is impaired. Furthermore,
besides building up a directional bias during a good night’s sleep,
internal estimates may also be less precise in the morning. It
has been demonstrated that immediately after getting up in the
morning the trial-to-trial variability of perceived earth–vertical
is significantly larger than in the evening (45). Thus, special
attention should be paid in the morning when getting up to
minimize the risk of falls and fall-related injuries.

Limitations
The size of the indoor walking hall requiring splitting up
the entire walking over 2min into several segments with
experimenter-guided rotations of the participant’s orientation
before continuing walking, resulting in potential clues while
repositioning. Importantly, we controlled for direction of
rotation-specific effects between WS and did not find any
significant differences. Thus, we do not think that this segmented
walking significantly biased our findings.

Deviations from straight-ahead while walking were
determined indirectly from parameters indicating uneven
pressure distribution (shoe soles) or yaw trunk rotation. We have
chosen this strategy as due to growing offsets over time of the
sensory input obtained from both systems, performing a path
integration was not feasible. Nonetheless, using two independent
measurement systems, comparable results in heading patterns
after whole-body roll-tilt adaptation could be obtained, strongly
supporting the existence of such a post-tilt bias.

CONCLUSIONS

In summary, a significant bias in perceived straight-ahead after
static whole-body roll-tilt in either left-ear-down or right-ear-
down position over periods as short as 5min further confirms
the impact of prior knowledge on spatial orientation and
navigation. Specifically, it emphasizes the broad impact of a
shifting internal estimate of direction of gravity over a range of
distinct paradigms, illustrating similar decay time constants of
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this bias. For tracking changes in walking direction, a set of body-
fixed accelerometers/gyroscopes seems superior to foot pressure
measurements when considering averaged data, which should
be taken into account for future studies. The observed bias in
perceived straight-ahead likely has also implications in daily life
and especially in the context of fall-prevention. It emphasizes that
getting up in the morning after a good night’s sleep is a vulnerable
period, with an increased risk of falls and fall-related injuries due
to not optimally tuned internal estimates of direction of gravity
and direction of straight-ahead.
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B81 Bone Vibrator-Induced
Vestibular-Evoked Myogenic
Potentials: Normal Values and the
Effect of Age

Yuzhong Zhang 1†, Zichen Chen 1†, Huandi Zhao 1, Jiali Shen 2,3,4, Bo Zhong 5, Qiong Wu 2,3,4,

Jun Yang 2,3,4, Yulian Jin 2,3,4*, Qing Zhang 1,2,3,4* and Pengyu Ren 1*

1Department of Otorhinolaryngology, Head and Neck Surgery, Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an,

China, 2Department of Otorhinolaryngology, Head and Neck Surgery, Xinhua Hospital, Shanghai Jiao Tong University School

of Medicine, Shanghai, China, 3 Institute of Ear Science, School of Medicine, Shanghai Jiao Tong University, Shanghai, China,
4 Shanghai Key Laboratory of Otolaryngology and Translational Medicine, Shanghai, China, 5Division of Mechanics and

Acoustics, National Institute of Metrology, Beijing, China

Objective: To define the normal values and examine the influence of aging on B81

bone vibrator-induced cervical vestibular-evoked myogenic potentials (B81-cVEMPs)

and ocular vestibular-evoked myogenic potentials (B81-oVEMPs).

Methods: Seventy healthy subjects, divided into seven groups according to their ages,

were enrolled in this study. The 4–9-, 10–19-, 20–29-, 30–39-, 40–49-, 50–59-, and

60–70-year-old participants were divided into groups I–VII, respectively. B81-cVEMP and

B81-oVEMP were recorded in each group.

Results: The B81-cVEMP response rates for groups I–VII were 100, 100, 100, 100,

95, 95, and 75%, respectively, with significant differences only between groups I–VI

and group VII (p = 0.047, p < 0.05). The B81-oVEMP response rates for groups I–VII

were 100, 100, 100, 100, 70, 65, and 40%, respectively, with significant differences only

between groups I–IV and groups V–VII (p = 0.020, p = 0.008, p = 0.000; p < 0.05).

The threshold, P13, and N23 latencies of B81-cVEMP positively correlated with age

(r = 0.756, p = 0.000; r = 0.357, p = 0.003; r = 0.316, p = 0.009; p < 0.05). The

raw amplitudes and corrected amplitudes negatively correlated with age (r = −0.641,

p= 0.000; r=−0.609, p= 0.000, p< 0.05). For B81-oVEMP, the corrected amplitudes

negatively correlated with age (r = −0.638, p = 0.000, p<0.05), but the threshold and

N10 latency positively correlated with age (r = 0.768, p = 0.000; r = 0.334, p = 0.009,

p < 0.05). Moreover, the interaural asymmetry ratio did not significantly correlate with

age for B81-cVEMP and B81-oVEMP.

Conclusion: As age increased, the B81-cVEMP response rate decreased, the

thresholds increased, P13 and N23 latencies were prolonged, and the raw amplitude and

corrected amplitude decreased. The B81-oVEMP response rate and corrected amplitude

decreased, the thresholds increased, and N10 latency was prolonged with age. These

changes are probably due to the occurrence of morphological and functional changes in
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the vestibular system with aging. Therefore, we suggest establishing different reference

values according to different age groups when evaluating the VEMP results in patients

with vestibular diseases.

Keywords: B81 bone vibrator, aging, cervical vestibular-evoked myogenic potential, ocular vestibular-evoked

myogenic potential, vestibular function

INTRODUCTION

The vestibular-evoked myogenic potential (VEMP) is a non-
invasive, objective, and easily accepted clinical test that is
now widely used to assess otolithic function (1–3). The
potentials recorded on the surface of the sternocleidomastoid
(SCM) muscles are called cervical VEMPs (cVEMPs), and
those recorded on the surface of the extraocular muscles are
called ocular VEMPs (oVEMPs) (4–7). Therefore, cVEMP is a
manifestation of the vestibulocollic reflex and predominantly
reflects saccular function, while oVEMP is a manifestation of
the vestibulo-ocular reflex (VOR) and reflects utricular function
(1, 3, 8).

Currently, there are three types of stimulation used to detect
VEMPs: air-conducted sound (ACS), bone-conducted vibration
(BCV), and galvanic vestibular stimulation (2, 3, 8, 9). VEMP
elicited by ACS stimulation is widely used. However, there are
some drawbacks to the use of ACS as a stimulus delivery method
for VEMPs. First, high-intensity ACS stimuli increase hazardous
sound exposure when the equivalent ear canal volumes are less
than or equal to 0.8ml. Additionally, patients with conductive
hearing loss or air–bone gaps may not generate VEMPs in
response to ACS (10). BCV is a viable alternative mode of
stimulation for eliciting VEMP responses. Various bone vibrators
have been used to elicit VEMPs, such as tap hammer (9, 11), mini-
shaker 4810 (3, 12), B-70B (13), V201 (14), Radioear B71 (6, 15),
and Radioear B81 (16, 17). Radioear B71 and B81 are universal
components for the testing of hearing levels using the bone
conduction method. It has been reported that relative to the B71,
the B81 vibrator has higher maximum output levels and lower
distortion to be used in pure-tone audiometry (18). However,
Clinard et al. (16) reported that the maximum output levels of
the B81 vibrator were equivalent to B71 at 500Hz (stimuli were
tone bursts with a fixed duration of 8ms). Romero et al. (19) used
the same frequency and duration of stimuli (500Hz, rise-plateau-
fall times: 4-0-4ms), as Clinard et al. showed no statistically
significant differences between the amplitudes of the B71- and
B81-cVEMP. Hence, whether the B81 vibrator can be effectively
used for c/oVEMP response requires further study.

Age-related morphological changes may occur in the
vestibular system from the end organs to the central nuclei,
including loss of hair cells, decreased numbers of vestibular

Abbreviations: B81-cVEMP, B81 bone vibrator-induced cervical vestibular-

evoked myogenic potentials; B81-oVEMP, B81 bone vibrator-induced ocular

vestibular-evoked myogenic potentials; VEMP, vestibular-evoked myogenic

potential; SCM, sternocleidomastoid; cVEMP, cervical VEMP; oVEMP, ocular

VEMP; VOR, vestibulo-ocular reflex; ACS, air-conducted sound; BCV, bone-

conducted vibration; peFL, peak force level; EMG, electromyogram.

nerve cells, and loss of neurons in the vestibular nucleus (20–
23). Therefore, the effects of advancing age on the response rate,
latency, and amplitude of ACS-VEMPs have been well explored
(24, 25). However, the age-related impact on the B81-VEMPs
remains unclear. Therefore, this study aimed to establish normal
values and examine the effect of age on c- and oVEMP responses
using the B81 vibrator.

MATERIALS AND METHODS

Subjects
Healthy subjects with no hearing or vestibular deficits were
recruited from the Second Affiliated Hospital of Xi’an Jiaotong
University. Pure tone audiometry, acoustic immittance, and
otoscope tests were performed on all subjects to exclude those
with hidden hearing loss (pure tone average threshold ≥ 20 dB),
asymmetric hearing loss, an air–bone gap larger than 10 dB, and
abnormal tympanic pressure. Finally, 70 subjects ranging from
4 to 70 years were divided into seven groups by decade. Each
group consisted of 10 subjects (five men and five women). Group
I included subjects aged 4–9 years, Group II subjects aged 10–
19 years, Group III subjects aged 20–29 years, Group IV subjects
aged 30–39 years, Group V subjects aged 40–49 years, Group VI
subjects aged 50–59 years, and Group VII subjects aged 60–70
years. The study protocol was reviewed and approved by Xi’an
Jiaotong University (approval number: 2016205). All participants
were informed and volunteered to participate in this study.

BCV Stimuli and Recording Parameters
The cVEMP and oVEMP tests were performed using the
Interacoustics Eclipse system (Interacoustics, Middelfart,
Denmark). BCV stimuli were delivered using a Radioear B81
bone vibrator (housing dimensions: height, 16mm; length,
31.7mm; width, 18.2mm; weight, 20 g). The stimulus level
was measured in decibels of peak force level (dB peFL) (re: 1
µN) using an artificial mastoid 4930 (Brüel & Kjær, Denmark)
(Figure 1). Stimuli with the alternating polarity of 500Hz
tone bursts with a fixed duration of 6ms (rise/fall time: 2ms,
plateau time: 2ms) were delivered. For subjects ≥20 years,
the stimulation started from a maximum intensity of 134.5
dB peFL (5.3N), and for subjects <20 years, the stimulation
intensity started from 129.5 dB peFL (3.0N). The stimulation
rate was 5.1/s, and 80 responses were averaged for each run. The
electromyogram (EMG) signals were amplified and bandpass
filtered between 10 and 1,000Hz. The recording window was
0ms to 80ms. To measure background muscle activity for
cVEMP, subjects were provided feedback on the level of activity
in their SCMmuscles during data collection. They were required
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FIGURE 1 | The Radioear B81 bone vibrator was calibrated using an artificial mastoid. (A) Artificial mastoid 4930 (Brüel & Kjær, Denmark) was used to calibrate the

B81 bone vibrator. A constant force was maintained by adding a 550g weight to the artificial mastoid when calibrating. (B,C) The spectra show energy distribution of

500Hz tone burst of the B81 bone vibrator at the output of 119.5 dB peFL (stimuli were delivered at 50 dB nHL) (B) and 129.5 dB peFL (stimuli were delivered at 60

dB nHL) (C). The central energy is at 500Hz.

to maintain a background muscle activity of 50–200 µV.
Electrode impedance was maintained below 5 kΩ .

B81-cVEMP and B81-oVEMP Recording
The subjects remained in a sitting position. The B81 bone
vibrator was placed on the mastoid (3 cm behind and 2 cm
above the external acoustic meatus) on the stimulation side
(Figures 2A,B) (15).

The cVEMP recording electrodes were positioned on the
upper half of the bilateral SCM muscles, with a common
reference electrode placed on the upper sternum. One ground
electrode was placed in the middle of the forehead (Figure 2A).
The subject sat with the head rotating sideways toward one
shoulder to activate the SCM muscles for the recording
duration (26).

The oVEMP recording electrodes were placed on the face
inferior to each eye, approximately 1 cm below the center of
the lower eyelid. A common reference electrode was positioned
on the jaw. One ground electrode was placed in the middle
of the forehead (Figure 2B). During recording, the subject was
instructed to look upward, with a vertical visual angle of∼30–35◦

above the horizon (14).
When a typical cVEMP and oVEMP waveform

(Figures 2C,D) appeared, it was decremented by 10 dB each
time until the waveform disappeared or the reproducibility was
poor, and then increased by 5 dB until the waveform appeared.
The threshold for B81-VEMPs was the lowest level in dB peFL
at which VEMPs could be reliably recorded. The initial peak-to-
peak amplitude indicated the raw amplitude. To compensate for
uneven SCM muscle contractions, raw amplitudes were divided
by the mean rectified EMG activity during the 20ms before
the onset of the stimulus (corrected amplitudes) (27). The raw
interaural asymmetry ratio (IAR) was calculated as IAR =100
(larger amplitude – smaller amplitude) / larger amplitude +

smaller amplitude). The corrected IAR was calculated based on

the corrected amplitudes. Subjects with unilaterally or bilaterally
absent responses were not included in the IAR calculation.
For B81-oVEMP, the corrected amplitudes and corrected IAR
were calculated in the same way as B81-cVEMP. The threshold,
P13(N10) latency, N23(P15) latency, P13–N23 (N10-P15)
interval latency, raw amplitudes, raw IAR, corrected amplitudes,
and corrected IAR of the maximum stimulation intensity (≥
20 years old: 134.5 dB peFL, < 20 years old: 129.5 dB peFL)
were measured.

Statistical Analyses
All the statistical analyses were performed using SPSS 22.0 (IBM,
Armonk, NY). The chi-square test or Fisher’s exact test was used
to compare the response rate of B81-VEMPs between each age
group (categorical variables). Kruskal–Wallis one-way analysis
of variance was performed for the multiple comparisons of P13
(N10) latency, N23 (P15) latency, P13- N23 (N10-P15) interval
latency, amplitudes, and IAR (continuous variables). Bonferroni
(homogeneity of variance) or Tamhane’s (heterogeneity of
variance) adjusted multiple comparisons were used as post-hoc
tests. Spearman’s correlation analyses were used to determine
the relationship between age and B81-VEMP parameters.
Using Spearman’s correlation analysis, linear regression curves
were computed only when a statistically significant correlation
was observed. The curves were constructed with Prism 8.0
(GraphPad, La Jolla, CA). For all comparisons, p < 0.05 were
considered statistically significant.

RESULTS

Response Rate of B81-cVEMP
The response rate of B81-cVEMP in all subjects was 95%
(133/140). The rate was 100% for groups I–IV, 95% for groups V
andVI, and 75% for group VII. There were statistically significant
differences among the age groups (p= 0.026, p< 0.05, chi-square
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FIGURE 2 | B81-cVEMP and B81-oVEMP test positions and waveforms. (A) Testing position of B81-cVEMP. (B) The test position of B81-oVEMP. (C) Typical

B81-cVEMP waveforms from I to VII age groups. The P13 and N23 latencies were prolonged, and the raw amplitude decreased with aging. (D) Typical B81-oVEMP

waveforms from groups I to VII. The N10 latency of B81-oVEMP was prolonged with age.
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TABLE 1 | The response rate and threshold of B81-cVEMP with increasing age.

Age groups Response rate Threshold (dB peFL)

Mean ± SD Median IQR

I 100% (20/20) 111.75 ± 5.50 114.50 104.50–114.50

II 100% (20/20) 113.75 ± 5.45 114.50 109.50–119.50

III 100% (20/20) 112.50 ± 3.77 114.50 109.50–114.50

IV 100% (20/20) 121.25 ± 6.34 119.50b 115.75–124.50

V 95% (19/20) 125.55 ± 4.88 124.50b 124.50–129.50

VI 95% (19/20) 125.55 ± 3.15 124.50b 124.50–129.50

VII 75% (15/20)a 129.83 ± 3.52 129.50b,c,d 129.50–134.50

p-value 0.026 / 0.000 /

p-value, chi-square test and Kruskal–Wallis one-way analysis of variance; ap < 0.05, Fisher’s exact test, compared with groups I–IV; bp < 0.01, compared with groups I–III; cp < 0.01,

compared with group IV; dp < 0.05, compared with group VI (Tamhane-adjusted t-test). B81-cVEMP, B81 bone vibrator-induced cervical vestibular-evoked myogenic potential; IQR,

interquartile range; peFL, peak force level; SD, Standard deviation.

test; Table 1). Further analyses showed statistically significant
differences between groups I–IV and VII (p = 0.047, p < 0.05,
Fisher’s exact test; Table 1). There was no statistically significant
difference between the other groups.

Threshold of B81-cVEMP
The median of the threshold of B81-cVEMP for groups I–
VII was 114.50, 114.50, 114.50, 119.50, 124.50, 124.50, and
129.50 dB peFL, respectively, with significant differences in
the threshold between groups I–III and IV–VII (p = 0.000, p
< 0.01, Tamhane-adjusted t-test; Table 1). In addition, there
was also a significant difference for group VII compared to
groups IV and VI (p = 0.000, p < 0.05; p = 0.019, p < 0.05,
Tamhane-adjusted t-test; Table 1). The B81-cVEMP threshold
showed an increase with age (r = 0.756, p < 0.01, Spearman’s
correlation analysis). Figure 3A shows that the linear regression
curve depicts the relationship between age and the B81-cVEMP
threshold (y= 0.3344x+ 108.7).

P13 and N23 Latencies and P13-N23
Interval of B81-cVEMP
The mean, standard deviation, median, and interquartile range
(IQR) of the descriptive statistics across ages are summarized in
Table 2. The Kruskal–Wallis test revealed significant differences
in the P13 latency (p = 0.003, p < 0.01) and N23 latency
(p = 0.008, p < 0.01) of B81-cVEMP among the seven groups
(Table 2). For the P13 latency of B81-cVEMP, there were
statistically significant differences between groups I–III and
VII (p = 0.001, p = 0.018, p = 0.012, p < 0.05, Tamhane-
adjusted t-test; Table 2). There was no statistically significant
difference between groups I–VI. The N23 latency of B81-cVEMP
was significantly different between group VI and groups I and
II (p = 0.004, p = 0.035, p < 0.05, Bonferroni-adjusted t-
test; Table 2); there was no significant difference between the
other groups. For the P13-N23 interval of B81-cVEMP, there
were no statistically significant differences between groups I–VII
(p = 0.390, p > 0.05, Kruskal–Wallis test; Table 2). Spearman’s
correlation analysis revealed that significant correlations existed
between the age factor and the P13 latency (r= 0.357, p= 0.003, p

< 0.01) and N23 latency (r= 0.316, p= 0.009, p < 0.01), but not
with the P13–N23 interval (r=−0.017, p= 0.839, p> 0.05). The
P13 and N23 latencies of B81-cVEMP waveforms from I to VII
groups are shown in Figure 2C. Figure 3B shows the relationship
between age and the P13 latency of B81-cVEMP using a linear
regression curve (y = 0.03388x + 15.57). Figure 3C shows the
relationship between age and the N23 latency of B81-cVEMP
(y= 0.03264x+ 24.36).

Raw Amplitudes, Corrected Amplitudes,
Raw IAR, and Corrected IAR of B81-cVEMP
There was a statistically significant difference both in the raw
amplitudes and corrected amplitudes of B81-cVEMP (p= 0.000,
p< 0.01, Kruskal–Wallis test; Table 3). No significant differences
were found for the raw IAR among the seven groups (p = 0.919,
p > 0.05, Table 3), while the corrected IAR was statistically
significantly different (p = 0.015, p < 0.05; Table 3). The IAR
of group VII was larger than group III. The Tamhane-adjusted
t-test showed no significant change in amplitude up to group
III, whereas a significant reduction in peak-to-peak amplitude
was observed beyond this group. Using Spearman’s analysis, both
the raw and corrected amplitudes showed a significant negative
correlation with age (r=−0.641, p= 0.000, p< 0.01; r=−0.609,
p = 0.000, p < 0.01). The raw and corrected IAR showed no
correlation with age (r = −0.089, p = 0.483, p > 0.05; r = 0.072,
p = 0.601, p > 0.05). Figure 2C shows the raw amplitudes
of B81-cVEMP gradually decrease from I to VII age groups.
Figures 3D,E show an inverse relationship between age and the
raw/corrected amplitude of B81-cVEMP (y = −3.116x + 237.7;
y=−0.03044x+ 2.956).

Response Rate for B81-oVEMP
Using B81 stimuli, the response rate of oVEMP for all subjects
was 82% (115/140). The response rate was 100% in groups I–IV,
whereas it was 70% in group V, 65% in group VI, and 40% in
group VII, exhibiting significant differences between groups I–IV
and V–VII (p= 0.02, p= 0.008, p= 0.000, p< 0.05, Fisher’s exact
test; Table 4). There were no statistically significant differences

Frontiers in Neurology | www.frontiersin.org 5 May 2022 | Volume 13 | Article 881682104

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


Zhang et al. B81-cVEMP, B81-oVEMP, and Aging

FIGURE 3 | The relationship between age and individual B81-cVEMP parameters (linear regression). The threshold (r2 = 0.571, p = 0.000, p < 0.01) (A), P13 latency

(r2 = 0.143, p = 0.001, p < 0.01) (B), and N23 latency (r2 = 0.096, p = 0.010, p < 0.05) (C) are positively correlated with age, whereas the raw amplitude

(r2 = 0.288, p = 0.000, p < 0.01) (D) and corrected amplitude (r2 = 0.246, p = 0.000, p < 0.01) (E) are negatively correlated with age.

TABLE 2 | The latencies and P13-N23 interval of B81-cVEMP with increasing age.

Age groups P13 latency (ms) N23 latency (ms) P13-N23 interval (ms)

Mean ± SD Median IQR Mean ± SD Median IQR Mean ± SD Median IQR

I 15.97 ± 1.18 16.00 15.08–16.59 24.58 ± 2.22 24.00 23.08–25.50 8.62 ± 1.59 8.34 7.67–9.24

II 16.27 ± 1.16 16.50 15.67–16.92 24.73 ± 1.29 25.00 23.75–25.67 8.47 ± 1.45 8.84 7.08–9.33

III 16.24 ± 1.76 15.84 15.08–17.34 25.28 ± 2.99 24.50 23.33–26.91 9.03 ± 2.09 8.84 8.00–10.26

IV 16.43 ± 1.68 16.50 14.75–17.83 25.25 ± 2.23 25.33 23.42–26.33 8.82 ± 1.97 9.00 8.00–10.42

V 16.44 ± 1.44 16.67 15.00–17.67 25.26 ± 2.09 25.33 24.33–27.00 8.82 ± 1.70 9.00 7.33–9.67

VI 17.58 ± 2.30 18.00 16.00–19.00 27.16 ± 2.37 26.33b 25.00–30.00 9.58 ± 2.72 10.00 7.00–11.33

VII 18.22 ± 1.70 18.00a 16.67–19.67 25.91 ± 1.54 26.00 24.33–27.00 7.69 ± 2.11 7.67 5.67–9.67

p-value / 0.003 / / 0.008 / / 0.390 /

p-value, Kruskal–Wallis one-way analysis of variance. ap < 0.05, compared with groups I–III (Tamhane-adjusted t-test); bp < 0.05, compared with groups I and II (Bonferroni-adjusted

t-test); B81-cVEMP, B81 bone vibrator-induced cervical vestibular-evoked myogenic potential; IQR, interquartile range; SD, Standard deviation.

among groups V, VI, and VII (V vs. VI: p = 0.741; V vs. VII:
p= 0.111; VI vs VII: p= 0.205; p > 0.05, chi-square test).

Threshold of B81-oVEMP
The thresholds of B81-oVEMP exhibited significant differences
between groups I–III and IV–VII (p = 0.000, p < 0.01,
Bonferroni-adjusted t-test; Table 4). There was no statistically
significant difference between the other groups. Spearman’s
correlation analysis revealed a significant positive correlation
between age and the threshold (r = 0.768, p = 0.000, p <

0.01). Figure 4A shows that the linear regression curve depicts

the increase of B81-oVEMP threshold with age (y = 0.2744x
+ 115.3).

N10 and P15 Latencies and N10-P15
Interval of B81-oVEMP
The descriptive statistics (mean, standard deviation, median, and
IQR) of latencies and intervals across the age groups are shown
in Table 5. There were significant differences in N10 latency,
P15 latency, and N10-P15 interval among the seven groups
(p = 0.000, p = 0.001, p = 0.005, p < 0.01, Kruskal–Wallis
test; Table 5). Groups IV and VI showed significantly longer
N10 latencies than group III (p = 0.007, p = 0.004, p < 0.01,

Frontiers in Neurology | www.frontiersin.org 6 May 2022 | Volume 13 | Article 881682105

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


Zhang et al. B81-cVEMP, B81-oVEMP, and Aging

TABLE 3 | Raw amplitudes, corrected amplitudes, raw IAR, and corrected IAR of B81-cVEMP with increasing age.

Age

groups

Raw amplitudes (µV) Corrected amplitudes Raw IAR (%) Corrected IAR (%)

Mean ± SD Median IQR Mean± SD Median IQR Mean± SD Median IQR Mean± SD Median IQR

I 173.85 ± 133.61 130.05 81.94-225.42 2.26 ± 1.30 1.94 1.46–2.81 21.00 ± 13.62 23.00 9.00–33.75 34.74 ± 20.08 35.00 15.50–54.50

II 233.13 ± 117.57 215.20 126.68–281.28 2.79 ± 1.50 2.29 1.81–3.66 17.40 ± 14.62 13.50 5.00–27.25 27.30 ± 13.91 29.00 17.50–36.00

III 191.09 ± 106.29 169.80 104.38–274.28 2.67 ± 1.11 2.52 1.73–3.37 16.40 ± 10.96 17.00 7.75–26.75 9.80 ± 5.65 9.00 5.50–14.50

IV 119.39 ± 106.19 74.33a 47.35–146.63 1.86 ± 1.91 1.06e 0.71–2.52 14.40 ± 10.97 11.00 4.75–26.25 35.39 ± 22.27 36.00 10.00–51.00

V 86.31 ± 50.32 68.94b 43.86–119.60 1.57 ± 1.50 1.19e 0.89–1.68 14.67 ± 10.70 8.00 5.50–25.00 30.33 ± 14.50 28.50 20.75–40.00

VI 73.96 ± 27.86 68.31c 56.95–88.94 1.23 ± 0.54 1.14e 0.83–1.68 21.11 ± 16.82 17.00 5.00–38.00 32.43 ± 20.11 29.00 15.00–56.00

VII 47.72 ± 18.75 42.07d 33.09–57.51 0.97 ± 0.45 0.89f 0.61–1.31 14.14 ± 13.57 11.00 7.00–13.00 31.67 ± 10.01 34.50g 25.75–38.50

p-value / 0.000 / / 0.000 / / 0.919 / / 0.015 /

p-value, Kruskal–Wallis one-way analysis of variance; ap < 0.05, compared with group I (Tamhane-adjusted t-test); bp < 0.01, compared with groups II and III (Tamhane-adjusted t-test);
cp < 0.05, compared with groups I–III; dp < 0.05, compared with groups I–IV and VI; ep < 0.05, compared with groups II and III (Bonferroni-adjusted t-test); fp < 0.01, compared with

groups I–III (Bonferroni-adjusted t-test); gp < 0.05, compared with group III (Bonferroni-adjusted t-test). B81-cVEMP, B81 bone vibrator-induced cervical vestibular-evoked myogenic

potential; IAR, interaural asymmetry ratio; IQR, interquartile range; SD, Standard deviation.

TABLE 4 | The response rate and threshold of B81-oVEMP with increasing age.

Age groups Response rate Threshold (dB peFL)

Mean ± SD Median IQR

I 100% (20/20) 116.00 ± 5.40 114.50 114.50–119.50

II 100% (20/20) 119.75 ± 6.17 119.50 114.50–124.50

III 100% (20/20) 120.00 ± 4.56 119.50 119.50–124.50

IV 100% (20/20) 128.00 ± 4.32 129.50b 124.50–129.50

V 70% (14/20)a 127.36 ± 5.79 127.00b 123.25–134.50

VI 65% (13/20)a 129.88 ± 4.31 129.50b 124.50–134.50

VII 40% (8/20)a 129.50 ± 3.78 129.50b 129.50–134.50

p-value 0.001 / 0.000 /

p-value, chi-square test and Kruskal–Wallis one-way analysis of variance; ap < 0.05, Fisher’s exact test, compared with groups I–IV; bp < 0.01, Bonferroni-adjusted t-test, compared

with groups I–III; B81-oVEMP, B81 bone vibrator-induced ocular vestibular-evoked myogenic potential; IQR, interquartile range; peFL, peak force level; SD, Standard deviation.

FIGURE 4 | Relationship between age and individual B81-oVEMP parameters (linear regression). The threshold (r2 = 0.470, p = 0.000, p < 0.01) (A) and N10 latency

(r2 = 0.107, p = 0.000, p < 0.01) (B) of B81-oVEMP are positively correlated with age, whereas the corrected amplitude (r2 = 0.266, p = 0.000, p < 0.01) (C) is

negatively correlated with age.

Bonferroni-adjusted t-test). Group VII showed significantly
longer N10 latencies than groups II and III (p= 0.018, p= 0.001,
p < 0.05, Bonferroni-adjusted t-test). For the P15 latency, group
III showed significantly shorter latencies than groups IV and VI

(p = 0.004, p = 0.000, p < 0.01, Bonferroni-adjusted t-test).
For the N10-P15 interval, group III showed significantly shorter
latencies than group I (p = 0.041, p < 0.05, Tamhane-adjusted t-
test), and group VII showed significantly shorter latencies than
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TABLE 5 | The latencies and N10-P15 interval of B81-oVEMP with increasing age.

Age groups N10 latency (ms) P15 latency (ms) N10-P15 interval (ms)

Mean ± SD Median IQR Mean ± SD Median IQR Mean ± SD Median IQR

I 10.77 ± 0.86 10.66 10.00–11.33 16.12 ± 0.84 15.83 15.67–16.91 5.35 ± 0.81 5.34 5.00–6.00

II 10.68 ± 1.32 10.33 10.00–10.92 16.10 ± 1.56 16.00 15.33–16.92 5.42 ± 1.26 5.67 4.08–6.25

III 9.86 ± 1.70 10.00 9.33–11.25 14.03 ± 2.39 14.17c 12.42–15.50 4.17 ± 1.38 4.17d 3.00–5.25

IV 11.58 ± 1.54 11.50a 10.58–12.59 16.35 ± 2.11 16.67 14.58–18.00 4.77 ± 1.40 4.84 3.75–5.92

V 11.05 ± 1.30 10.84 10.00–11.50 15.67 ± 1.50 16.00 14.83–17.00 4.62 ± 1.25 5.00 3.25–5.67

VI 11.77 ± 1.23 11.67a 10.67–12.67 17.05 ± 1.26 17.33 15.67–18.00 5.28 ± 0.80 5.33 4.50–6.00

VII 12.42 ± 1.41 12.34b 11.42–13.50 16.54 ± 1.80 16.50 15.17–18.34 4.12 ± 0.73 4.00e 3.42–4.83

p-value / 0.000 / / 0.001 / / 0.005 /

p-value, Kruskal–Wallis one-way analysis of variance; ap < 0.01, compared with group III (Bonferroni-adjusted t-test); bp < 0.05, compared with groups II and III (Bonferroni-adjusted

t-test); cp < 0.01, compared with groups IV and VI (Bonferroni-adjusted t-test); dp < 0.05, compared with group I (Tamhane-adjusted t-test); ep < 0.05, compared with groups I, II,

and VI (Tamhane-adjusted t-test). B81-oVEMP, B81 bone vibrator-induced ocular vestibular-evoked myogenic potential; IQR, interquartile range; SD, Standard deviation.

groups I, II, and VI (p = 0.007, p = 0.019, p = 0.039, p <

0.05, Tamhane-adjusted t-test). Except for the above-mentioned
results, there was no significant difference between the age groups
for the N10 latency, P15 latency, and N10-P15 interval. Analyses
between the age factor and latencies revealed a significant
positive correlation between age and the N10 latency (r = 0.334,
p = 0.009, p < 0.01, Spearman’s correlation analysis) but not
between age and the P15 latency and N10-P15 interval. The
changes in the latencies of B81-oVEMP in each age group are
shown in Figure 2D. Figure 4B shows the relationship between
age and the N10 latency of B81-oVEMP using a linear regression
curve (y= 0.02762x+ 10.19).

Raw Amplitudes, Corrected Amplitudes,
Raw IAR, and Corrected IAR of B81-oVEMP
There was a significant difference in the corrected amplitudes
between the different age groups (p = 0.000, p < 0.01), but
no significant difference was found in the raw amplitudes, raw
IAR, and corrected IAR (p = 0.320, p = 0.738, p = 0.218, p >

0.05, Kruskal–Wallis test; Table 6). The corrected amplitudes of
groups III, IV, VI, and VII were smaller than that of group I
(p = 0.000, p < 0.01, Tamhane-adjusted t-test), those of groups
IV, VI, and VII were smaller than that of group II (p= 0.000, p <

0.01, Tamhane-adjusted t-test), and that of group VI was smaller
than that of group III (p = 0.005, p < 0.01, Tamhane-adjusted t-
test). The corrected amplitudes of B81-oVEMP were significantly
correlated with age (r=−0.683, p= 0.000, p < 0.01, Spearman’s
correlation analysis). Figure 4C shows the negative correlation
between age and corrected amplitudes of B81-oVEMP using a
linear regression curve (y=−0.02343x+ 1.297).

DISCUSSION

The VEMP test elicited by ACS is a classical method that is
widely employed in clinical settings. Compared to the ACS, BCV
has some advantages that overcome the limitations of ACS in
the VEMP test. Therefore, it is indispensable to establish the
normal range of BCV-induced VEMP for different age groups.
Several previous studies have reported the influence of age on

oVEMP and cVEMP parameters (17, 24, 25, 27–31). Most studies
showed a significant decline in the response rates, prolongation
of latencies, and reduction of oVEMP and cVEMP amplitudes
with increasing age (24, 33). The association of cVEMP with
age has been studied more extensively than that of oVEMP with
age. Besides, VEMP parameters are usually affected by position,
stimulating method, and setting of the output and record. The
results of the studies are not entirely consistent. This study
used a Radioear B81 bone vibrator to evoke VEMPs on the
mastoids and observed the changes in B81-VEMP parameters
with increasing age.

Effects of Age on the Parameters of
B81-cVEMP
The total response rate of B81-cVEMP was 95% (133/140) in
our study. The result was similar to that reported by Patterson
et al. (92%, 144/156), who used the B81 bone vibrator (17), and
Rosengren et al. (93%, 113/122), who used B71 bone vibrator
(28). In all the studies, the bone vibrator was applied on the
mastoid; however, we used the sitting position, while Patterson
et al. and Rosengren et al. used the reclined position. Therefore,
both the sitting and reclined positions are suitable for the cVEMP
test. In this study, the response rate of B81-cVEMP was 100%
up to the age group of 40–49 years and declined to 75% in the
group of individuals older than 60 years. The results revealed an
increase in threshold values and a decrease in raw and corrected
amplitudes in individuals ≥30 years. In addition, the study
showed prolongation of the B81-cVEMP P13 and N23 latencies
with increasing age.

The reduction in the response rate and both raw and
corrected amplitudes with advancing age has been consistently
reported across studies. It might be related to the morphological
changes and reduced saccular hair cells and neuroepithelia in
Scarpa’s ganglion and the brainstem vestibular nuclei (31). The
prolongation in the P13 and N23 latencies of B81-cVEMP with
age can also be explained by age-related changes in the otolith-
cervical reflexes based on the alterations in the processing of
otolithic signals by the central nervous systems.
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Effects of Age on the Parameters of
B81-oVEMP
In the present study, the total response rate of B81-oVEMP
was 82% (115/140). Our results were lower than those reported
by Patterson et al. (89%, 139/156), who used the B81 bone
vibrator (17), but higher than that of Rosengren et al. (65%,
79/122), who used B71 bone vibrator (28). The main difference
between the studies was that we placed the vibrator on the
mastoid. Rosengren et al. (3) showed that slight displacement
of the B81 or B71 vibrator on the mastoid could result in
the absence or reduced responses when recording the VEMPs,
which was also shown in our VEMP test recording. Another
reason may be that Patterson et al. (17) increased the stimulation
intensity to 75 dB nHL (138 dB peFL) when oVEMP could
not be elicited with 70 dB nHL (136 dB peFL) stimulation.
However, in our study, we calibrated the B81 vibrator using
artificial mastoid 4,930, and the output was distorted when it
was above 65 dB nHL. Hence, we used the maximum stimulus
intensity of 65 dB nHL (134.5 dB peFL). It should be noted
that the response rates using the B81 outperformed those using
the B71, which cannot be attributed to output. This equals
the force output of the B81 when the frequency is 500Hz
(16, 17, 28). We believe that forehead stimulation may be the
best location for the oVEMP response instead of the mastoid
(17, 28, 32). Our results showed that the response rate of B81-
oVEMP was 100% up to the age group of 40–49 years and
progressively declined afterward to only 40% in the group of
individuals ≥60 years. These findings agree with those reported
in the literature (14). However, these findings contradicted those
reported by a previous study, which showed 100% response
rates in both the younger and older groups (12). This may
be attributed to the different stimulation conditions. Iwasaki
et al. used a Brüel and Kjaer 4810 Mini-shaker or a light tap
with a tendon hammer in the middle at the hairline to provide
BCV stimuli.

Few studies have explored the effect of age on the oVEMP
threshold. Our study showed that the threshold of B81-oVEMP
gradually increased with age. A morphological study of the
vestibular neuroepithelium revealed that degenerative changes
in the vestibular organs occurred after the age of 40 years.
Approximately, 20% loss of the hair cell population was noted
in the utricular macula with increasing age, consistent with
a significant decline in the response rates and increase in
the threshold of B81-oVEMP in individuals ≥40 years (14,
20). In addition to age-related changes in the vestibular hair
cells, depletion of the vestibular ganglion cells and vestibular
afferent neurons are also noted during the aging process. Richter
et al. reported a decrease in the number of vestibular hair
cells after the age of 20 years and a decrease in vestibular
ganglia after the age of 50 years (21). Merchant also reported
a gradual loss in vestibular hair cells in all the end organs
(three cristae and two maculae) with increasing age (23). A
previous study identified significant age-related loss of neurons
in the medial vestibular nucleus (33), a well-documented VOR
relay center. The prolonged N10 latency of B81-oVEMP may
degrade the central vestibular processing of otolithic signals
with age.
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Our results showed that the P15 latency and raw amplitude
of B81-oVEMP were not significantly correlated with age,
contradicting the results of previous studies (14, 28). However,
the corrected amplitude decreased with increasing age. These
data indicate the importance of stimulus parameters (testing
position, electrode montage position, vibrator position, force,
etc.) in the oVEMP test (3, 34).

Raw IAR and Corrected IAR of B81-cVEMP
and B81-oVEMP
For B81-cVEMP and B81-oVEMP, our results revealed no
correlation between the raw IAR and corrected IAR with
increasing age. These results are consistent with previous reports
(14, 25, 27). The lack of change in the IAR with advancing
age could be attributed to the bilateral and usually symmetrical
nature of the aging process, which has been reported most often
in the studies conducted on the effect of aging on hearing and
balance (31).

We also observed the raw IAR and corrected IAR in each
group. The corrected amplitude did not reduce the IAR values
in our study. Instead, the maximum value of the corrected IAR
increased by using the corrected amplitude in most age groups,
being more apparent for B81-cVEMP.

During VEMP testing, we found that some subjects had a
reduced IAR, but the IAR of other subjects increased using
the corrected amplitude. McCaslin et al. found similar results.
However, they suggested that the cVEMP test is best performed
using optimal EMG activation with amplitude normalization
techniques (35). Lee et al. reported that rectified data can produce
a more reliable IAR and may help diagnose some vestibular
disorders according to amplitude-associated parameters (36). As
we only included 10 subjects in each group in this study, the
results of our study need to be further explored.

The Response Rate of B81-oVEMP
Decreases More Significantly With Age
This study showed that when patients were older than 60 years,
the response rate of B81-cVEMP was 75%, while that of B81-
oVEMP was only 40%. B81-oVEMP is an excitatory postsynaptic
potential that is not affected by muscle contraction. Still, the
recording potential is small, and many interference factors, such
as stimulus artifacts, electromagnetic interference, head size,
stimulation location, and lower eyelid thickness, could affect
its record (37). Besides, the B81 bone vibrator placed on the
mastoid typically produces good cVEMP but poorer oVEMP
because forehead stimulation may be the best location for the
oVEMP response (17, 28). Therefore, when recording oVEMP,
the influencing factors need to be carefully controlled. The
disappearance of the waveform does not necessarily indicate
utricular dysfunction and should be considered comprehensively.

Limitations
Finally, several limitations to the present study should be
considered. First, BCV stimulations have several advantages
compared to ACS stimulation. BCV stimulations can be used
in patients with conductive hearing loss, decrease the sound
exposure in children with small external auditory canal volumes,

and produce large oVEMP responses. But BCV stimulation
activates the utricle and saccule of both ears, rendering their
interpretation more difficult in patients with unilateral vestibular
loss (3). Second, BCV stimulation is less sensitive and specific
than ACS stimulation when diagnosing third-window diseases
(38). Third, the B81 vibrator was placed on the mastoid
because it is difficult to attach it firmly to the forehead.
VEMPs are sometimes sensitive to small variations in vibrator
placement. The vibrator locations should be moved slightly if
B81-VEMPs are very small or absent (3). Furthermore, based
on a small sample size in this study, the results of patients with
vestibular diseases using different BCV stimulations are needed
for future research.

CONCLUSION

Age significantly affects B81-cVEMP and B81-oVEMP responses,
particularly the response rate of B81-oVEMP. Hence, we
suggest establishing reference values according to different age
groups when evaluating the VEMP responses in patients with
vestibular diseases.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Xi’an Jiaotong University. Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in
this article.

AUTHOR CONTRIBUTIONS

YZ and ZC wrote the manuscript. PR, QZ, and YJ provided
the idea for the study, reviewed, and edited the manuscript. JY
reviewed and edited the manuscript. HZ, JS, and QW collected
the clinical data. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos: 81970891, 82171137, and
81971766) and the Key International Cooperation Project of
Shaanxi Province (Grant No: 2020-KWZ-019) and the Science
and Technology Project of Shanghai Science and Technology
Commission (Grant No: 21S31900600).

ACKNOWLEDGMENTS

The authors thank the healthy volunteers who participated in
this study.

Frontiers in Neurology | www.frontiersin.org 10 May 2022 | Volume 13 | Article 881682109

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


Zhang et al. B81-cVEMP, B81-oVEMP, and Aging

REFERENCES

1. Curthoys IS, Grant JW, Burgess AM, Pastras CJ, Brown DJ, Manzari L.

Otolithic receptor mechanisms for vestibular-evoked myogenic potentials: a

review. Front Neurol. (2018) 9:e366. doi: 10.3389/fneur.2018.00366

2. Curthoys IS, Grant JW, Pastras CJ, Brown DJ, Burgess AM, Brichta AM,

et al. review of mechanical and synaptic processes in otolith transduction

of sound and vibration for clinical VEMP testing. J Neurophysiol. (2019)

122:259–76. doi: 10.1152/jn.00031.2019

3. Rosengren SM, Colebatch JG, Young AS, Govender S, Welgampola

MS. Vestibular evoked myogenic potentials in practice: methods,

pitfalls and clinical applications. Clin Neurophysiol Pract. (2019)

4:47–68. doi: 10.1016/j.cnp.2019.01.005

4. Colebatch JG, Halmagyi GM. Vestibular evoked potentials in human neck

muscles before and after unilateral vestibular deafferentation. Neurology.

(1992) 42:1635–6. doi: 10.1212/WNL.42.8.1635

5. Colebatch JG, Halmagyi GM, Skuse NF. Myogenic potentials generated by

a click-evoked vestibulocollic reflex. J Neurol Neurosurg Psychiatry. (1994)

57:190–7. doi: 10.1136/jnnp.57.2.190

6. Rosengren SM, McAngus Todd NP, Colebatch JG. Vestibular-evoked

extraocular potentials produced by stimulation with bone-conducted

sound. Clin Neurophysiol. (2005) 116:1938–48. doi: 10.1016/j.clinph.2005.

03.019

7. Rosengren SM, Welgampola MS, Colebatch JG. Vestibular evoked myogenic

potentials: past, present and future. Clin Neurophysiol. (2010) 121:636–

51. doi: 10.1016/j.clinph.2009.10.016

8. Curthoys IS. A critical review of the neurophysiological evidence

underlying clinical vestibular testing using sound, vibration and galvanic

stimuli. Clin Neurophysiol. (2010) 121:132–44. doi: 10.1016/j.clinph.2009.

09.027

9. Halmagyi GM, Yavor RA, Colebatch JG. Tapping the head activates the

vestibular system: a new use for the clinical reflex hammer. Neurology. (1995)

45:1927–9. doi: 10.1212/WNL.45.10.1927

10. Han P, Zhang R, Chen Z, Gao Y, Cheng Y, Zhang Q, et al. Evaluation of ocular

and cervical vestibular evoked myogenic potentials in a conductive hearing

loss model. J Otol. (2016) 11:192–7. doi: 10.1016/j.joto.2016.12.002

11. Iwasaki S, McGarvie LA, Halmagyi GM, Burgess AM, Kim J, Colebatch JG,

et al. Head taps evoke a crossed vestibulo-ocular reflex. Neurology. (2007)

68:1227–9. doi: 10.1212/01.wnl.0000259064.80564.21

12. Iwasaki S, Smulders YE, Burgess AM, McGarvie LA, MacDougall HG,

Halmagyi GM, et al. Ocular vestibular evoked myogenic potentials to

bone conducted vibration of the midline forehead at Fz in healthy

subjects. Clin Neurophysiol. (2008) 119:2135–47. doi: 10.1016/j.clinph.2008.

05.028

13. Basta D, Todt I, Ernst A. Characterization of age-related changes

in vestibular evoked myogenic potentials. J Vestib Res. (2007) 17:93–

8. doi: 10.3233/VES-2007-172-304

14. Tseng CL, Chou CH, Young YH. Aging effect on the ocular

vestibular-evoked myogenic potentials. Otol Neurotol. (2010)

31:959–63. doi: 10.1097/MAO.0b013e3181e8fb1a

15. Welgampola MS, Rosengren SM, Halmagyi GM, Colebatch JG. Vestibular

activation by bone conducted sound. J Neurol Neurosurg Psychiatry. (2003)

74:771–8. doi: 10.1136/jnnp.74.6.771

16. Clinard CG, Piker EG, Thorne AP, Surface EN, Anderson AE, Beacham VA,

et al. Maximum output and low-frequency limitations of B71 and B81 clinical

bone vibrators: implications for vestibular evoked potentials. Ear Hear. (2020)

41:847–54. doi: 10.1097/AUD.0000000000000808

17. Patterson JN, Rodriguez AI, Gordon KR, Honaker JA, Janky KL. Age

effects of bone conduction vibration vestibular-evoked myogenic potentials

(VEMPs) using B81 and impulse hammer stimuli. Ear Hear. (2021) 42:1328–

37. doi: 10.1097/AUD.0000000000001024

18. Jansson KJ, Håkansson B, Johannsen L, Tengstrand T. Electro-acoustic

performance of the new bone vibrator radioear B81: a comparison

with the conventional radioear B71. Int J Audiol. (2015) 54:334–

40. doi: 10.3109/14992027.2014.980521

19. Romero DJ, Piker EG, Thorne A, Clinard C. Comparison of bone-conducted

cervical VEMPs elicited by B71 and B81 bone vibrators. Ear Hear. (2021)

42:596–605. doi: 10.1097/AUD.0000000000000978

20. Rosenhall U. Degenerative patterns in the aging human

vestibular neuro-epithelia. Acta Otolaryngol. (1973) 76:208–

20. doi: 10.3109/00016487309121501

21. Richter E. Quantitative study of human Scarpa’s ganglion and

vestibular sensory epithelia. Acta Otolaryngol. (1980) 90:199–

208. doi: 10.3109/00016488009131716

22. Merchant SN, Velázquez-Villaseñor L, Tsuji K, Glynn RJ, Wall C III, Rauch

SD. Temporal bone studies of the human peripheral vestibular system

normative vestibular hair cell data. Ann Otol Rhinol Laryngol Suppl. (2000)

181:3–13. doi: 10.1177/00034894001090S502

23. Velázquez-Villaseñor L, Merchant SN, Tsuji K, Glynn RJ, Wall C III, Rauch

SD. Temporal bone studies of the human peripheral vestibular system

normative Scarpa’s ganglion cell data. Ann Otol Rhinol Laryngol Suppl. (2000)

181:14–9. doi: 10.1177/00034894001090S503

24. Macambira YKD, Carnauba ATL, Fernandes LCBC, Bueno NB, Menezes

PD. Aging and wave-component latency delays in oVEMP and cVEMP: a

systematic review with meta-analysis. Braz J Otorhinolar. (2017) 83:475–

87. doi: 10.1016/j.bjorl.2016.12.006

25. Singh NK, Firdose H. Characterizing the impact of advancing age on

500Hz tone-burst evoked ocular-vestibular evoked myogenic potentials.

Eur Arch Otorhinolaryngol. (2021) 278:4259–68. doi: 10.1007/s00405-020-0

6542-2

26. Tseng CC, Wang SJ, Young YH. Comparison of head elevation

versus rotation methods for eliciting cervical vestibular-evoked

myogenic potentials via bone-conducted vibration. Int J Audiol. (2013)

52:200–6. doi: 10.3109/14992027.2012.754108

27. Welgampola MS, Colebatch JG. Vestibulocollic reflexes: normal

values and the effect of age. Clin Neurophysiol. (2001) 112:1971–

9. doi: 10.1016/S1388-2457(01)00645-9

28. Rosengren SM, Govender S, Colebatch JG. Ocular and cervical vestibular

evoked myogenic potentials produced by air- and bone-conducted stimuli:

comparative properties and effects of age.Clin Neurophysiol. (2011) 122:2282–

9. doi: 10.1016/j.clinph.2011.04.001

29. Colebatch JG, Govender S, Rosengren SM. Two distinct patterns

of VEMP changes with age. Clin Neurophysiol. (2013) 124:2066–

8. doi: 10.1016/j.clinph.2013.04.337

30. Su HC, Huang TW, Young YH, Cheng PW. Aging effect on

vestibular evoked myogenic potential. Otol Neurotol. (2004)

25:977–80. doi: 10.1097/00129492-200411000-00019

31. SinghNK, Kashyap RS, Supreetha L, SahanaV. Characterization of age-related

changes in sacculocolic response parameters assessed by cervical vestibular

evoked myogenic potentials. Eur Arch Otorhinolaryngol. (2014) 271:1869–

77. doi: 10.1007/s00405-013-2672-0

32. Rodriguez AI, Marler E, Fitzpatrick D, Creutz T, Cannon

SA, Thomas MLA, et al. Optimization of cervical and ocular

vestibular evoked myogenic potential testing using an impulse

hammer in adults, adolescents, and children. Otol Neurotol. (2020)

41:817–27. doi: 10.1097/MAO.0000000000002632

33. Tang Y, Lopez I, Baloh RW. Age-related change of the neuronal number in the

human medial vestibular nucleus: a stereological investigation. J Vestib Res.

(2001-2002) 11:357–63. doi: 10.3233/VES-2002-11602

34. Govender S, Colebatch JG. Effects of midline sagittal location on bone-

conducted cervical and ocular vestibular evoked myogenic potentials. J

Appl Physiol (1985). (2017) 122:1470–84. doi: 10.1152/japplphysiol.0106

9.2016

35. McCaslin DL, Jacobson GP, Hatton K, Fowler AP, DeLong

AP. The effects of amplitude normalization and EMG targets

on cVEMP interaural amplitude asymmetry. Ear Hear. (2013)

34:482–90. doi: 10.1097/AUD.0b013e31827ad792

36. Lee KJ, Kim MS, Son EJ, Lim HJ, Bang JH, Kang JG. The

usefulness of rectified VEMP. Clin Exp Otorhinolaryngol. (2008)

1:143–7. doi: 10.3342/ceo.2008.1.3.143

37. Curthoys IS, Manzari L, Smulders YE, Burgess AM. A review of the scientific

basis and practical application of a new test of utricular function – ocular

vestibular-evoked myogenic potentials to bone-conducted vibration. Acta

Otorhinolaryngol Ital. (2009) 29:179–86.

38. Janky KL, Nguyen KD, Welgampola M, Zuniga MG, Carey JP. Air-

conducted oVEMPs provide the best separation between intact

Frontiers in Neurology | www.frontiersin.org 11 May 2022 | Volume 13 | Article 881682110

https://doi.org/10.3389/fneur.2018.00366
https://doi.org/10.1152/jn.00031.2019
https://doi.org/10.1016/j.cnp.2019.01.005
https://doi.org/10.1212/WNL.42.8.1635
https://doi.org/10.1136/jnnp.57.2.190
https://doi.org/10.1016/j.clinph.2005.03.019
https://doi.org/10.1016/j.clinph.2009.10.016
https://doi.org/10.1016/j.clinph.2009.09.027
https://doi.org/10.1212/WNL.45.10.1927
https://doi.org/10.1016/j.joto.2016.12.002
https://doi.org/10.1212/01.wnl.0000259064.80564.21
https://doi.org/10.1016/j.clinph.2008.05.028
https://doi.org/10.3233/VES-2007-172-304
https://doi.org/10.1097/MAO.0b013e3181e8fb1a
https://doi.org/10.1136/jnnp.74.6.771
https://doi.org/10.1097/AUD.0000000000000808
https://doi.org/10.1097/AUD.0000000000001024
https://doi.org/10.3109/14992027.2014.980521
https://doi.org/10.1097/AUD.0000000000000978
https://doi.org/10.3109/00016487309121501
https://doi.org/10.3109/00016488009131716
https://doi.org/10.1177/00034894001090S502
https://doi.org/10.1177/00034894001090S503
https://doi.org/10.1016/j.bjorl.2016.12.006
https://doi.org/10.1007/s00405-020-06542-2
https://doi.org/10.3109/14992027.2012.754108
https://doi.org/10.1016/S1388-2457(01)00645-9
https://doi.org/10.1016/j.clinph.2011.04.001
https://doi.org/10.1016/j.clinph.2013.04.337
https://doi.org/10.1097/00129492-200411000-00019
https://doi.org/10.1007/s00405-013-2672-0
https://doi.org/10.1097/MAO.0000000000002632
https://doi.org/10.3233/VES-2002-11602
https://doi.org/10.1152/japplphysiol.01069.2016
https://doi.org/10.1097/AUD.0b013e31827ad792
https://doi.org/10.3342/ceo.2008.1.3.143
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Zhang et al. B81-cVEMP, B81-oVEMP, and Aging

and superior canal dehiscent labyrinths. Otol Neurotol. (2013)

34:127–34. doi: 10.1097/MAO.0b013e318271c32a

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Zhang, Chen, Zhao, Shen, Zhong, Wu, Yang, Jin, Zhang and Ren.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Neurology | www.frontiersin.org 12 May 2022 | Volume 13 | Article 881682111

https://doi.org/10.1097/MAO.0b013e318271c32a
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


ORIGINAL RESEARCH
published: 17 May 2022

doi: 10.3389/fneur.2022.881411

Frontiers in Neurology | www.frontiersin.org 1 May 2022 | Volume 13 | Article 881411

Edited by:

Sun-Young Oh,

Jeonbuk National University,

South Korea

Reviewed by:

Sun-Uk Lee,

Korea University Medical Center,

South Korea

John Allum,

University of Basel, Switzerland

*Correspondence:

Shinichi Iwasaki

iwashin@med.nagoya-cu.ac.jp

Specialty section:

This article was submitted to

Neuro-Otology,

a section of the journal

Frontiers in Neurology

Received: 22 February 2022

Accepted: 03 May 2022

Published: 17 May 2022

Citation:

Iwasaki S, Kamogashira T, Fujimoto C,

Kabaya K, Kinoshita M and

Yamasoba T (2022) The Role of Neck

Input in Producing Corrective

Saccades in the Head Impulse Test.

Front. Neurol. 13:881411.

doi: 10.3389/fneur.2022.881411

The Role of Neck Input in Producing
Corrective Saccades in the Head
Impulse Test
Shinichi Iwasaki 1*, Teru Kamogashira 2, Chisato Fujimoto 2, Kayoko Kabaya 1,

Makoto Kinoshita 2 and Tatsuya Yamasoba 2

1Department of Otolaryngology & Head and Neck Surgery, Nagoya City University Graduate School of Medicine, Nagoya,

Japan, 2Department of Otolaryngology and Head and Neck Surgery, Faculty of Medicine, The University of Tokyo, Tokyo,

Japan

Background: The head impulse test is a valuable clinical test that can help identify

peripheral vestibular dysfunction by observing corrective saccades that return the eyes

to the target of interest. Corrective saccades have been classified as covert if the onset

occurs before the end of the head impulse and as overt if they occur afterwards. However,

the mechanism that trigger these saccades remain unclear.

Objective: The objective of this study was to examine the role of neck input in generating

overt as well as covert saccades.

Methods: Sixteen patients (9 males and 7 females: age 35-80 years, average 62.7 years

old) who showed corrective saccades during the head impulse test were included. Twelve

patients had unilateral vestibular dysfunction, and 4 patients had bilateral vestibular

dysfunction. Patients underwent both the head impulse test (HIT) and the body impulse

test (BIT) in a randomized order. While the head is rotated horizontally in HIT, the body

is rotated horizontally in BIT. During BIT, the neck is fixed by a cervical collar (neck lock

extrication collar) to reduce somatosensory input from the neck. The head movements

and eye movements were recorded and analyzed by the video HIT recording system.

Results: In all 16 patients, corrective saccades were observed in HIT as well as in BIT.

While there were no significant differences in peak head velocities between HIT and BIT

(p = 0.33, paired t-test), the VOR gain in BIT was significantly smaller than that in HIT

(p = 0.011, paired t-test). The number of overt saccades per trial in BIT was significantly

decreased compared to that in HIT (p < 0.001, paired t-test) whereas there were no

significant differences in the number of covert saccades between the two tests. The

proportion of overt saccades among all corrective saccades in BIT was significantly lower

than the proportion in HIT (p < 0.001, paired t-test).

Conclusions: Somatosensory input from the neck contributes to the generation of overt

saccades and reinforces the vestibulo-ocular reflex complementing the retinal slip during

high frequency head movements.

Keywords: vestibular, head impulse test, neck input, overt saccades, covert saccades
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INTRODUCTION

The head impulse test (HIT) is a valuable clinical test to identify
peripheral vestibular dysfunction (1, 2). When clinicians turn
the head briskly in the plane of the semicircular canals, healthy
subjects can stabilize their gaze with the angular vestibulo-ocular
reflex (VOR) that compensates for the head rotation with an
equal eye rotation in the direction opposite to the head. In
patients with vestibular dysfunction, the eyesmove with the head,
requiring corrective saccades to return the gaze to the earth-fixed
target. Detecting these corrective saccades is the clinical sign of
VOR hypofunction in clinical HIT (2).

Objective eye movement measurement during HIT using the
scleral search coil technique as well as high-speed video imaging
has revealed that corrective saccades occur not only after the end
of the eye response defined as the zero crossing of eye velocity but
also during the head rotation (3, 4). The latter is called a covert
saccade, since it is difficult to perceive them without recording
equipment. The former is called an overt saccade since it is easily
observed by the clinician without recording.

The mechanisms of how corrective saccades are generated
are still unclear. Previous studies have suggested that they are
triggered by retinal slip (5), visual input (6), residual vestibular
function (7), or internal models created in the central nervous
system (8). However, the role of somatosensory input from
cervical movement in the generation of corrective saccades is
still unclear.

Previous studies have shown that while the contribution of the
somatosensory input from cervical movement to VOR isminimal
in normal conditions, it potentiates after bilateral vestibular loss
(9, 10). After unilateral labyrinthectomy, somatosensory input
can be used to change activity in the vestibular afferents in frogs
(11), but not in primates (12, 13).

To investigate the role of cervical input in generating
corrective saccades in HIT, we performed both HIT and the body
impulse test (BIT), in which the examiner quickly rotates the
patient’s body with their neck fixed using a cervical collar, in
patients with peripheral vestibular dysfunction. We compared
the differences in the generation of corrective saccades between
HIT and BIT and revealed that the sensory input from the neck
mainly contributes to the generation of overt saccades.

METHODS

Experimental Procedure
All procedures were in accordance with the Helsinki declaration
and were approved by the University of Tokyo Human
Ethics Committee (No. 2487). All patients gave written
informed consent.

Patients
Sixteen patients (9 males and 7 females; age 35–80 years, mean
age 62.7 ± 14.6 years) were recruited from the Balance Disorder
Clinic, Department of Otolaryngology at the University of Tokyo
Hospital. All the patients received a detailed history taking and
neuro-otological tests including the head impulse test, caloric test
(4◦C ice water). The methods of these vestibular function tests

have been described previously (14). The inclusion criteria were
(1) unilateral or bilateral vestibular hypofunction shown with
the caloric test (canal paresis calculated using Jongkee’s formula
>20%, or maximum slow phase eye velocity < 10◦/s bilaterally)
(14), (2) corrective saccades present with decreased VOR gain (<
0.8) on at least on one side in the lateral canal using vHIT (15),
and (3) free from any disease of the central nervous system. The
clinical characteristics of the patients are listed in Table 1. The
vestibular schwannomas in patients #10 and #11 were located
in the internal auditory meatus without any compression of the
brainstem. The tumors sizes were 6.2 and 4.7mm, respectively.

Head Impulse Test (HIT)
Subjects were seated on a chair in a light room, and were
instructed to visualize an eye level target on the wall at a distance
of 1m. The examiner stood behind the subject and held the
subject’s head. Horizontal head impulses were manually applied
to each side with unpredictable timing and direction by the
examiner (Figure 1A). The amplitude of the head rotation was
15-20◦, and the head velocity of the impulse was 110-220◦/s. At
least 20 accepted head impulses were collected for each horizontal
semicircular canal.

Body Impulse Test (BIT)
Subjects were seated on a rotating stool, the seat of which could
rotate freely in the horizontal plane, and were instructed to
visualize an eye level target on the wall at a distance of 1m
in a light room. They wore a cervical collar (Ossur Miami-
J Neck Brace; Ossur Japan, Tokyo) to stabilize the head. To
minimize neckmovement, particular care was taken to secure the
neck brace tightly around the neck. The examiner stood behind
the subject and held both shoulders. Impulsive horizontal body
rotations were manually applied to each side with unpredictable
timing and direction by the examiner (Figure 1B). The amplitude
of the rotation was 15-20◦. The head velocity of the impulse was
110-220◦/s. At least 20 accepted head impulses were collected for
each horizontal semicircular canal.

HIT and BIT were performed in a randomized order.

Data Collection and Analysis
Eye velocity and head velocity were recorded for each head
rotation using an Otometrics Impulse device (Otometrics,
Denmark). Subjects wore a lightweight goggle frame with a built-
in camera to record eye movements from the right eye and an
accelerometer to record head movement at a sampling frequency
of 250Hz. The values of VOR gain were calculated as the ratio
of mean eye velocity over mean head velocity during a 40-ms
window centered at peak head acceleration (3).

Corrective saccades were analyzed off-line with custom SciLab
6.1.1 software (SciLab, ESI Group). Saccades were identified by
their peak velocity. We only analyzed corrective saccades that
brought the eye toward the target. Compensatory saccades that
occurred during the head movement were classified as “covert.”
Saccades appearing after the head movement had finished were
classified as “overt” (4). The beginning of a head impulse was
defined as the first time point when the head velocity exceeded
2% of the peak prior to peak head velocity. The end of a head
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TABLE 1 | Clinical characteristics of the 16 patients with vestibular dysfunction.

Patient No. Age Sex Affected side Etiologies Duration from onset vHIT gain Caloric (deg/s)

Deficit Normal Deficit Normal

1 36 F R Vestibular neuritis 3 months 0.27 0.46 0 25

2 51 M R Vestibular neuritis 38 days 0.22 0.83 0 11

3 53 M R Vestibular neuritis 10 days 0.37 0.98 4.8 29

4 54 F L Vestibular neuritis 1 year 0.32 0.81 3.9 15

5 75 F R Vestibular neuritis 40 days 0.53 1.06 3.4 23

6 75 F L Vestibular neuritis 8 months 0.57 0.84 3.3 50

7 80 M L Vestibular neuritis 2.6 years 0.52 1.18 4.3 21

8 77 F R Meniere’s disease 4 years 0.73 0.83 4 18

9 78 F L Meniere’s disease 2 months 0.67 1.11 22 41

10 35 M L Vestibular schwannoma >10 years 0.27 0.77 0 24.8

11 64 F L Vestibular schwannoma >10 years 0.76 1.1 3.6 15

12 67 M L Labyrinthitis 1.5 years 0.55 0.97 0 14

R L R L

13 51 M Bilateral Aminoglycoside 2.2 years 0.53 0.51 1.3 0.5

14 61 M Bilateral Aminoglycoside 10 months 0.72 0.69 0 2.5

15 70 M Bilateral Unknown 10 months 0.23 0.25 0 0

16 76 M Bilateral A3243G Unknown 0.5 0.62 1.4 2.2

R, right; L, left; vHIT, video head impulse test; A3243G, mitochondrial A3243G mutation.

FIGURE 1 | Methods for the head impulse test and body impulse test. (A)

Head Impulse Test. The examiner stood behind the subject and held the

subject’s head. Horizontal head impulses were manually applied to each side

with unpredictable timing and direction by the examiner. (B) Body Impulse

Test. Subjects were seated on a rotating stool, and wore a cervical collar to

minimize neck movements. The examiner held both shoulders. Impulsive

horizontal body rotation was manually applied to each side with unpredictable

timing and direction by the examiner.

impulse was defined as the first time when head velocity had a
zero crossing after the peak velocity. The amplitude of the saccade
wasmeasured at the peak. Covert saccade amplitude was adjusted
such that velocity of the VOR was removed (16). The latency of
the saccade was the difference between the beginning of the head
impulse and the time of the peak velocity of the saccade.

Statistical Analysis
Data are expressed as mean ± SD. Statistical analysis of the data
was done using SPSS software version 21 (IBM Corp., Armonk,

NY, USA). The peak head velocity, VOR gain, and the number,
latency and amplitude of corrective saccades between HIT and
BITwere compared using a paired t-test. The correlation between
the decrease in the proportion of overt saccades and various
parameters (duration from the onset, HIT gain, differences
in gain between HIT and BIT, difference in head velocities
between HIT and BIT, and age) were examined using a Pearson’s
correlation coefficient analysis. A difference was considered
significant at p < 0.05.

RESULTS

Figure 2 shows the results of HIT and BIT in a representative
patient with vestibular neuritis on the right side (Patient #2 in
Table 1). While both overt and covert saccades were observed in
HIT to the right side, almost all saccades were covert in BIT to
the same side.

We performedHIT as well as BIT in 12 patients with unilateral
vestibulopathy and 4 patients with bilateral vestibulopathy.
Disruptive artifacts such as a large bounce or multiple peaks
(17) were not observed either in HIT or BIT. Since there were
no significant differences in the decrease in the proportion
of overt saccades in BIT compared to HIT between patients
with unilateral vestibular dysfunction and bilateral vestibular
dysfunction (p= 0.079, unpaired t-test), we combined the data of
the patients with unilateral and bilateral vestibular dysfunction.

Table 2 shows the summarized results of HIT and BIT in 20
affected sides in total. While there were no significant differences
in peak head velocities between HIT and BIT (p = 0.33, paired
t-test), the VOR gain in BIT was significantly smaller than that
in HIT (p = 0.011, paired t-test). The number of corrective
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FIGURE 2 | Results of the head impulse test and body impulse test in a patient with a right vestibular neuritis (Patient #2). (A) Head Impulse test. Head velocity is

black. Eye velocity is blue in the left lateral rotation and red in the right lateral rotation. In the right lateral rotation, both covert and overt saccades were observed. (B)

Body Impulse Test. In the right lateral rotation, overt saccades decreased.

saccades in BIT was significantly smaller than that in HIT (p =

0.0011, paired t-test). There were no significant differences in the
number of covert saccades per trial between HIT and BIT (p =

0.81, paired t-test). However, the number of overt saccades in
BIT was significantly decreased compared to that in HIT (p <

0.001, paired t-test). The proportion of covert saccades among
all corrective saccades in HIT was 54.3± 11.4% whereas in BIT it
was significantly greater at 74.2± 14.9% (p< 0.001, paired t-test).
The latency of all corrective saccades in BIT was significantly
smaller than that in HIT (p= 0.0065, paired t-test).

Since we included patients with a variety of diseases, we
also analyzed the results of HIT and BIT limited to patients
with vestibular neuritis (Patients #1-#7; Supplementary Table 1).
While there were no significant differences in peak head velocities
between HIT and BIT (p = 0.34, paired t-test), the VOR gain
in BIT was significantly smaller than that in HIT (p = 0.028,

paired t-test). The proportion of covert saccades among all
corrective saccades in BIT (67.3 ± 11.4%) significantly increased
compared to than that in HIT (57.3± 14.1%; p= 0.038, paired t-
test).

To investigate the factors that have an association with
the decrease in the proportion of overt saccades in BIT in
comparison with HIT, we examined its correlation with several
factors (Supplementary Figure 1). There were no significant
correlations between the decrease in the rate of overt saccades in
BIT and the duration from the onset of the disease (r = 0.039, p
= 0.89, Pearson’s correlation coefficient analysis), the gain in HIT
(r = 0.13, p = 0.58, Pearson’s correlation coefficient analysis),
differences in gain in betweenHIT and BIT (r=−0.057, p= 0.81,
Pearson’s correlation coefficient analysis) or the difference in
head velocity between HIT and BIT (r = 0.31, p= 0.19, Pearson’s
correlation coefficient analysis). Only patient age had a weak
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TABLE 2 | Results of head impulse test and body impulse test.

Head impulse test (n = 20 ears) Body impulse test (n = 20 ears) p-value

Peak head velocity (deg/s) 166.4 ± 46.5 155.7 ± 36.9 0.33

Gain 0.50 ± 0.19 0.42 ± 0.17 0.011*

Number of all corrective saccades (per trial) 2.14 ± 0.53 1.59 ± 0.49 0.0011**

Number of covert saccades (per trial) 1.15 ± 0.35 1.13 ± 0.23 0.81

Number of overt saccades (per trial) 0.99 ± 0.38 0.46 ± 0.37 <0.001***

Proportion of covert saccades (%) 54.3 ± 11.4 74.2 ± 14.9 <0.001***

Proportion of overt saccades (%) 45.7 ± 11.4 25.8 ± 14.9 <0.001***

Latency of all corrective saccades (ms) 244.7 ± 25.0 214.1 ± 50.9 0.0065**

Velocity of all corrective saccades (deg/s) 127.1 ± 27.4 122.3 ± 33.0 0.49

Velocity of covert saccades (deg/s) 123.0 ± 19.4 125.1 ± 35.9 0.76

Velocity of overt saccades (deg/s) 130.5 ± 37.4 117.0 ± 29.3 0.081

*p < 0.05, **p < 0.01, ***p < 0.001.

correlation with the decrease in the rate of overt saccades in BIT
(r=−0.453, p= 0.045, Pearson’s correlation coefficient analysis).

DISCUSSION

In the present study, we performed HIT as well as BIT in
patients with peripheral vestibular dysfunction, and showed
that the proportion of overt saccades significantly decreased
in BIT compared to HIT, suggesting that input from the neck
contributes to the production of overt saccades in HIT.

During each head impulse, corrective saccades are induced
to bring the eyes back on target, and they have been accepted
as a clinical sign of vestibular dysfunction. Corrective saccades
have been suggested to have a role in facilitating patient recovery
(9). Visual processing is suppressed during saccades, so that
neither the motion of the eye nor the blur of the retinal image
during inadequate VOR is perceived. This saccadic suppression
can reduce oscillopsia and improve visual performance during
high-velocity head movements (9, 10).

The mechanism of how corrective saccades are generated is
still unclear. Retinal slip during head rotation has been suggested
as the main trigger of corrective saccades (5, 6). However, the
presence of corrective saccades in darkness indicates that there
are triggers other than the retinal slip during head movement
(6). The remaining vestibular function and the somatosensory
input from the neck have been proposed as possible triggers
of corrective saccades (18). Another possible explanation might
be generation through internal models in the central nervous
system (8). This hypothesis is consistent with previous findings
that corrective saccades are triggered earlier when the head turns

are active (19, 20), and when they are predictable (21).

We have addressed the question of whether the somatosensory

input from the neck contributes to the generation of corrective
saccades during high-velocity head rotations. When the head
is rotated on the body, neck joints and muscle proprioceptors
are also activated, generating the slow phase eye movement
through the cervico-ocular reflex (COR) pathway. While the
contribution of the COR to gaze stabilization is very small under

normal conditions, it has been shown that the COR potentiates
after bilateral vestibular loss (22, 23). Since this potentiated
COR mainly compensates for head velocity at lower frequencies,
the slow phase eye movement generated by the COR may
contribute to improving the slow compensatory eye responses
to passive low-acceleration head turns but not to generating the
slow eye movements to passive head turns with naturally high
accelerations. However, it is possible that the potentiated COR
enhances oculomotor responses to low frequency stimuli and
serves to trigger covert saccadic responses for high-acceleration
head rotations. In fact, it has been reported that a patient with
absent labyrinthine function was able to make both the slow
and quick phases of nystagmus during rotation of the body with
the head stationary in darkness (24). In the present study, BIT
showed slightly but significantly reduced gain in comparisonwith
HIT, suggesting that the somatosensory input from the neck can
contribute to generating compensatory eye movements to the
high-frequency head movement.

During head rotation, gaze shifts are achieved by eye-head
saccades to bring the image of an object to the fovea (25, 26). The
eye-head saccades are composed of eye and head components
which show distinct properties. The head component lags the eye
component by ∼40ms although this latency can be affected by
the shape of the driving neural signal (27). The waveform of the
head component is different from that of the eye component and
its velocity increases with the amplitude of the head movement.
The generator of the head component is considered to be
distinct from that of the eye component, and includes the
superior colliculus in the brainstem (25). It is possible that the
head component of eye-head saccades may contribute to the
generation of overt saccades in HIT since the proportion of overt
saccades was significantly reduced in BIT compared to HIT.

There are several limitations in the present study. First,
the sample size was relatively small, which might make it
difficult to analyze the factors that have an association with
the decrease in the proportion of overt saccades in BIT in
comparison with HIT. Second, we included patients with wide
range of duration from the onset of disease. It has been
reported that the gain of the COR continues to increase
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after making vestibular lesions (23). However, there were no
significant correlations between the duration from the onset
of the disease and the decrease in the proportion of overt
saccades in BIT compared to HIT. Third, the body rotation
in BIT was not measured. There is a possibility that there
are differences in velocities of body movement and that of
head movement in BIT. Additionally, it is possible that the
cervical collar used while performing BIT may not completely
eliminate the somatosensory input from the neck. We carefully
secured the collar to stabilize the head on the body to reduce
the movement of the neck during the body rotation. It is
possible that the pressure of the collar to the neck skin
and muscle might affect the COR and the generation of
corrective saccades.

In conclusion, we have performed BIT and HIT in patients
with unilateral and bilateral vestibular dysfunction, and shown
that stabilization of the neck resulted in a reduction of overt
saccades and a slight decrease in the VOR gain. These results
suggest that the somatosensory input from the neck contributes
to the generation of overt saccades and reinforces the VOR,
complementing the retinal slip trigger during high frequency
head movements.
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Supplementary Figure 1 | Correlation of the decrease in the proportion of overt

saccades in BIT in comparison with HIT with various parameters. (A) Correlation

between the decrease in the proportion of overt saccades in BIT in comparison

with HIT and the duration from the onset of disease. (B) Correlation between the

decrease in the proportion of overt saccades in BIT in comparison with HIT and

VOR gain in HIT. (C) Correlation between the decrease in the proportion of overt

saccades in BIT in comparison with HIT and the differences in gain between HIT

and BIT. (D) Correlation between the decrease in the proportion of overt saccades

in BIT in comparison with HIT and the differences in head velocities between HIT

and BIT. (E) Correlation between the decrease in the proportion of overt saccades

in BIT in comparison with HIT and the patient’s age.

Supplementary Table 1 | Results of head impulse test and body impulse test in

patients with vestibular neuritis.
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Background: Head-shaking nystagmus (HSN) occurs in both peripheral and central

vestibular disorders. In most cases, HSN can be attributed to an asymmetric peripheral

vestibular input or a structural lesion mostly in the cerebellum affecting the central velocity

storage mechanism. An isolated HSN is very rare.

Case Presentation: We report on a young female patient with the clinical picture of

recurrent episodes of vertigo, which were induced by fast head movements and were

accompanied by a severe right-beating HSN with a long time constant of 60 s. There

was no other clinical and instrument-based evidence of peripheral vestibular dysfunction

(including video head impulse test, caloric test, vestibular-evoked myogenic potentials)

or indication of a structural lesion in the nodulus, uvula or pontomedullary brainstem

on fine-slice magnetic resonance imaging. She had no previous history of migraine,

hearing deficits, or other focal neurological symptoms. Diagnostic criteria for vestibular

paroxysmia, vestibular migraine, benign peripheral paroxysmal vertigo, or any other

known vestibular disorders were not fulfilled. Chart review in the database of the German

Center for Vertigo and Balance Disorders indicated eight additional patients with a similar

clinical phenotype between 2018 and 2022.

Conclusion: We propose a clinical entity called acquired idiopathic head shaking

nystagmus (aiHSN) as a rare cause of episodic vertigo induced by fast head

movements. Nystagmus characteristics suggest a subtle functional pathology of the

central velocity storagemechanism in the nodulus and uvula, which is exacerbated during

symptomatic episodes.

Keywords: head-shaking nystagmus, oculomotor disturbances, vertigo, dizziness, peripheral vestibular system,

central vestibular system

INTRODUCTION

Head-shaking nystagmus (HSN) is a distinct ocular motor finding, which is considered to occur
in cases with an imbalance in the bilateral peripheral and/or central vestibular system (1, 2). In
the case of a reduced unilateral peripheral vestibular input, HSN occurs during head-shaking in
accordance with Ewald’s second law. HSN is modulated by mechanisms of central velocity storage
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located mainly in the nodulus and uvula (1, 3). In consequence,
lesions of the central vestibular system can also cause HSN, which
does not necessarily follow Ewald’s second law and appears as so-
called perverted HSN (pHSN) (the direction of HSN differs from
the direction of the head shaking) (2). The mechanisms leading
to pHSN though are not fully understood and lesions to different
central structures have been reported to induce pHSN (4–7).

Overall, HSN may occur in a broad spectrum of diseases of
the vestibular system including central vestibular disorders (e.g.,
stroke), vestibular migraine, and diseases mainly affecting the
peripheral vestibular organs such as unilateral vestibulopathy or
Menière disease (2, 8, 9). Recently, a disorder was characterized
by recurrent spontaneous vertigo of unknown etiology and
interictal head-shaking nystagmus (RSV-HSN) in the broader
spectrum of patients with benign recurrent vertigo (BRV)
(10). Patients with RSV-HSN showed recurring episodes of
vertigo with no accompanying symptoms indicative of vestibular
migraine or Menière’s disease and with an interictal presence
of HSN. Furthermore, these patients showed no evidence of
peripheral or central vestibular deficits. Cases in which HSN
occurs as an isolated symptom are extremely rare, but might
indicate a more severe underlying cause (6), so that a broad
diagnostic approach is merited.

We present a case of a young female patient with isolated
recurrent HSN without evidence of any underlying cause after an
extensive diagnostic workup including neurologic examination,
neuro-orthoptic examination, instrument-based vestibular
diagnostics (e.g., video head impulse test, caloric stimulation,
vestibular evoked myogenic potentials), and magnetic resonance
imaging (MRI). We discuss the potential clinical impact
and the diagnostic approach, as well as therapeutic options.
Furthermore, we hypothesize the existence of a distinct clinical
entity for a subgroup of patients with “acquired idiopathic
head-shaking nystagmus”.

CASE DESCRIPTION

A 31-year-old female presented to the German Center for Vertigo
and Balance Disorders, (DSGZ) at the University Hospital of
the Ludwig-Maximilians-Universität (LMU), Munich, Germany
with recurrent episodes of vertigo exclusively trigger by fast
head movements. Symptoms initially occurred 2 years prior
to the first presentation at the DSGZ during a pregnancy.
Since then, she had four episodes lasting for 2–6 weeks each.
During these episodes, the patient described vertigo lasting
between 20 and 60 s, that was consistently triggered only by head
movements. No accompanying symptoms, including symptoms
indicative for migraine (e.g., focal neurological symptoms,
headache, photo-/phonophobia, aural fullness, hearing loss,
tinnitus) were reported. Regarding a possible migraine triggered
by hormonal changes during pregnancy, the patient reported no
symptoms that might suggest a migrainous predisposition such
as motion sickness, reoccurring headaches, or association with
menstruation, weather changes, or certain foods. The further
patient history and family history, especially regarding migraine,
were completely unremarkable. She took no regular medication

and had no history of nicotine, drug, or alcohol abuse. Two
prior outpatient neurological evaluations during symptomatic
episodes suspected unilateral vestibulopathy as an underlying
cause, although no peripheral vestibular deficit in the head-
impulse test (HIT) or caloric stimulation had been documented.

In the initial clinical evaluation at our center, the patient
was awake and fully oriented. The examination of the cranial
nerves, motor and sensory function was completely normal.
There were no deficits of fine motor skills, nor evidence
of ataxia or walking difficulties. Speech and higher cognitive
functions were also normal. The ocular motor testing, however,
revealed a fast, right-beating HSN with a peak intensity of 13
degrees per second and a frequency of 3Hz that persisted for
up to 60 s after head shaking (see Supplementary Material).
The nystagmus was not suppressed by visual fixation and no
nystagmus reversal was present at any time-point. The nystagmus
was induced by head-shaking with a frequency of at least
2–3Hz and head excursions of 20–25 deg. Further ocular motor
testing, including saccade function and HIT, as well as the Dix-
Hallpike maneuver and supine roll test were without pathological
findings. No head-bending or lying-down nystagmus was
noted. A complete neuro-otological workup including orthoptic
evaluation, vestibular hot-/cold-water caloric testing, video-
oculography, video HIT, hearing test, posturography, as well
as cervical and ocular vestibular evoked myogenic potentials
(c/oVEMPs) was conducted. A summary of the findings can be
found in Table 1. Besides the aforementioned right-beating HSN,
the only pathological finding was a 3-degree deviation of the
subjective visual vertical (SVV) to the left.

Magnetic resonance imaging (MRI) including 1mm slices of
the brainstem and cerebellum, as well as a CISS (constructive
interference in steady state) sequence was normal with
no evidence of structural abnormalities of the vestibular
organ or evidence of a vascular compression of the 8th
cranial nerve. Laboratory workup, including complete blood
count, renal and liver function tests, vitamin B1 and B6, as
well as basic immunologic workup (antinuclear antibodies,
antimitochondrial antibodies, antineutrophil cytoplasmic
antibodies, rheumatoid factor, and cardiolipin antibodies), was
normal with no evidence of a vitamin deficiency, autoimmune
or infectious disease.

In 6 years of follow-up, episodes of HSN occurred every 3–
12 months and lasted for 1–2 weeks. Documentation by the
patient and the general practitioner revealed a right-beating
HSN in the majority of episodes without other accompanying
symptoms. Follow-up visits in our center revealed no SVV
deviation, peripheral vestibular dysfunction or central neuro-
orthoptic deficit, despite a slight vertical saccadic smooth
pursuit (Table 1). In the attack-free interval, no HSN, SVV
deviation, or other peripheral or central vestibular deficit (despite
the above-mentioned vertical saccadic smooth pursuit) was
detected. Several therapeutic trials, including physical therapy,
exercise, regular magnesium intake (300 mg/d), and transient
administration of the sodium channel blocker carbamazepine,
had no effect on the recurrence of vertigo episodes.

A revision of cases with HSN at our center revealed eight
additional patients since 2018 with very similar symptoms of
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TABLE 1 | Summary of the findings of broad neuro-orthoptic and instrument-based examinations over a follow-up period of 6 years.

Time

point

Initial

presentation

(within

episode)

After 1 week

(out of

episode)

After 4 years

(out of

episode)

After 5 years

(within

episode)

Neuro-

orthoptic

examinations

Head-shaking

nystagmus

Direction Right-beating None None Right-beating

deg/sec 13 14

Frequency (Hz) 3 3–4

Positional maneuvers (Dix-Hallpike, supine roll test) No nystagmus No nystagmus No nystagmus No nystagmus

Head impulse test right/left Normal/normal Normal/normal Normal/normal Normal/normal

Visual acuity right/left 1.0/1.0 1.0/1.0 1.0/1.0 1.0/1.0

Eye alignment near Orthophoria Orthophoria Orthophoria Orthophoria

distance Orthophoria Orthophoria Orthophoria Orthophoria

Convergence Normal Normal Normal Normal

Gaze-holding Normal Normal Normal Normal

Optokinetic nystagmus Normal Normal Normal Normal

Fixation suppression Normal Normal- Normal- Normal

Hyperventilation No nystagmus No nystagmus No nystagmus No nystagmus

Politzer balloon No nystagmus - - -

Smooth pursuit Horizontal Smooth Smooth Smooth Smooth

Vertical Smooth Slightly saccadic Slightly saccadic Slightly saccadic

Saccades Metric Metric Metric Metric

Instrument-

based

examinations

Video head impulse

test gain

Right 0.84 - 0.95 0.88

Left 0.94 - 0.90 0.91

Subjective visual vertical deviation (hemispherical dome method) 3◦ to the left None None None

Eye fundus (Scanning laser ophthalmoscope) No torsion No torsion No torsion

Caloric stimulation

(deg/sec)

Left 10.9 - 13.8 14.6

Right 11.5 15.0 12.4

Audiometry Normal hearing - Normal hearing -

Posturography Normal sway

pattern

- - -

AC-cVEMPs and BC-oVEMPs Normal - - -

deg, degrees, sec, seconds, Hz, Hertz, AC-cVEMPs, Air -Conducted cervical Vestibular Evoked Myogenic Potentials, BC-oVEMPs, Bone-Conducted ocular Vestibular Evoked
Myogenic Potentials.

isolated HSN, which could not be explained by any other
peripheral or central vestibular disorder. These patients were 41
± 14.5 years old. Men and women were equally represented.

DISCUSSION

We present a rare case of episodically occurring, isolated HSN
in a young female patient, followed up over a period of 6
years. Besides the right-beating HSN and a slight transient
SVV deviation to the left, no neurological, neuro-otological, or
neuro-orthoptic deficits were found. The presentation was not
consistent with another vestibular disorders (such as vestibular
migraine, or vestibular paroxysmia).

HSN or pHSN are found in different peripheral and central
vestibular disorders, but almost never occur without any other
ocular motor signs at symptom onset or without any pathological

findings in the peripheral or central vestibular system. HSN
of suspected peripheral vestibular origin is most commonly
present in vestibular neuritis, Menière disease (MD) and benign
paroxysmal positional vertigo (especially of the horizontal
semicircular canal) (8). Furthermore, HSN has been shown to be
present in vestibular paroxysmia (11). In the case of peripheral
HSN, the direction of the nystagmus beats in most cases toward
the side of the unaffected vestibular organ (monophasic HSN)
but may change direction over time (biphasic HSN), or more
rarely beats toward the affected side first (reversed biphasic HSN)
(8, 12, 13). In central disorders, HSN occurs less frequently
and may also manifest as perverted HSN (pHSN) (2). The
most frequent central causes of HSN are brainstem or cerebellar
infarction and vestibular migraine (2, 14). Regarding cerebral
stroke, lesions involving the nodulus, uvula, and inferior tonsil,
as well as infarction of the lateral medulla have been shown
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to cause HSN/pHSN (4, 9). The neural mechanisms underlying
HSN in central disorders are widely unknown. One common
hypothesis is that the nodulus and uvula play an important role
in central vestibular velocity storage that becomes asymmetrical
in the case of unilateral infarction of the nodulus/uvula or their
projections to the brainstem (i.e., pons and medulla), resulting
in ipsilesional HSN (4, 9, 15). pHSN is further explained by a
cross-coupling between horizontal and vertical velocity storage
pathways (5, 6). In vestibular migraine, where HSN or pHSN
can be observed within or between attacks, amplification of a
peripheral vestibular asymmetry by the central velocity storage
mechanism is assumed (14).

In the present case, a peripheral cause for the episodic
HSN can be broadly excluded, especially since in 6 years
of follow up no peripheral deficit was ever noted in head
impulse or caloric testing. Contrast-enhanced MRI showed no
vestibular schwannoma. Furthermore, there was no evidence for
a pathological irrigation of peripheral vestibular afferents (e.g.,
in the context of BPPV or vestibular paroxysmia). The long
time constant of the HSN in our case is not compatible with
a peripheral HSN type, as previous systematic investigations in
patients with unilateral peripheral vestibulopathies revealed a
maximum HSN time constant of 20 s (16). A few cases have
previously been described with a peripheral syndrome labeled
“head-jolting nystagmus”, where rapid head-shaking induced
horizontal nystagmus lasting up to 45 s (17, 18). The authors
attributed the long-lasting nystagmus to dislodged material
within the horizontal semicircular canal. In contrast to the
present case the symptoms of these patients could be elicited
continuously (not episodically), were suppressed by visual
fixation (nystagmus lasted significantly shorter in light vs. dark)
and showed evidence of peripheral vestibular dysfunction (e.g.,
by caloric hypofunction). Thus, “head-jolting nystagmus” seems
an unlikely cause in the present case.

Regarding the central vestibular system, an MRI with
1mm slices of the brainstem and cerebellum did not reveal
any structural abnormalities, especially in the nodulus, uvula,
medulla, and pons. Accordingly, neuro-orthoptic examination
revealed no evidence for a focal central ocular motor disorder
indicative of a structural lesion.

In 1979 Slater (19) suggested the term benign recurrent vertigo
(BRV) for patients with recurrent vertigo attacks in the absence
of any additional otological or neurological symptoms such as
hearing loss or headache, and without evidence of peripheral or
central vestibular deficits. Since then, there have been attempts
to better classify these patients and evaluate possible causes (20–
22), but the etiology broadly remains unknown. Most commonly,
BRV is thought to be in the spectrum of migraine or MD,
although only few patients with BRV have been shown to
develop migraine or MD over time (20, 23, 24). One study
found HSN in the attack-free period of about 10% of BRV
patients and suggested a disorder characterized by recurrent
spontaneous vertigo of unknown etiology and interictal head-
shaking nystagmus (RSV-HSN) (10). In contrast to the patients
described as RSV-HSV, in the present case study the patient only
showed HSN during certain, recurring periods and not in the
interictal interval. Furthermore, the patient presented here did

not exhibit spontaneous vertigo attacks without any apparent
trigger such as weather change, menstruation, certain foods,
medication. Vertigo, which was only elicited by head-shaking,
lasted as long as the HSN persisted, and only occurred in the ictal
period. Therefore, we argue that our patient does not entirely
fit the concept of BRV or RSV-HSV. To our knowledge, there
are no similar cases described in literature. Based on the current
case and a cohort of patients with similar clinical presentations,
seen in our center, we suggest a distinct disorder characterized
by an “acquired idiopathic head-shaking nystagmus” (aiHSN).
Our experience shows that patients in the third and fourth
decade of life are affected most by aiHSN. Due to the clinical
and instrument-based findings, a peripheral cause can widely
be excluded. Therefore, based on the nystagmus characteristics
(long time constant) and the current literature on HSN/pHSN,
we hypothesize that a recurrent functional asymmetry of the
central velocity storage might be the most likely cause, despite
a missing central structural lesion. The underlying etiology for
this is unknown. From a theoretical perspective, the following
possibilities may be considered: (1) Temporary decompensation
of a slight (undetectable) peripheral vestibular deficit that
under normal circumstances is fully centrally compensated.
The temporary decompensation might be due to a transient
imbalance of neurotransmitters at the level of the nodulus
and uvula or vestibular nuclei. Factors leading to such a
transient decompensation are only speculative (e.g., hormones).
(2) Transient imbalance of the central velocity storage possibly
also due to a neurotransmitter imbalance. Mechanisms leading
to the imbalance might be related to migraine pathophysiology.
(3) An undetectable central microlesion (e.g., at the vestibular
nuclei, nodulus, cerebellar peduncles) that might lead to
recurrent excitations. Overall, none of these theories can be
supported sufficiently with evidence from the here presented
cases. Even after extensive and repeated evaluation, there was no
evidence of vestibular migraine, a central or peripheral vestibular
lesion, or vestibular paroxysmia. From a therapeutic perspective,
a specific treatment does not seem to be available. Nevertheless,
we suggest habituation and balance exercises to suppress the
vertigo sensation induced by HSN.

Future research on patients with aiHSN should focus on
experimental testing of the central velocity storage function
using established paradigms such as tilt-suppression of the post-
rotatory nystagmus (25, 26).
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We read the article by Filippopulos and his colleagues with great interest (1). This report described
a patient with recurrent episodes of vertigo prompted by fast head movement (1). The vertigo
was accompanied by a severe right-beating head-shaking nystagmus (HSN) with an increased time
constant of 60 s. Despite scrutinized neurotologic and radiologic evaluation, there was no evidence
of peripheral or central vestibulopathy, except prominent HSN. The patient had no prior history
or subsequent development of any associated symptoms during the 6 years of follow-up, which
may exclude the diagnosis of vestibular migraine, Meniere’s disease, or vestibular paroxysmia. The
authors insisted that this patient represents a distinct clinical entity with an unstable velocity storage
mechanism (VSM), thereby assigning a new disorder termed “acquired idiopathic head-shaking
nystagmus” (aiHSN).

As the authors noted, we previously reported a group of patients with recurrent spontaneous
vertigo with interictal HSN (BRV-HSN) in the absence of peripheral vestibulopathy as was
documented by caloric, head-impulse, or rotatory chair tests. Even though we could not assess HSN
in those patients with BRV-HSN during the attacks, the only difference between the BRV-HSN and
aiHSN appears to be the absent HSN between the attacks in aiHSN. Given the (1) increased time
constants of the HSN and rotatory nystagmus, (2) emergence of the HSN even with a short duration
of head-shaking, and (3) good responses to baclofen, we proposed that unstable and asymmetric
VSM may be the cause for vertigo and BRV-HSN (2). Apparently, the characteristics of HSN
observed in the patient reported by Filippopulos et al. (1) do not seem to differ from those observed
in our patients with BRV-HSN. Thus, the BRV-HSN and aiHSN may lie on the same spectral line
due to a common pathomechanism (unstable and asymmetric VSM), rather than distinct disease
entities. In addition, the clinical presentation does not escape from the umbrella term of BRV.
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Background: The diagnosis of persistent postural-perceptual dizziness (PPPD) is

primarily based on medical history taking. Research on the value of clinical balance and

visual dependence tests in identifying PPPD is scarce.

Objectives: (1) to contrast clinical balance and visual dependence tests between PPPD

patients, dizzy non-PPPD patients, and healthy persons; and (2) to evaluate whether

these clinical tests can help to identify PPPD in patients with chronic dizziness.

Methods: Consecutive patients with chronic dizziness (38 PPPD and 21 non-PPPD)

and 69 healthy persons underwent Static Balance tests, the Timed Up and Go test,

the Tandem Gait test, and the Functional Gait Assessment (FGA). Visual dependence

tests included the Visual Vertigo Analog Scale (VVAS), the Rod-and-Disc test (RDT),

and postural sway while facing rotating dots. Groups were compared using ANOVA

with post-hoc Tukey, or independent samples t-tests. The value of the clinical tests for

PPPD identification was evaluated through logistic regression and Partial Least Squares

Discriminant (PLS-DA) analyses.

Results: PPPD patients had significantly higher VVAS scores than dizzy non-PPPD

patients (p = 0.006). Facing rotating dots, PPPD and dizzy non-PPPD patients had

increased postural sway compared to healthy persons (PPPD vs. healthy: center of

pressure (COP) velocity p < 0.001, and COP area p < 0.001; but non-PPPD vs. healthy:

COP velocity p = 0.116 and COP area p = 0.207). PPPD patients had no significantly

increased postural sway compared to dizzy non-PPPD patients. PPPD and dizzy

non-PPPD patients also scored significantly worse on balance tests compared to healthy

persons (PPPD vs. healthy: for all balance tests p < 0.001; non-PPPD vs. healthy: FGA

p < 0.001, for all other tests p < 0.05). Differences were insignificant in balance scores

between PPPD and dizzy non-PPPD patients, or in RDT scores between the three study

groups. In patients with chronic dizziness, a higher VVAS score wasmost associated with
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PPPD [odds ratio 1.04; 95%CI (1.01; 1.07); p= 0.010]. The cross-validated (CV) PLS-DA

model with all clinical tests included, had fair discriminative ability (CVerror = 47%).

Conclusion: PPPD patients were more visually dependent, but did not have worse

postural balance compared to dizzy non-PPPD patients. Elevated VVAS scores

characterized PPPD most in patients with chronic dizziness.

Keywords: persistent postural-perceptual dizziness, chronic dizziness, vestibular diseases, balance, visual

dependence

INTRODUCTION

With a prevalence of up to 20%, persistent postural-perceptual
dizziness (PPPD) is among the top five most common causes of
vestibular complaints reported in tertiary care hospitals (1–3).
PPPD is designated by the Bárány Society as a separate vestibular
disorder and an umbrella term for four subtypes: Phobic Postural
Vertigo, Space-Motion Discomfort, Visual Vertigo, and Chronic
Subjective Dizziness (4).

Patients with PPPD clinically present with non-rotatory
vertigo and postural imbalance, which are present almost on
a daily basis. The symptoms are worsened by upright posture,
active or passive movements, and visual stimuli (4). Visual
stimulation is the most characteristic aggravating factor for
PPPD (5).

The pathophysiological mechanism of PPPD and its four
subtypes is still uncertain (6). It is thought to result from
maladaptation to a condition that caused vestibular symptoms
(e.g., a peripheral or central vestibular disorder, vestibular
migraine, or psychogenic dizziness) (6). Previous research
identified altered functional brain connectivity (7, 8): i.e. reduced
between the (pre)cuneus and the premotor cortex (8), and
increased in the visual cortices (9). The former impairs the
regulation of body posture and movement (10, 11), while
the latter leads to increased visual dependence (12). Excessive
reliance on visual information often causes dizziness and/or
postural instability in visually disturbing situations (13).

The diagnosis of PPPD is currently primarily based onmedical
history taking (4). The often vague symptoms in patients with
chronic dizziness tend to correlate weakly with the results of
standard vestibular tests, making diagnosis difficult (14).

Several clinical tests exist in the literature that allow for
evaluation of postural balance and visual dependence in patients
with a vestibular disorder (13, 15). However, it is not yet clear
whether these clinical tests can be used for identifying PPPD in
patients with chronic dizziness.

The aim of this study was 2 fold: (1) to contrast clinical balance
and visual dependence tests between PPPD patients, dizzy non-
PPPD patients, and healthy persons; and (2) to evaluate whether
these clinical tests can help to identify PPPD in patients with
chronic dizziness.

MATERIALS AND METHODS

Design and Setting
This study is a cross-sectional study consisting of consecutive
patients enrolled between March 2019 and July 2020, either at

the Department of Otolaryngology of the Antwerp University
Hospital or in one of the two participating general hospitals
(AZ Klina, Brasschaat and AZ Sint-Jozef, Malle). The control
group consisted of healthy persons from the direct (employees)
or indirect environment (family and friends) of the MOVANT
research team. The study was performed in the M2OCEAN
laboratory (Multidisciplinary Motor Centre Antwerp) of the
Antwerp University Hospital.

The study report is drafted conform the “Strengthening the
Reporting of Observational studies in Epidemiology (STROBE)”
guidelines for cross-sectional studies (16).

Ethical Considerations
Ethical approval was obtained from the Medical Ethics
Committees of the Antwerp University Hospital (reference
number 18/586).

Participants
Patients’ eligibility was assessed by an Ear-Nose-Throat (ENT)
specialist through medical history taking [using the SO STONED
method (17)], and through a micro-otoscopic, a vestibular
(including video head impulse, sinusoidal harmonic acceleration,
and binaural bithermal caloric testing) and an audiometric
assessment. The inclusion criteria were: (1) speaking the Dutch
language; (2) being at least 18 years old; and (3) suffering of
chronic non-rotatory vertigo and/or unsteadiness for at least 15
days per month for a minimum of 3 months. The exclusion
criteria were: (1) presence of an acute vestibular disorder;
(2) balance problems not due to dizziness (e.g., neurological,
orthopedic, or other medical conditions); (3) dizziness due to
untreated metabolic or cardiac disease, hormonal disturbances,
vasovagal syncope, hyperventilation, acute mental problems,
or substance abuse; and (4) severe visual impairment, not
correctable by e.g., wearing glasses.

Eligibility of healthy persons was verified by the researcher.
Their inclusion criteria were (1) speaking the Dutch language;
and (2) being at least 18 years old. The exclusion criteria
were: (1) history of or currently suffering from rotatory vertigo;
(2) frequent episodes of non-rotatory vertigo (more than one
episode in 3 months); (3) balance problems; and (4) severe visual
impairment, not correctable by e.g., wearing glasses.

Diagnosis of PPPD
A patient was diagnosed with PPPD if he or she met all five
diagnostic criteria for PPPD as established by the Committee for
Classification of Vestibular Disorders of the Bárány Society (4).
These are: (1) presence of chronic (≥ 3 months) non-spinning
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(rotatory) vertigo, dizziness or unsteadiness; (2) symptoms
are aggravated by an upright position, active/passive body
movements, and visual stimuli; (3) prior presence of a condition
that caused dizziness or instability; (4) symptoms have a major
impact on patients’ mental or physical functioning; and (5)
symptoms cannot be explained by another existing condition.

Outcome Variables
Descriptive Variables
Age (years), gender, dizziness duration (years), and ENT diagnosis
were collected from the electronic patient record.

The Dizziness Handicap Inventory (DHI) evaluates the
physical, functional and emotional handicap experienced by
patients as a result of their vestibular symptoms. For 25
statements, patients were asked to indicate the extent to which
they applied to them (“no” = 0; “sometimes” = 2; “yes” = 4
points). The total DHI score was recorded, ranging from 0 (no
impairment) to 100 (maximal impairment) (18, 19).

The Hospital Anxiety and Depression Scale (HADS) evaluates
patients’ emotional state by means of 7 anxiety-related (HADS-
A) and 7 depression-related (HADS-D) questions answered on
a 4-level ordinal scale. The total HADS-A and HADS-D scores,
both ranging from 0 (no anxiety/depression) to 21 (maximal
anxiety/depression), were retained (20).

The Subjective Visual Vertical (SVV) test measures patients’
perception of verticality in the absence of visual reference points.
The experimental setup is shown in Figure 1. The patient was
asked to reposition a red line (6 cm length) on a black background
until they felt it matched the true vertical. This was done using
a handheld remote control and without moving the head or
body. The test was done twice with the line initially tilted 20
degrees to the left, and twice with the line tilted 20 degrees to the
right. More information on the test conditions can be found in
the (Supplementary Table 1). Performance was expressed as the
mean absolute misalignment (in degrees) with the gravitational
vertical (0◦) for these four tests.

Clinical Balance Variables
The Static Balance testsmeasures the patients’ balance while they
were standing still and upright in four different foot positions
with eyes closed: (1) feet together, combined with Jendrassik
maneuver (i.e., fingers were interlocked with arms in abduction,
and tension was created by pulling the hands apart); (2) feet 5 cm
apart standing on a foam plate (NeuroCom International Inc.,
Clackamas, USA; 60 kg/cm3 medium density; 45 × 45 × 12 cm),
combined with Jendrassik maneuver (i.e., the same hand grip as
described above); (3) heel-to-toe tandem stance; and (4) standing
on one leg. For each condition, the patient had three attempts
to maintain the respective condition 30 s. Only the best score (in
seconds) out of these three attempts was retained. The sum of
these best scores for each of the four conditions constitutes the
total static balance score, which ranges from 0 (markedly reduced
balance) to 120 (excellent balance) (15).

The Timed Up and Go test evaluates how quickly a person can
get up from a chair, walk 3m, turn around, walk back and sit back
down on the chair. The fastest performance time (in seconds) of
three attempts was retained (15).

FIGURE 1 | Experimental setup for the Subjective Visual Vertical test,

Rod-and-Disc test, and postural sway while facing rotating dots (screen

display varied depending on the test condition) a,b. aThe participant stood

upright, barefoot, with arms alongside the body, in a completely dark room. A

television screen was placed at eye level at a distance of 40 cm, providing an

almost full-field stimulus of 80%. A ring with an inner diameter of 54.5 was

mounted on the television set to prevent the edges of the television screen

from acting as a frame of reference. bThe feet were placed at an angle of 20

degrees with the inner malleoli 10 cm apart.

The Tandem Gait test measures the number of correctly
performed steps when walking heel-to-toe on a straight line.
The highest number of steps of three attempts was retained. The
maximal score was 20 steps (15).

The Functional Gait Assessment (FGA) evaluates balance
control during ten different walking tasks (e.g., walking fast,
or walking with head movements). The total FGA score
ranges between 0 (markedly reduced balance) and 30 (normal
balance) (21).

Clinical Visual Dependence Variables
The Visual Vertigo Analog Scale (VVAS) is a questionnaire
consisting of nine statements describing different situations
in daily life where disturbing visual stimuli are present (e.g.,
supermarket, or traffic at a busy intersection). For each statement,
patients were asked to mark the extent to which they experienced
dizziness on a 10 cm visual analog scale. If a situation was not
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applicable for the patient, it was not marked and not included
in the final score. The total VVAS score is the sum of the marks
for each relevant situation, rescaled to a percentage where 100%
indicates maximal visually induced dizziness (22).

The Rod-and-Disc test (RDT)measures the influence of visual
disturbance on the perception of verticality. The experimental
setup and the four test conditions were the same as for the
SVV test, but for the RDT each test had to be performed twice
with dots rotating clockwise (CW) and twice with dots rotating
counter-clockwise (CCW) on the black screen. More information
on the test conditions can be found as Supplementary Table 1.
The mean misalignment for the SVV test was used as baseline
and subtracted from the differences in misalignment with the
gravitational vertical (0◦) for each of the CW and CCW rotating
dots tests. These adjusted differences were then averaged out
(after inverting the sign of the data for the CCW rotating dots,
as the directions were mirrored), resulting in an indication of
the overall impact of visual disturbance on the perception of
verticality. A positive value means that the patient placed the
line more in the direction of the rotating dots compared to
the SVV, a negative value more opposite to the direction of the
rotating dots.

Preliminary analyses showed that the Rod-and-Frame test-
which was equivalent to the RDT, except that the dots
were replaced by a frame tilted left or right-yielded less
pronounced results than the RDT, and is therefore not retained
for discussion. The test conditions and data are available as
Supplementary Tables 2, 3.

Postural sway while facing rotating dots was evaluated by
measuring the displacement of patients’ center of pressure
(COP) first while looking at a black screen, and then during
exposure to dots rotating CW and dots rotating CCW. The
experimental setup differed from the SVV and RDT that no
line was shown in any of the three tests, and that the patient
stood on a force plate (AMTI type OR 6; 1,000 fps, 46 × 50 ×

8 cm). More information on the test conditions can be found
as Supplementary Table 1. Postural sway parameters for COP
lean, COP velocity, and COP area were computed. The degree
of visual dependence was calculated by subtracting the baseline
value (black screen condition) from the values obtained during
the CW and CCW rotating dots tests. More information is
provided in Table 1.

Preliminary analyses showed that the postural sway while
facing a tilted frame–which was equivalent to the postural sway
while facing rotating dots, except that the dots were replaced
by a frame tilted left or right-yielded less pronounced postural
sway results compared to the rotating dots conditions, and are
therefore not retained for discussion. The test conditions and
data are available as Supplementary Tables 2, 3.

Data Sources and Measurement
The researcher is an accredited physiotherapist (Master’s degree).
The study took 2.5 h per participant, using the following strict
assessment order: first the questionnaires, then the clinical
balance tests, and finally the visual dependence tests. The
visual dependence tests (except the VVAS) were performed in
a different randomized order for every participant to avoid a
habituation effect on the results. Breaks were allowed between

TABLE 1 | Parameters of the postural sway while facing rotating dotsa.

Postural sway

parameters

Description

COP lean

(mediolateral; mm)

Average deviation of the COP in mediolateral direction in

relation to the starting position. Data were reversed for

CCW rotating dots to average the data for CW and CCW

rotating dots, resulting in an indication of the overall

impact of visual disturbance on the COP lean. A positive

value means that the body leaned in the direction of the

rotating dots, a negative value indicates leaning in the

opposite direction.

COP velocity

(mediolateral; mm/s)

Average velocity of the COP in mediolateral direction. A

positive value means that the COP velocity was larger

during the rotating dots conditions compared to the

baseline condition (black screen), while a negative value

means the opposite.

COP area (mm2 ) Ellipse that contains 85% of the COP data. A positive

value means that the COP area was larger during the

rotating dots conditions compared to the baseline

condition (black screen), while a negative value means

the opposite.

aCOP, center of pressure; mm, millimeters; s, seconds.

and during the different tests. The next test was only started when
the dizziness symptoms had returned to participant’s baseline
level. The data were collected pseudonymised in an IBM SPSS
Statistics data file stored on a secure server of the University
of Antwerp.

Blinding
During data collection, the researcher was blinded to the ENT
diagnosis of each patient. Blinding to whether a participant was a
patient or healthy person was not possible, as the healthy persons
were recruited from the environment of the research team.

Statistical Analyses
Descriptive statistics included means and standard deviations
for quantitative variables, and frequencies and percentages
for categorical variables. Shapiro-Wilk tests indicated whether
quantitative variables were normally distributed (23).

Inter-group comparison of quantitative variables was carried
out through one-way analysis of variance (ANOVA), using a
Bonferroni-corrected significance level of p < 0.006 accounting
for 9 comparisons, followed by post-hoc analysis with Tukey
correction for multiple testing. For inter-group comparison of
the categorical variables, chi-square (χ2) tests were used. Two-
group comparison of dizziness-related variables was carried out
through independent samples t-tests.

Univariable logistic regression and Partial Least Squares
Discriminant Analysis (PLS-DA)models were fitted to determine
the predictors of PPPD in patients with chronic dizziness. The
relation between the clinical tests and PPPD was expressed
as odds ratios [95% confidence interval (CI)], area under the
receiver operating characteristic curve (AUC), and optimal cut-
off with corresponding sensitivity and specificity (according to
maximization of the Youden index). For the PLS-DA model, the
potential of each of the clinical tests to discriminate between
PPPD and dizzy non-PPPD patients was evaluated through their
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FIGURE 2 | Overview of the recruited samples and study aimsa. First study aim: comparison of the clinical balance and visual dependence tests between PPPD

patients, dizzy non-PPPD patients, and healthy persons. Second study aim: evaluation whether these clinical tests can help to identify PPPD in patients with chronic

dizziness. aPPPD, persistent postural-perceptual dizziness.

loading values. The overall discriminative value of the PLS-DA
model was 5-fold cross-validated (CV) (24). In brief, for each
fold we included 80% of the observations in the training set
and 20% in the validation set. The training set was used to fit
the PLS-DA models, with the number of components ranging
from 2 to 10. Subsequently, these models predicted the outcome
from the observations in the validation set, and the percentage
of error (CVerror) was registered. This was carried out in 5-fold,
with each individual observation belonging to the validation set
exactly one time. The 5-fold CV was repeated 500 times to obtain
the standard error of the CVerror.

Significance was set at p < 0.05, unless otherwise stated.
Statistical analyses were performed using the SPSS software
version 27.0 (25). The PLS-DAwas fitted with the R software (26).

RESULTS

Participants
Seventy patients with chronic dizziness met the predefined study
eligibility criteria as listed in the method section. Nine patients
decided not to participate because of reduction of dizziness
complaints with medication and/or physical therapy (2 patients),
personal reasons (3 patients), or COVID outbreak (4 patients).

The results of two other patients had to be excluded after
the study because of unreliable test results due to disturbing
background noise near the laboratory during the testing.

Of the 59 patients (mean age 57.34 ± 12.96) that successfully
participated, 38 were diagnosed with PPPD. The 21 patients
without PPPD were primarily diagnosed with vestibular
hypofunction (4 patients), bilateral vestibulopathy (1 patient),
proprioceptive cervicogenic dizziness (8 patients), multiple
sensory deficits (3 patients), and mal de débarquement syndrome
(1 patient). In four patients no cause could be found.

The control group consisted of 69 healthy non-dizzy persons
(mean age 51.71± 17.24).

An overview of the recruited samples and the study aims are
shown in Figure 2.

Sample Characteristics
Gender numbers (p = 0.453) were not significantly different
between the three study groups.

All patients with chronic dizziness had significantly higher
HADS-A (PPPD vs. healthy, p < 0.001; dizzy non-PPPD vs.
healthy, p = 0.020) and HADS-D scores (PPPD vs. healthy, p
< 0.001; dizzy non-PPPD vs. healthy, p < 0.001) compared
to healthy persons. PPPD patients had significantly higher
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TABLE 2 | Results on descriptive variables of the included participants a,b.

Mean ± SD or number (%) Statistical analyses (p-values)

Measurement tool (unit) Chronic dizziness Healthy

(n = 69)

3-group

comparison

With PPPD vs.

without PPPD

With PPPD vs.

healthy

Without PPPD

vs. healthy
With PPPD

(n = 38)

Without PPPD

(n = 21)

Age (years) 55.18 ± 12.31 61.23 ± 13.49 51.71 ± 17.24 0.045†* 0.320 0.503 0.037¶*

Female 24 (63.2) 10 (47.6) 34 (49.3) 0.453§

Dizziness duration (years) 7.84 ± 6.50 3.91 ± 3.24 N/A 0.003‡*

DHI (0–100) 46.32 ± 18.18 36.95 ± 18.59 N/A 0.065‡

HADSanxiety (0–21) 7.21 ± 3.89 5.86 ± 4.00 3.32 ± 2.25 <0.001†** 0.308¶
<0.001¶** 0.020¶*

HADS depression (0–21) 5.68 ± 3.43 5.67 ± 3.62 1.57 ± 1.63 <0.001†** 1.000¶
<0.001¶**

<0.001¶**

SVV (◦) 1.73 ± 1.17 1.38 ± 0.90 1.18 ± 0.84 0.022†* 0.406 ¶ 0.016¶* 0.707¶

aANOVA test (†), Independent samples t-test (‡), Chi-squared test (§), post-hoc analysis with Tukey correction (¶).

ANOVA: p < 0.05 (*) and p < 0.001 (**).
b ◦, degrees; DHI, Dizziness Handicap Inventory; HADS, Hospital Anxiety and Depression Scale; PPPD, persistent postural-perceptual dizziness; SD, standard deviation; SVV, Subjective

Visual Vertical; vs, versus.

TABLE 3 | Results on clinical balance tests of the included participants a,b.

Mean ± SD Statistical analyses (p-values)

Measurement tool (unit) Chronic dizziness Healthy

(n = 69)

3-group

comparison

With PPPD vs.

without PPPD

With PPPD vs.

healthy

Without PPPD

vs. healthy
With PPPD

(n = 38)

Without PPPD

(n = 21)

Static balance test (0–120 s) 64.22 ± 33.07 70.32 ± 27.09 93.30 ± 22.49 <0.001†** 0.680¶
<0.001¶*** 0.002¶*

Timed Up and Go test (s) 8.07 ± 2.70 7.78 ± 2.57 6.34 ± 1.13 <0.001†** 0.846¶
<0.001¶*** 0.012¶*

Tandem gait (# steps) 13.47 ± 7.95 13.95 ± 8.23 18.84 ± 3.60 <0.001†** 0.954¶
<0.001¶*** 0.004¶*

FGA (0–30) 23.24 ± 4.38 23.81 ± 5.17 28.25± 1.82 <0.001†** 0.813¶
<0.001¶***

<0.001¶***

aANOVA test (†), post-hoc analysis with Tukey correction (¶).

ANOVA Bonferroni cut-off: p < 0.006 (**); other tests: p < 0.05 (*) and p < 0.001 (***).
b#, amount; FGA, Functional Gait Assessment; PPPD, persistent postural-perceptual dizziness; SD, standard deviation; TUG, Timed Up and Go test; vs, versus.

SVV scores (p = 0.016) and dizzy non-PPPD patients were
significantly older (p= 0.037), both compared to healthy persons.

PPPD patients had significantly higher duration of dizziness
complaints (p = 0.003), but not significantly higher DHI (p =

0.065), HADS (HADS-A, p= 0.308; HADS-D, p= 1.00) and SVV
scores (p= 0.406), compared to dizzy non-PPPD patients.

Data are provided in Table 2.

Comparison of the Clinical Balance Tests
Between PPPD Patients, Dizzy Non-PPPD
Patients, and Healthy Persons
All patients with chronic dizziness had significantly worse
static (PPPD vs. healthy, p < 0.001; dizzy non-PPPD vs.
healthy, p = 0.002) and dynamic balance scores (Timed Up
and Go, Tandem Gait, and FGA, PPPD vs. healthy, p <

0.001; dizzy non-PPPD vs. healthy, p < 0.05) compared to
healthy persons.

Between PPPD and dizzy non-PPPD patients, no significant
differences were found in either static (p = 0.680) or dynamic

balance scores (Timed Up and Go, p = 0.846; Tandem Gait,
p= 0.954; and FGA, p= 0.813).

Data are provided in Table 3.

Comparison of the Clinical Visual
Dependence Tests Between PPPD
Patients, Dizzy Non-PPPD Patients, and
Healthy Persons
There was no significant difference in RDT results (p = 0.431)
between the three study groups. The RDT values were positive in
all three groups, indicating that in all cases the perceived vertical
had an larger offset in the same direction of the rotation of the
dots compared to the SVV tests. The COP lean results (p= 0.800)
were not significantly different between the three study groups
either. The COP lean values were small (≤ 1mm), indicating that
the visual disturbance did not cause the participant to tilt more
to one side.

Patients suffering from chronic dizziness had larger COP
velocity values (PPPD vs. healthy, p < 0.001; dizzy non-
PPPD vs. healthy, p = 0.116) compared to healthy persons.
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TABLE 4 | Results on clinical visual dependence tests of the included participants a,b.

Mean ± SD Statistical analyses (p-values)

Measurement tool (unit) Chronic dizziness Healthy

(n = 69)

3-group

comparison

With PPPD vs.

without PPPD

With PPPD vs.

healthy

Without PPPD

vs. healthy
With PPPD

(n = 38)

Without PPPD

(n = 21)

VVAS (0–100%) 33.87 ± 20.65 18.13 ± 20.08 N/A 0.006‡*

RDT (degrees) 6.05 ± 3.96 6.09 ± 3.80 5.07 ± 4.21 0.431†

Postural sway analysis with rotating dots

COP lean (mm)

COP velocity (mm/s)

COP area (mm2)

−0.05 ± 10.92

11.04 ± 15.32

648.44 ± 1009.44

−0.32 ± 6.28

7.68 ± 11.75

302.91 ± 648.15

−1.01 ± 4.95

2.36 ± 5.12

31.38 ± 132.36

0.800†

<0.001†**

<0.001†**

0.475¶

0.116¶
<0.001¶***

<0.001¶***
0.116¶

0.207¶

aANOVA test (†), Independent samples t-test (‡), post-hoc analysis with Tukey correction (¶).

ANOVA Bonferroni cut-off: p<0.006 (**); other tests: p<0.05 (*) and p<0.001 (***).
bCOP, center of pressure; mm, millimeters; PPPD, persistent postural-perceptual dizziness; RDT, Rod-and-Disc test; s, seconds; SD, standard deviation; vs, versus; VVAS, Visual Vertigo

Analog Scale.

TABLE 5 | Univariable logistic regression of the clinical tests for the prediction of PPPD in patients with chronic dizziness a,b.

Measurement tools Estimate Standard error OR (95% CI) p-value

Static Balance tests (0–120 s) −0.007 0.009 0.99 [0.98; 1.01] 0.467

Timed Up and Go test (s) 0.045 0.109 1.05 [0.85; 1.29] 0.678

Tandem Gait (# steps) −0.008 0.035 0.99 [0.93; 1.06] 0.824

FGA (0–30) −0.027 0.060 0.97 [0.87; 1.10] 0.648

VVAS (0–100%) 0.039 0.015 1.04 [1.01; 1.07] 0.010*

RDT (◦) −0.003 0.076 1.00 [0.87; 1.16] 0.968

Postural sway while facing rotating dots

COP lean (mm)

COP velocity (mm/s)

COP area (mm2)

0.003

0.019

0.001

0.030

0.023

<0.001

1.00 [0.95; 1.06]

1.02 [0.97; 1.07]

1.00 [1.00; 1.001]

0.918

0.404

0.197

ap < 0.05 (*).
bCOP, center of pressure; FGA, Functional Gait Assessment; mm, millimeters; OD, odds ratio; PPPD, persistent postural-perceptual dizziness; RDT, Rod-and-Disc test; s, seconds;

TUG, Timed Up and Go test; vs, versus; VVAS, Visual Vertigo Analog Scale.

The COP velocity values were positive in all three study
groups, indicating larger mediolateral sway in visually disturbing
conditions compared to the SVV tests. Next to this, PPPD
patients also showed a significantly higher COP area (p < 0.001)
compared to healthy persons. The COP area values were positive
in all three study groups, indicating that the COP displacement
was larger in visually disturbing conditions compared to the
SVV condition.

PPPD patients had significantly higher VVAS scores (p =

0.006), but not significantly larger COP velocity values (p =

0.475) and COP area values (p = 0.116), compared to dizzy
non-PPPD patients.

Data are provided in Table 4.

Evaluation of the Value of the Clinical Tests
for PPPD Identification in Patients With
Chronic Dizziness
Univariable logistic regression analyses of the clinical tests,
displayed in Table 5, revealed that a higher VVAS score was

associated most with PPPD [odds ratio 1.04; 95% CI (1.01; 1.07);
p= 0.010].

The ROC analysis of the VVAS showed fair discriminative
accuracy [AUC = 0.72, 95% CI (0.57; 0.86)]. The cut-off value
for the VVAS (through maximization of the Youden index) was
21.01 which resulted in a sensitivity of 0.74 and a specificity of
0.67 for identification of PPPD.

In addition, a PLS-DA model was built to classify patients
with chronic dizziness into PPPD and non-PPPD based upon
all clinical tests listed in Table 5. The highest loading in the
first component of the PLS-DA model was observed for VVAS,
which is in line with the result from the logistic regression
analysis where VVAS showed the strongest positive association
with PPPD. Loadings are graphically shown in Figure 3.

The first two components of the PLS-DA accounted for 51%
of the variance in the data (Kappa coefficient = 0.32; AUC of
the ROC curve = 0.70). However, since the same observations
were used to build the model and to test its predictive power,
the prediction error is probably underestimated. To obtain an
unbiased estimate of the prediction error of the PLS-DA model,
and to find the optimal number of components to be included,
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FIGURE 3 | Loading plot of the first component of the PLS-DA model a,b. aLoadings of the original variables for the first PLS-DA component are represented on the

X-axis. The color of the horizontal bars shows in which of the two groups (patients with or without PPPD) the mean value of the original variable is the largest. In this

dataset, the original variables with a negative loading on the first PLSDA component all have a larger mean value in the patients with PPPD. bCOP, center of pressure;

PPPD, persistent postural-perceptual dizziness.

5-fold cross validation (CV) was carried out. The CVerror was
47%, as presented in Figure 4, which indicates that the PLS-DA
model performs fairly in distinguishing between PPPD patients
and dizzy non-PPPD patients.

DISCUSSION

Our results show significantly reduced static and dynamic
balance scores in patients with chronic dizziness compared
to healthy subjects. However, no significant difference in any

balance test results could be demonstrated between patients
with and without PPPD. The literature indeed confirms reduced
balance in all forms of chronic dizziness (6, 27–29). This
is attributed to ongoing sensory conflict between the visual,
vestibular and proprioceptive systems that are responsible
for maintaining postural balance (30). Additionally, emotions
(e.g., fear can cause conditioned avoidance) (31, 32) and
musculoskeletal pain or dysfunction (33) are known triggers
for balance problems. None of these triggers are specific
to PPPD.
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FIGURE 4 | Cross-validation error (5-fold) of 500 iterations a,b. aThis figure shows the cross-validation error of the models vs. the number of components. The error

bars represent the 95% confidence interval around the mean CVerror (across 500 runs of 5-fold CV). The best performance is observed in the models with 2

components, with a CVerror of 47% [95% CI (0.46; 0.48)].b CV, cross-validation.

Furthermore, our results show increased postural sway while
facing rotating dots compared to the baseline condition (black
screen) in all three study groups, as indicated by the positive
values for COP velocity and COP area. The largest increase in
postural sway was found in PPPD patients. These results are in
line with the literature which states that disturbing visual stimuli
can reduce balance control, especially in persons who are less able
to rely on their vestibular and proprioceptive systems in visually
challenging conditions (i.e., increased visual dependence) (34).
In PPPD patients, this increased visual dependence can be
expected as it is one of the diagnostic criteria of PPPD (4).
Increased visual dependence also occurs in patients with chronic

dizziness of non-PPPD origin as it is a frequently used coping
mechanism for reduced vestibular function, aimed at restoring
postural balance (35–37). On top of this, there is an inter-
individual variability in visual susceptibility in the general
population, which explains why participants without dizziness or
balance complaints can have increased postural sway in visually
challenging conditions (38).

The COP lean deviations were very limited (≤ 1mm), but in
line with the low values reported in the literature (13), and not
significantly different between the three groups. The lean effect
could be strengthened in future research by: (1) only showing
rotating dots in the peripheral field while keeping the center of
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the screen empty (13, 34), or (2) by showing more realistic visual
materials (e.g., fairground carousel, passing traffic) (39).

Another finding was the larger SVV deviations in all patients
with chronic dizziness (both PPPD and non-PPPD patients)
compared to healthy persons, although in none of the three study
groups the SVV values were pathological [i.e., they were within
the normal limit of 2.5◦ (40–43)]. The literature indicates that the
upright SVV is sufficiently compensated in the chronic vestibular
phase (44–46).

In our results, the SVV misalignment of RDT was not
significantly different in PPPD patients compared to non-PPPD
patients. This result agrees with earlier findings indicating that
SVV misalignment of RDT is independent of the subtype of
chronic dizziness, e.g., no significant differences in scores were
found between visual vertigo and labyrinth-defective subjects
(13), or between patients with vestibular neuritis with high vs.
low DHI scores (35). In contrast to other studies, we could
not observe significant differences in SVV misalignment of
RDT between dizzy patients and healthy subjects (13, 35). The
higher SVV errors for healthy subjects in our study may be
due to interindividual variability (34), resulting in a slightly
higher visual sensitivity in our sample group. Lastly, the SVV
misalignment of RDT of our results was always in the direction
of the visual stimuli, which corresponds with previous results
(47, 48).

Preliminary results showed that participants had less postural
sway disturbances in presence of a tilted frame compared to
the black screen condition. This adds to the literature that any
reference frame, even if it deviates from the earth gravitational
as in this study, provides the participant with a visual aid to
maintain a more stable upright position. The perception of
verticality was more disturbed in the RFT than in the SVV test,
but less so than in the RDT. The literature confirms that rotating
dots are a stronger visually disturbing stimulus than a tilted
frame (38).

Lastly, this study aimed to identify PPPD in chronic dizziness
patients by means of commonly used clinical tests. Balance and
visual dependence tests were chosen, since poor balance and
increased visual dependence have been reported in previous
studies as indicators of PPPD (4, 6). The results show that VVAS
had the most, yet limited, discriminative value. These results
complement the literature which already indicates duration
of momentary worsening of dizziness, head roll-tilt SVV, and
the Niigata PPPD questionnaire as useful tools in identifying
PPPD. More specifically, duration of momentary worsening
of dizziness can distinguish between PPPD and psychogenic
chronic dizziness (49), the head roll-tilt SVV can help diagnosing
PPPD in chronic vestibular disorders (50), and the Niigata PPPD
questionnaire is useful in patients with other vestibular disorders
(not specified as chronic) to detect PPPD (5).

Analysis of Study Strengths and
Weaknesses
Strengths of this study include (1) the meticulous elimination
of visual fixation points during the visual dependence tests (e.g.,

completely darkened room, edges of the television screen covered
by a ring), (2) preliminary analysis of the RFT, RDT and postural
sway while facing a tilted frame vs. rotating dots, and (3) the
randomization of the visual dependence tests to eliminate a
habituation effect on the results. Limitations of the study are (1)
the limited sample size, (2) not having performed vestibular tests
to confirm the absence of vestibular deficits in healthy persons,
(3) the slightly younger age of the healthy persons, (4) the use of
“best of three attempts” for the Timed Up and Go and Tandem
Gait tests which may have induced a ceiling effect, and (4) the
administration time of the test protocol (2.5 h) which may have
caused fatigue in some patients.

Implications for Clinical Practice and
Future Research
The VVAS was the most useful clinical test for the detection of
PPPD of the balance and visual dependence tests examined in this
study. Both PPPD and dizzy non-PPPD patients had significantly
impaired balance and increased visual dependence compared
to healthy persons. This shows the importance of evaluating
balance and visual dependence in patients with chronic dizziness.
The clinical tests can be useful to chart the patient’s individual
complaint profile. This profile can then be used to accentuate
certain therapy elements, for example the degree of visual
desensitization training.

Further research can investigate the discriminative value of
other clinical tests not discussed in this article, preferably in
combination with the VVAS results.

CONCLUSION

PPPD patients were more visually dependent, but did not have
worse postural balance compared to dizzy non-PPPD patients.
The VVAS had the most, but limited, discriminative value
for identifying PPPD in chronic dizziness. In clinical practice,
evaluation of balance control and visual dependence is indicated
in patients with chronic dizziness, and corresponding exercises
should be integrated into their exercise program in a patient-
tailored way.
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Introduction: Primary IgG4-related disease (IgG4-RD) of the temporal bone is a rare

condition. Unlike typical petrous apicitis or Gradenigo syndrome, our patient presented

exclusively with unilateral cranial nerve VI palsy and symptoms of diplopia. Skull base

imaging demonstrated a destructive bony lesion in the petrous apex. Imaging and

systemic investigations were insufficient to support a diagnosis. The diagnosis was

achieved histologically after acquiring the specimen by middle cranial fossa craniotomy

and temporal bone biopsy. This case report is thought to be the first published description

of a diagnosis of IgG4-RD proven with the middle cranial fossa approach.

Case Report: We describe a 29-year-old female with primary IgG4-RD of the petrous

apex of the temporal bone. This patient presented with a few-month history of left-sided

headache and recent-onset diplopia due to paralysis of cranial nerve VI. Imaging

demonstrated a petrous apex lesion, and comprehensive systemic investigations could

not reach a diagnosis. A middle cranial fossa craniotomy and a biopsy of the temporal

bone lesion were undertaken to establish the diagnosis. Histological confirmation of

IgG4-RD was proven. Following treatment with corticosteroids, the patient experienced

complete recovery and resolution of her symptoms.

Conclusion: This study describes a case of primary IgG4-RD of the petrous apex of

the temporal bone that presented with diplopia and was diagnosed by middle fossa

craniotomy and temporal bone biopsy. To the best of our knowledge, this is the first case

description where primary diagnosis wasmade based onmiddle cranial fossa craniotomy

and temporal bone biopsy.

Keywords: IgG4-related disease, temporal bone, middle cranial fossa, diplopia, case report, Gradenigo syndrome

INTRODUCTION

IgG4-related disease (IgG4-RD) is a chronic immune-mediated fibro-inflammatory disorder (1).
Perhaps, it is more common than anticipated, Although it was initially described in the context of
autoimmune pancreatitis, it has now been described in nearly all parts of the body (2–4). It appears
that IgG infiltration causes organ enlargement. Kuttner’s tumor, Mikulicz’s syndrome, and Riedel’s
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thyroiditis are diseases that fall in the IgG4-RD spectrum (5–7).
In the head and neck region, IgG4-RD of the thyroid, lymph
nodes, nasal cavity, paranasal sinuses, lacrimal glands, orbits, and
salivary glands have all been described (8–14).

Skull base involvement of IgG4-RD is less commonly noted,
with most accounts being an extension from paranasal disease.
IgG4-RD should be a consideration when a lesion involves
the temporal bone in patients presenting with otalgia and
diplopia (15–17).

Recently, a rare case of a patient with IgG4-RD of the
temporal bone who presented with otalgia and diplopia due
to cranial nerve VI palsy was described (18). Unsurprisingly,
the presentation was considered Gradenigo syndrome, where
otitis media and mastoiditis lead to temporal bone apicitis with
otalgia and cranial nerve VI palsy (19). In this case, the diagnosis
was made after a biopsy of the middle ear, mastoid, and sinus
cavity (18). In another case, a patient with visual loss, facial
nerve paralysis, and diplopia was diagnosed with IgG4-RD after
obtaining histology via a mastoidectomy (20).

In this report, we present a young patient who had primarily
diplopia as a symptom. This case is unique, as to the best of our
knowledge, it is the first case of IgG4-RD diagnosed from a biopsy
acquired with the middle cranial fossa approach. The serum IgG4
level in this patient was normal.

CASE REPORT

An otherwise healthy 29-year-old female presented to the
emergency room with diplopia from isolated cranial nerve VI
palsy on the left and a history of left-sided headaches of several-
month duration. Associated symptoms included pressure in
the left ear and a “blocked” sensation. The patient did not
complain of any vestibular symptoms. Otoscopy revealed normal
tympanic membranes with no signs of middle ear pathology.
Diagnostic audiometry revealed normal hearing and middle ear
function. Normal blood investigation findings included fasting
glucose, corrected calcium, magnesium, liver functions, thyroid
functions, and a complete blood and platelet count. Serological
testing, including human immunodeficiency virus (HIV) testing,
treponema pallidum antibodies, anti-nuclear antibody (ANA)
titers, and antineutrophil cytoplasmic antibody (ANCA) titres,
was negative. Erythrocyte sedimentation rate (ESR) was 29, and
C-reactive protein (CRP) was 14, mildly raised in both instances.

High-resolution computed tomography (HRCT) of the skull
base demonstrated an aggressive erosive disease process centered
on the left petrous apex involving the petroclival fissure and
inferolateral clivus (Figure 1). Subsequent magnetic resonance
imaging (MRI) revealed a trans-spatial marrow-replacing tumor-
like soft tissue lesion of low T1/T2 signal (Figure 2A) and mild
apparent diffusion coefficient (ADC) reduction. The lesion was
enhanced avidly following gadolinium contrast administration
(Figure 2B). Focal pachymeningeal thickening of the retroclival
dura and enhancement of the cisternal segment of the left
abducens nerve as it enters Dorello’s canal were present.

The initial diagnosis favored Gradenigo syndrome,
otomastoiditis, lateral rectus palsy, and deep facial pain, with a

FIGURE 1 | Axial high-resolution computed tomography (HRCT) of the skull

base shows a destructive process in the petrous apex (arrow) with regional

sclerosis involving the petroclival fissure (asterisk) and clivus (arrowhead).

differential diagnosis of cholesteatoma, cholesterol granuloma,
tuberculosis, mucocele formation, and petrous apex air cell
effusion. The absence of signs of a systemic disease, clinically
and later supported by pathology results, ruled out an infective
process. Malignancies considered included chondrosarcoma,
chordoma, plasmacytoma, multiple myeloma, paraganglioma,
and meningioma. A tissue biopsy was required to make a
definitive diagnosis.

Surgical access to the petrous apex includes the infracochlear,
infralabyrinthine, middle fossa, and transsfenoid approaches.
After studying the anatomy on the HRCT scans, the middle fossa
approach was chosen as the most appropriate option.

Given the epicenter of the lesion, middle fossa craniotomy
provided an elegant and effective means of approaching the
lesion to obtain tissue for histological analysis. Nevertheless,
the middle cranial fossa approach to the temporal bone can
be considered invasive and is not without risks. However, by
employing the transtemporal supralabyrinthine modification of
the middle cranial fossa approach, described by Fisch, minimal
retraction is placed on the temporal lobe (21, 22). In the author’s
experience of more than 150 cases, the risk of developing epilepsy
with this modification is minimal. Following the craniotomy,
the petrous apex was identified, image guidance utilized to
confirm and diamond burr drilling of the distorted petrous bone
performed to access the lesion. The macroscopic appearance
of the tissue was pink, firm, and without a clear capsule or
vascularity (Figure 3). Numerous tissue biopsies were taken. The
patient recovered well after the surgery without complications.

The microscopic examination of the biopsy fragments showed
a dense lymphoplasmacytic inflammatory infiltrate with a
fibrous background. Strands and vague fascicles of collagen
fibers were also seen, as well as regions of focal storiform-
type fibrosis. There was no evidence of obliterative phlebitis
or granulomata. Fungal, bacterial, and mycobacterial stains
were negative. A lymphoproliferative disorder was excluded.
Immunohistochemical stains for IgG4 showed greater than 50
IgG4-positive plasma cells in some high-power fields (Figure 4).
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FIGURE 2 | (A) Axial T1-weighted MRI shows a hypointense mass centered

on the left petrous apex (asterisk) and regional marrow hypointensity due to

infiltration and marrow replacement (arrowheads). (B) Axial T1 following

contrast administration shows avid homogenous enhancement of the lesion

(asterisk) and intracranial disease extension with pachymeningeal

enhancement and thickening of the retroclival dura (arrowhead).

FIGURE 3 | Middle cranial fossa craniotomy demonstrating the lesion in the

petrous apex (arrowhead).

IgG4/IgG ratio was greater than 20%. These features were highly
suggestive of IgG4-related disease.

Once the diagnosis was made, the patient was commenced on
oral prednisone at 40mg daily to taper over a 6-month interval.

One month post-surgery, the patient complained of
hoarseness. She was diagnosed with left vocal cord paralysis,
with the affected vocal cord in the paramedian position. MRI

FIGURE 4 | IgG4 immunohistochemical stain highlights the IgG4-positive

plasma cells. There are more than 50 IgG4-positive cells in this field

(magnification ×200).

revealed an extension of the original disease process, and the
MRI of the neck was normal. In the light of the MRI findings, the
paralysis of the recurrent laryngeal nerve was thought to be due
to IgG4-related peripheral axonal neuropathy.

Three months after the post-procedure, the patient continued
on prednisone. The left cranial nerve VI palsy and vocal cord
paralysis have resolved entirely. The patient returned to work
with an occasional complaint of blurred vision. Concerns exist
that upon discontinuation of prednisone, she will experience
symptom recurrence.

DISCUSSION

IgG4-RD is a recently described systemic fibro-inflammatory
disease, although it was first diagnosed in salivary glands
(Mikulicz’s disease) more than 100 years ago (7). The etiology
remains unclear, although the most likely mechanism is thought
to be antigen-driven inflammation or infection (1, 5).

The head and neck region is the second most common site of
IgG4-RD presentation (1). This case report is, to our knowledge,
the first from the African continent. IgG4-RD involvement of the
ear is thought to be rare. The sexual preponderance is roughly
equal (2, 3, 5). It occurs mainly in patients in the 6th decade (1).
Our case was somewhat unusual, as the patient was 29 years old.

Diagnosis is usually made by correlating clinical presentation,
serological studies, imaging findings, and histopathological
results (2). Histological confirmation of the diagnosis is the gold
standard (4).

IgG4-RD may mimic many conditions, including infections,
malignancies, and autoimmune diseases (5). Clinicians should
cultivate a healthy index of suspicion in patients with
atypical presentation.

Although the head and neck are often involved in systemic
IgG4-related disease with frequent lacrimal and major salivary
glands, primary skull base involvement is highly uncommon. The
typical imaging features of a skull base disease are nonspecific and
often mimic inflammatory and neoplastic entities. Focal lesions
are frequently misinterpreted as nasopharyngeal carcinoma,
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meningioma, or primary lymphoma and are usually included in
the imaging differential diagnosis (22–24).

The typical imaging characteristics of IgG4-RD describe a
focal mass-like and infiltrative lesion with iso- to hypointense
signal intensity on T2 and correlative apparent diffusion
coefficient (ADC) reduction. Imaging features may vary
in intensity depending on the degree of fibrosis and
lymphoplasmacytic cellular composition. Lesions are typically
enhanced homogeneously following contrast administration.
HRCT of the skull base is a helpful adjunct to MRI and superior
in assessing osseous destruction and erosion (24–27).

IgG4-RD is an immune-mediated inflammatory disorder in
multiple organs characterized by abundant infiltration of IgG4-
positive plasmacytes and fibrosis in the involved organs. The
precise pathogenic mechanism remains unclear. Aberrant innate
and adaptive immunity is considered the primary pathogenesis
of IgG4-RD.

Recent studies have shown that abnormal adaptive immune
responses mediated by T-helper type 2 cells, regulatory T
lymphocytes, CD4 -positive cytotoxic T lymphocytes, T follicular
helper cells, and T follicular regulatory cells are involved in
IgG4-RD (5, 28). In addition to adaptive immune responses,
innate immune responses play pathogenic roles in IgG4-
RD. Macrophages, mast cells, basophils, and complement and
plasmacytoid dendritic cells are activated to produce various
cytokines in IgG4-RD. There is increasing evidence that B cells
play significant roles in the pathogenesis of IgG4-RD. The fact
that B cell depletion has been shown to correlate with rapid
improvement of tissue fibrosis in affected organs of patients
with IgG4-RD raises the hypothesis that B lymphocytes may be
involved in fibrogenesis.

Currently, the standard of care for IgG4-RD worldwide
remains to be corticosteroids (prednisone). Treatment usually
starts with 40mg of prednisone daily for 1 month. This dose is
then tapered to and maintained at 5 to 10mg per day. Should
the steroids fail, rituximab should be considered as a second-line
treatment (29).

Making the diagnosis of IgG4-RD requires tissue sampling;
if the petrous apex is the site of infiltration, middle cranial
fossa craniotomy can be performed. The middle cranial fossa
craniotomy approach may be considered invasive. Temporal
lobe epilepsy is a known potential complication. It is based on
the author’s experience in performing over 150 cases of middle

cranial fossa approaches that this is an infrequent occurrence
when the modified transtemporal supralabyrinthine approach
is employed, as described by Fisch. The technique involves
drilling the temporal bone to access the petrous apex rather than
retracting the temporal lobe. The technique has been described
as “one-third temporal lobe retraction and two-third temporal
bone drilling”. The important takeaway message is that middle
cranial fossa craniotomy with transtemporal supralabyrinthine
modification, as described by Fisch, is a viable, safe, and practical
approach to obtain access to the petrous apex (21, 22).

CONCLUSION

In summary, we describe, to our knowledge, the first case
of primary temporal bone IgG4-RD causing cranial nerve VI
palsy that has been proven histologically by a middle cranial
fosssa craniotomy and temporal bone biopsy. This demonstrates
that the middle cranial fossa approach, which is considered
invasive, is a practical and viable option to diagnose petrous
apex lesions.
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Objective: This report is a case series of patients with findings suspicious for a

labyrinthine dehiscence syndrome not previously described in the medical literature.

We describe the clinical and test findings in 16 patients with CT findings suspicious for

dehiscence of the ampullated end of the horizontal semicircular canal at the tympanic

segment of the facial nerve.

Study Design: Observational case series.

Setting: Neurotology vestibular referral center.

Patients: To be included in this study the patients were seen at our center in 2019 and

had a high-resolution CT scan with a collimation of 0.6mm. Patients who were identified

as having findings suspicious for dehiscence of bone where the facial nerve crosses

the ampullated end of the horizontal semicircular canal (HSC-FND) were identified and

further analyzed.

Interventions: Case series retrospective record review of patient symptoms, physical

findings, audiometry, vestibular testing, and CT scans was performed. CT findings of

other dehiscent sites were noted. A comparison to surgically treated perilymph fistula

(PLF) patients of the same period was performed.

Main Outcome Measures: History and physical exam were reviewed for auditory

symptoms, vestibular symptoms, and exacerbating factors. and. Audiometry and

vestibular testing were reviewed to determine which tests were most likely to be

abnormal. CT scans were independently graded according to degree of suspicion

for HSC-FND. Finally, patients with HSC-FND as the sole dehiscence identified were

compared to those who had HSC-FND plus other dehiscent sites (HSC-FND+O) and to

the group of surgically treated PLF patients.

Results: Of 18 patients, 16 met inclusion criteria. Nine (56%) of those suspicious

for HSC-FND had dehiscences in other parts of the labyrinth. Additional dehiscent

sites included: six superior semicircular canal dehiscences (SSCD), two cochlear

facial dehiscences and one cochlear carotid dehiscence. The most common auditory

symptoms were autophony followed by tinnitus and aural fullness. The most common

vestibular symptoms were pulsion sensation (feeling of being pushed to one side)
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followed by vertigo spells. The most common exacerbating factors for vertigo were

straining, and sound. The most commonly abnormal vestibular test was nasal Valsalva

testing, which was positive in all but one patient. Anamnesis and examination

observations were similar in both groups, but the HSC-FND group were less likely

to demonstrate a caloric weakness or an abnormal ECOG compared to the HSC-

FND+O group. Of note, cVEMP was more often found to have lower thresholds

in the HSC-FND group compared to the HSC-FND+O group. An example case is

highlighted. Comparison to the PLF patients revealed statistically significant difference in

the presenting symptoms of autophony, fullness and pulsion sensation. When comparing

testing, HSC-FND patients were more likely to have an abnormal cVEMP and PLF

patients were more likely to have asymmetric hearing. The incidence of bilateral disease

was also more common among the HSC-FND patients than the PLF patients.

Conclusions: A new labyrinthine dehiscence has been described to occur where the

tympanic segment of the facial nerve crosses over the ampullated end of the horizontal

semicircular canal. HSC-FND patients can present in a similar manner as HSC-FND+O

patients with similar test findings except as mentioned above. The identification of one

dehiscence such as SSCD does not preclude the presence of another dehiscence such

as HSC-FND. HSC-FND could be the source of persistent symptoms post SSCD surgery

as illustrated in the case presented. HSC-FND patients seem to identify themselves

compared to PLF patients by a much more likely presenting symptoms of autophony,

fullness, pulsion, abnormal cVEMP, bilaterality of disease, and symmetric hearing.

Keywords: third mobile window, dehiscence, horizontal semicircular canal, facial nerve, vertigo, Tullio

phenomenon, perilymphatic fistula

INTRODUCTION

Superior Semicircular Canal Dehiscence (SSCD), first reported

in 1998 (1), is a disorder defined as the absence of bone over
the superior semicircular canal at the middle cranial fossa. The

proposed pathophysiology is the Third Mobile Window Theory
which posits abnormal compliance of the dehiscence (i.e., the

third window) results in stimulation of the superior canal from
egress of endolymph by changes in intracranial pressure or
middle ear pressure. Its varying clinical presentations garnered
it the nickname of the “Great Otologic Mimicker” (2). However,

it has been most commonly characterized by the symptoms
of Tullio’s phenomenon, strain-induced vertigo/dizziness and
autophony. Autophony to voice, heartbeat and eyemovement are
frequently reported with SSCD.

Since its identification it is being increasingly recognized that

there are other bony dehiscences of the labyrinthine which can
cause these same characteristic symptoms. Among these are
posterior semicircular canal dehiscence (3), erosive processes into
the horizontal semicircular canal, cochlear carotid dehiscence (4),
cochlear facial dehiscence (5), enlarged vestibular aqueduct, X-
linked gusher syndrome, cochlear-internal auditory canal defects
(6), modiolar defects (7), and jugular bulb dehiscence into the
vestibular aqueduct (8). Further, surgical repair or occlusion of
SSCD has been shown to produce generally good outcomes for
autophony and vestibular symptoms (9, 10). However, there are

still some patients that have persistence of these symptoms in
spite of what would seem to be successful surgery (11). This
suggests an additional pathology or process in this subgroup
of patients.

There are three elements to the diagnosis of Semicircular
Canal Dehiscence Syndrome (SCD): (1) History consistent with
SCD, namely Tullio’s phenomenon, strain-induced vertigo and
autophony, (2) Physiologic testing consistent with SCD (such
as VEMP, ECOG, Tullio, Hennebert testing, etc.) and (3)
CT imaging demonstrating a bony dehiscence of the superior
semicircular canal (12). If the identifiable dehiscence is in another
area of the otic capsule such as mentioned above, this is suspected
to be the site of the pathology, i.e., Posterior Semicircular Canal
Dehiscence, Cochlear Facial Dehiscence, etc. Many patients
present with the first two elements of SCD syndrome but have
no bony dehiscence of the labyrinth found on CT scan (13, 14).

In this paper we will describe a cohort of patients who meet
criteria for labyrinthine dehiscence but have CT scan findings
suspicious for a hitherto unreported bony dehiscence of the
labyrinth. This dehiscence is located near the ampullated end
of the horizontal semicircular canal bone at the crossover of
the tympanic segment of the facial nerve (HSC-FND). We
will present data on clinical presentation, audiovestibular test
findings and imaging and compare to a group of patients
with PLF. Our purpose is to help characterize what appears
to be a newly identified labyrinthine dehiscence. We will also
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highlight a case of SSCD with concomitant HSC-FND who had
persistent problems with autophony and vestibular symptoms
despite appropriate surgical repair of the SSCD.

METHODS

The setting for this case series retrospective review is a tertiary
Neurotology referral center for vestibular disorders that receives
a high case load of SCD patient referrals. For the calendar year
2019, charts were retrospectively reviewed for the observation
of HSC-FND on CT scan. These patients were referred to the
primary author due to persistent symptoms of a third mobile
window disorder. Further scrutiny of the CT scans identified 18
patients with a possible HSC-FND. The charts were analyzed
for clinical symptoms, physical findings, audiometric testing,
vestibular testing, and CT findings. Additionally, all patients had
undergone MRI scanning with unremarkable findings.

Patients were excluded if CT was not available for review,
or if CT slice thickness was inappropriately large. Patients were
also excluded if another pathology (with the exception of other
bony dehiscences) was identified that could explain the patient’s
symptomatology. Lastly, patients were excluded if they had not
undergone audio-vestibular testing.

Historical information extracted from the charts included
antecedent events, auditory symptoms of hearing loss,
fluctuation, fullness, tinnitus, noise intolerance, hearing
sensitivity, and autophony. When we use the term autophony,
we refer to an enhanced perception of any bodily sound,
including voice, heartbeat, and eye movement. Vestibular
symptoms extracted included the presence of unsteadiness and
vertigo. Exacerbating factors for vertigo–sound, straining and
position–were also recorded. Physical findings recorded were
Fukuda stepping test and the presence of spontaneous nystagmus
during infrared video examination. Treatment and outcomes
were recorded.

Comprehensive audiometry, electrocochleography and
cervical vestibular evoked myogenic potentials (cVEMP) were
analyzed. Results for caloric testing, Tullio testing, fistula testing,
Valsalva testing and Platform Pressure Testing were analyzed.

cVEMP testing was performed with 500Hz toneburst via
insert electrodes. Surface electrodes on the sternocleidomastoid
muscles during active muscle contraction recorded P1/N1
latencies and peak to peak amplitudes as well as thresholds. A
threshold search was performed.

Tullio testing, fistula testing, and Valsalva testing was
performed with VNG recording. Tullio testing was performed
with the use of a portable audiometer. Sequential stimulation
of each ear with 500Hz pulsing tone at 105 db for 10 s each.
Fistula testing was accomplished using a Bruening Otoscope
with direct visualization of the tympanic membrane. Alternating
positive and negative pressure was applied while looking for eye
deflections synchronized with the pressure application over a
thirty second time period. Valsalva testing was done using both
glottic and nasal Valsalva over a thirty second period for each.
Valsalva testing was defined as abnormal if the patient developed
nystagmus and/or vertigo during the test. Platform pressure

testing was accomplished on an Equitest sensory organization
test number 5 with alternating positive, negative or no pressure
applied to each ear sequentially. Abnormal results were noted
for >50% increase in sway energy over baseline. If a patient was
unable to maintain balance on sensory organization test number
5, then the Platform Pressure Test was deferred.

For the CT studies we used the standard application (inner
ear high-resolution program) as suggested by the manufacturer.
The parameters used with the Hitachi Supria (Hitachi HeathCare
Tokyo, Japan) system were as follows: 120 kV, 125 mAs,
pitch 0.562, 2.5 × 0.6mm collimation, matrix 512 × 512;
reconstruction using the bone algorithm to yield 0.6-mm-thick
sections with an increment of 0.06mm; field of view 8 cm; image
length 5 cm; imaging time 20 s; reconstruction with extended
CT scale.

The CT protocols were intended to achieve the highest spatial
resolution. The Poschl projection was obtained perpendicular to
the long axis of the petrous bone, at an angle of 45 degrees with
the sagittal and coronal planes. The superior semicircular canal
was seen as a ring in a single plane in the Poschl projection.
The Stenvers projection was obtained parallel to the petrous
apex and perpendicular to the Poschl plane. Specifically, for
analyzing the scans for HSC-FND the coronal and Poschl images
were reviewed.

These CT scans of these patients were analyzed by two
Neurotologists and one Neuroradiologist for the degree of
certainty of HSC-FND on a scale of 0-3. A “0” represented
findings of no bony dehiscence in this region. Whereas, a “3”
represented a high degree of certainty for a bony dehiscence
being present at the region of the horizontal semicircular canal
where the tympanic segment of the facial nerve crosses it laterally
with at least two slices demonstrating dehiscence. The scores
were averaged between the three reviewers. For the purpose of
our study, an average score below 1.5 was considered to not
have HSC-FND, while score >1.5 was considered to have HSC-
FND. The scans were reviewed for concomitant bony dehiscences
in other parts of the labyrinth (HSC-FND+O). Findings for
HSC-FND patients were compared to HSC-FND+O patients.

The HSC-FND patients were compared to a group of seven
surgically treated PLF patients from the same time period. The
PLF group had no evidence of otic capsule dehiscence on CT
scan and were successfully treated with surgical repair. Chi
square analysis was applied to compare symptom presentation,
vestibular testing, auditory testing and bilaterality of disease.

The procedures followed were in accordance with the
ethical standards of the responsible committee on human
experimentation and with the Helsinki Declaration. The Salus
Institutional Review Board approved this study.

RESULTS

There were 18 patients identified in our chart review. Of these,
one patient was excluded because the CT scan was not available
for review. Another patient was excluded because they had
not undergone vestibular testing. Consequently, there were 16
patients available for analysis.
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TABLE 1 | Auditory symptoms, vestibular symptoms and testing for HSC-FND patients (N = 16) compared to PLF patients (N = 7).

Findings HSC-FND (N = 16) PLF (N = 7)

Age 43 (range 17–63) 54 (36–69)

Male:Female 9:7 4:3

Trauma history 10 (63)* 5 (71) p = 0.679

Auditory symptoms

Autophony 16 (100) 0 (0) p < 0.05

Tinnitus 13 (81) 6 (86) p = 0.479

Aural fullness 12 (75) 2 (29) p < 0.05

Noise intolerance 10 (63) 3 (43) p = 0.382

Otalgia 7 (44) 3 (43) p = 0.968

Hearing loss 5 (31) 4 (57) p = 242

Fluctuation of hearing 5 (31) 2 (29) p = 0.898

Hearing hypersensitive 3 (19) 0 (0) p = 0.698

Vestibular symptoms

Positional vertigo/Dizziness 13 (81) 5 (71) p = 0.738

Pulsion sensation 12 (75) 1 (14) p < 0.05

Strain-induced vertigo/Dizziness 12 (75) 5 (71) p = 0.858

Rotary vertigo (non-positional) 11 (69) 5 (71) p = 0.898

Unsteadiness 9 (56) 6 (86) p = 0.172

Tullio phenomenon 8 (50) 3 (43) p = 0.752

Testing

Valsalva (Nasal or Glottic) Test 15 (94) 6(86) p = 0.529

Fistula test 14 (88) 7 (100) p = 0.743

Platform pressure test 9 (82)** 5 (71) p = 0.605

Tullio testing 11 (69) 2 (29) p = 0.074

ECOG 6 (40)++ 1 (14) p = 0.228

Caloric testing (UW > 25%) 5 (31) 4 (57) p = 0.242

cVEMP 10(63) 1 (14) p < 0.05

Asymmetric HL 4 (25) 6 (86) p < 0.05

Bilateral disease 13 (81) 2 (29) p < 0.05

*Eight cases of direct head trauma and 2 cases of barotrauma. **N = 11, Four patients could not stand on SOT #5 and one patient surpassed the weight limit for testing. Consequently,

a total of 5 patients could not complete Platform Pressure Testing. ++ N = 15, One patient could not be evaluated because of no measurable SP wave.

Using our grading system, the presence of HSC-FND was
noted to be bilateral in 13 cases and unilateral in 3 cases. The
three reviewers were highly consistent with average score of 2.1,
ranging from 1 to 3 (out of a possible 3) for all the areas analyzed.
There was also highly consistent agreement on the scans that did
not have an HSC-FND. The correlation coefficient comparing
examiner 1 to examiner 2 was 0.61; for examiner 2 compared to
examiner 3 it was 0.60; and for examiner 1 compared to examiner
3 it was 0.73.

Nine patients had findings of other dehiscent sites whereas
seven had no other identifiable otic capsule dehiscences. The
additional dehiscent sites included SSCD (six cases), Facial-
Cochlear Dehiscence (FCD) (two cases) and one case of Cochlear
Carotid Dehiscence (CCD). All patients had undergoneMRI scan
with no pathologic findings of note.

Of the 16 patients, 10 patients reported onset of symptoms
immediately after trauma. Eight of these were after direct blunt
head trauma. Two of these were subsequent to barotrauma–one
during air travel and another with scuba diving.

Auditory and vestibular symptoms, as well as testing, are
detailed in Table 1. The most common auditory symptoms

included autophony (16, 100%), tinnitus (13, 81%), aural fullness
(12, 75%) and noise intolerance (10, 63%). The most common
vestibular symptoms were positional vertigo/dizziness (13, 81%),
pulsion sensation (12, 75%), strain-induced vertigo/dizziness (12,
75%), non-positional rotary vertigo (11, 69%), unsteadiness (9,
56%) and Tullio phenomenon (8, 50%).

Physical exam demonstrated evidence of spontaneous
nystagmus with infrared video exam in seven (44%) patients.
An abnormal Fukuda test was found in 11 (69%) patients, but
one patient (6%) was unable to stand to perform the Fukuda
test. Three patients (19%) had no evidence of nystagmus
and a normal Fukuda test. Audiometry was normal in 12
patients (75%). There were two patients (13%) who had
bilateral asymmetric sensorineural hearing loss, one (13%)
with a unilateral sensorineural hearing loss and one (13%)
with symmetric sensorineural scores but had a unilateral
conductive gap.

The most common vestibular test abnormalities were nasal
and/or glottic Valsalva test (15, 94%), fistula test (14, 88%),
Platform Pressure Test (9, 82%) and Tullio test (11, 69%).
It should be noted that five patients could not perform the
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FIGURE 1 | CT scan demonstrating (A) HSC-FND on coronal imaging, (B) normal HSC and facial nerve anatomy on coronal imaging, (C) HSC-FND on Poschl

imaging, and (D) normal HSC and facial canal on Poschl imaging.

Platform Pressure test because four could not stand on Sensory
Organization Test #5 and one was over the weight limit for
Platform Testing.

Comparison of HSC-FND to HSC-FND+O demonstrated
similar historical and physical exam qualities. There were a few
differences in the HSC-FND and HSC-FND+O groups when
it came to testing. Most notable was a higher incidence of
ECOG abnormalities (SP/AP ratio > 0.40) in the HSC-FND+O
group (56%) vs. the HSC-FND group (17%). Unilateral caloric

weakness was also more common among the HSC-FND+O
group (44%) vs. HSC-FND (17%). However, reduced cVEMP
thresholds were more common among the HSC-FND group
(83% were <85 db) compared to the HSC-FND+O group (56%
were <85 db); and abnormal Valsalva testing was similar in
both groups−100% for HSC-FND vs. 89% for HSC-FND+O.
None of these outcomes were statistically significant. However,
this may be due to the small total number of cases involved in
this study.

There were 6 of 16 with no nystagmus on Tullio testing (5
HSC-FND+O and 1 HSC-FND) although some had symptoms
but no nystagmus. There were 6 of 16 with horizontal nystagmus
(1 HSC-FND+O and 5 HSC-FND). There were 4 of 16 with
vertical/torsional nystagmus (3 HSC-FND+O and 1 HSC-FND).
Another way to view this is that among those with HSC-FND
(N = 7), on Tullio testing 5 had horizontal nystagmus, one
had vertical/torsional nystagmus and one had no nystagmus.
Whereas, among HSC-FND+O (N = 9) patients, Tullio testing
resulted in 3 with vertical/torsional nystagmus, one with
horizontal nystagmus and 5 with no nystagmus.

The fistula testing was more inclined to demonstrated
horizontal phase-locked eye movement regardless of the group.
Among HSC-FND patients, horizontal eye movement was
noted in 6 of 7 patients with 1 of 7 demonstrating no eye
movement. Among HSC-FND+O patients, 5 of 9 demonstrated
horizontal phase-locked eye movement, 3 of 9 demonstrated
vertical/torsional eye movement and 1 of 9 demonstrated no
eye movement.

Comparison to the surgically treated PLF patients as detailed
in Table 1, demonstrated statistically significant differences for
the symptoms of autophony (100 vs. 0%), aural fullness (75
vs. 29%), pulsion sensation (75 vs. 14%). Testing demonstrated
significant differences in cVEMP (63 vs. 14%), and asymmetric
hearing loss (25 vs. 86%). Lastly, PLF patients were less
likely to have bilateral disease (29%) compared to HSC-FND
patients (81%).

All 16 HSC-FND patients were given medical management
which consisted of dietary restrictions (low salt and
caffeine avoidance), physical restrictions (avoidance of
abdominal/thoracic straining) and either diuretics or a carbonic
anhydrase inhibitor. One patient was lost to follow up. Of the
remaining 14 patients, 10 (71%) had resolution of their vestibular
symptoms with medical management. Four underwent surgical
reinforcement of the suspected area, inclusive of the oval window
along with round window reinforcement. One had sequential
bilateral surgical repair, and one had unilateral repair–both with
complete resolution of their vestibular symptoms. The third
patient who underwent surgery completed the first of planned
bilateral sequential repairs noting significant improvement in
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their symptoms at present. At the time of this writing, it is
uncertain whether the contralateral procedure will be required.
The fourth case is detailed below:

Case Report
A 36-year-old female experienced onset of autophony, Tullio
phenomenon and strain-induced vertigo after a head injury seven
years prior. She was evaluated and treated at an outside facility
for SSCD identified on CT scan, supported by an abnormal
cVEMP result with a 55 db threshold. A middle fossa craniotomy
with SSCD occlusion was performed. Postoperatively the patient
noted no change in symptoms, with persistent autophony,
Tullio’s and strain-induced vertigo. The following year she was
referred to our facility for evaluation. Audiometry was normal.
cVEMP testing demonstrated thresholds improved to 85 db.
VNG demonstrated balanced caloric testing. Tullio testing and
Valsalva testing were abnormal, producing nystagmus and the
symptoms of vertigo. Fistula testing produced synchronous eye
movement with positive and negative pressure application to
the ear canal. vHIT testing revealed reduced function in the
superior canal that had been surgically occluded, suggesting the
occlusion was successful. An MRI scan demonstrated a filling
defect of the superior canal, again suggesting successful surgical
occlusion of the superior canal. CT scan demonstrated HSC-
FND as well as the previously noted SSCD and middle fossa
craniotomy postoperative changes. She was referred back to
her referring physician with therapeutic recommendations. She
underwent window reinforcement by the referring surgeon that
included the HSC-FND, oval and round window reinforcement.
This resulted in complete resolution of her vestibular symptoms
and improvement in her autophony as of her last communication
which was approximately 6 months postoperative.

DISCUSSION

Most commonly, dehiscence or fistula of the horizontal
semicircular canal has been identified to occur secondary to
erosion from cholesteatoma (15). While this has been extensively
reported in the medical literature, dehiscence of the horizontal
semicircular canal not caused by some erosive process is not.
Only two case reports of horizontal semicircular canal dehiscence
were identified in our review of PubMed.

In 2007, Bassim et al. (16) reported a case of bony
dehiscence of the horizontal semicircular canal in a patient
being evaluated for cochlear implantation. The dehiscence
was located throughout the entire apex of the arch of the
horizontal semicircular canal and included more than half of the
semicircular canal. The patient had a history of radiation therapy
for lymphoma of the palate, but the authors did not suspect
this as the cause of the dehiscence because of its unilaterality.
The contralateral side had normal bony coverage. No vestibular
symptoms and no physiologic testing were reported in this paper.

In 2010, Zhang et al. (17) reported a case of a 76-year-
old with vertigo, Tullio phenomenon and autophony. The
patient exhibited nystagmus with sound application to the
right ear. A CT scan demonstrated a 2.0mm bony defect of
the right horizontal semicircular canal. They recommended

consideration of dehiscence of the horizontal semicircular canal
be included in the differential diagnosis of sound- or pressure-
induced vestibular symptoms. We could not find in PubMed any
reports of horizontal semicircular canal dehiscence located at the
tympanic segment of the facial nerve.

As noted in the introduction, the proposed pathophysiology
of SSCD is due to the abnormal compliance of the inner
system due to the dehiscence of the superior canal bone at
the temporal lobe dura (1). This renders the superior canal (as
well as the otolithic organs) susceptible to abnormal pressure
changes from the middle ear and from the temporal lobe
dura. In HSC-FND, the defect is qualitatively different from
SSCD. It is a dehiscence that is covered by the facial nerve,
which by itself should provoke no pressure changes such as
seen with dural pressure transmission in SSCD. In our patient
population, 63% developed symptoms after head trauma. This
raises the question as to whether trauma played a role. There
were no fractures identified on CT scan or intraoperative. We
propose that the pressure wave from the head trauma could have
caused a shift in the facial nerve or an increased compliance
in this area resulting in the third mobile window symptoms in
these patients.

The only clinical symptom seen in every patient of our case
series was autophony. This is in striking contrast to the PLF
patient group were there were no complaints of autophony.
Beyond this, themost common auditory symptomswere tinnitus,
aural fullness, and noise intolerance. Vestibular symptoms of
rotary vertigo and disequilibrium were provoked by positional
changes, straining and sound (Tullio’s phenomenon).Whilemost
patients had normal or symmetric hearing, cVEMP testing and
vestibular testing was frequently abnormal. Most notable was
Valsalva testing with all but one patient having an abnormal
Valsalva test. The fistula test was abnormal in all but two patients
and the Tullio test was abnormal in almost two thirds of patients.
The Platform Pressure Test was abnormal in 82% of the patients
who completed the test. However, there were five patients who
could not perform Platform Pressure Testing–four because they
could notmaintain their balance for baseline testing (SOT#5) and
one because they were beyond the weight limit capacity for the
platform. The above clinical profile of symptoms and test findings
are suggestive of the SCD patients we have seen over the last 22
years and that have been reported in the literature.

A surprising number of patients (75%) reported pulsion
sensation–a rocking/swaying feeling or feeling like being pushed
to one side–suggesting abnormal otolithic stimulation, compared
to only 14% (p < 0.05) among the PLF patients. The attribution
to central pathology of the pulsion/rocking sensation has been
longstanding and without any significant studies to back this up.
More recently, these symptoms have been attributed to otolithic
stimulation (18). Intuitively, thismakesmore sense, since isolated
otolithic stimulation would result in a pulsion sensation rather
than a rotary sensation; and this is something we have observed in
our patient population as well. Given that the otoliths are located
anatomically near this dehiscence, pulse waves from vascular
pressure changes could theoretically be the cause for the rocking
sensation experienced. In fact, some of the patients reported the
rocking to be in concert with their heartbeat.
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Clinical findings of HSC-FND compared with HSC-FND+O
patients did not differ statistically. In fact, the HSC-FND group
was slightly more likely to have lowered thresholds on cVEMP
and abnormal Valsalva test results than the HSC-FND+O group.
Compared to the PLF group, only 14% had an abnormal
cVEMP compared to 63% among the HSC-FND group (p
< 0.05). This further supports the theory that HSC-FND is
an alternative otic capsule dehiscent instrumental in creating
dehiscent symptoms/test findings.

What was notable in both the HSC-FND group and to
a lesser extent, the HSC-FND+O group was the presence of
horizontal nystagmus on Tullio testing and horizontal phase-
locked eye movement on fistula testing. Overall, on Tullio testing
6 patients had horizontal nystagmus, 4 had vertical/torsional
nystagmus, and 6 had no nystagmus. Three of the 4 patients
with vertical/torsional nystagmus were among the HSC-FND+O
group that included SSCD and other dehiscences. On fistula
testing, 11 patients had horizontal phase-locked eye movements,
3 had vertical/torsional phase-locked eye movements and 2
had no eye movement. All three who had vertical/torsional
eye movements were in the HSC-FND+O group and had
SSCD. The finding of horizontal nystagmus on Tullio testing
and horizontal phase-locked eye movement with fistula testing
would implicate horizontal semicircular canal stimulation. This
finding would seem to support HSC-FND as a cause for the
patients’ symptomatology.

The presence of similar symptoms in HSC-FND could explain
what some authors have reported as oval window perilymphatic
fistula. HSC-FND could result in labyrinthine fistula from the
ampullated end of the horizontal semicircular canal, around the
facial nerve canal and into the oval window niche. Theoretically,
reinforcement of the oval window would potentially reinforce the
HSC-FND deficient area resulting in cessation of symptoms.

Fallopian canal dehiscence was not systematically recorded,
but it seems that all patients had fallopian canal dehiscence
noted at surgery. We believe that fallopian canal dehiscence
is a necessary part of the anatomy for HSC-FND to become
“active.” As noted in Figure 1, there are concomitant defects of
the HSC and the fallopian canal at the OvalWindow. The concept
being the horizontal canal defect leads to pressure changes or
an intermittent leak around the facial nerve. If there was no
fallopian canal dehiscence, then there would be no means for
fluid/pressure movement.

Our treatment paradigm for these patients with HSC-
FND has been to begin medical management on all patients
when feasible. This resulted in high symptoms resolution rate
(71%). For many patients, understanding that straining
was provoking many of their vestibular symptoms was
revelatory. Educating the patients on how to avoid such
provocations resulted in greatly improved quality of life.
Further, additional medical measures including salt restriction,
diuretics and titration dosing of acetazolamide lowered
intracranial pressure and eventually allowed many of the
medically treated patients to gradually increase their activity
levels without return of vestibular symptoms. For those who
continued to have persistent disabling symptoms, surgery
was offered.

Of the four patients who did not have resolution on medical
management, we offered surgical repair. The surgical repair
included soft tissue reinforcement of the HSC-FND inclusive
of the oval window and included round window reinforcement.
This resulted in complete resolution of vestibular symptoms for
three of the patients (one unilateral repair and one bilateral repair
by us and one unilateral repair by the referring physician). The
fourth patient had been scheduled for sequential bilateral repair
and has completed one side as of this writing. This patient has
noted significant improvement and we are unsure whether the
contralateral surgery will be necessary at this time.

Evidence suggests that otic capsule volume is less and
subsequent thickness of the bone surrounding the semicircular
canals is thinner in SSCD cases compared with control cases.
Park et al. (19) compared the thickness of otic capsule bone
covering the semicircular canals in patients with SSCD compared
to control cases. Not only did they find thinner bony coverage
around the superior semicircular canal, but the bony coverage
was also significantly thinner around the posterior and horizontal
semicircular canals. Given the reduced volume of otic capsule
bone and thinner bony coverage of all three semicircular canals,
our study’s finding of more than half the patients with other
dehiscent sites is not surprising. In addition to HSC-FND, nine
of the 16 CT scans reviewed demonstrated dehiscences at other
locations in the otic capsule. These other sites included superior
canal dehiscences, facial cochlear dehiscences and one case of
cochlear carotid dehiscence.

The CT scans of our series of HSC-FND do not identify
any erosive process such as cholesteatoma as the source for the
dehiscence (see Figure 1 for examples of HSC-FND compared
to normal CT scans.). The overlying tympanic segment of the
facial nerve suggests a probable anatomic defect that may be of
congenital or developmental origin, perhaps due to the reduced
otic capsule bone volume as noted by Park et al. (19). Among
the 16 cases, 10 (63%) reported the onset of their symptoms
immediately after trauma. This is consistent with the second
event observation seen with many SSCD patients and suggests
a similar pathogenic mechanism for the production of symptoms
(12). However, the cause for this bony defect and symptoms onset
awaits further investigation.

In the case presented, the patient had all three elements of the
triad to make the diagnosis of SCD–history, physiologic testing,
and CT scan findings of SSCD. The surgical occlusion would
seem to have been performed successfully as demonstrated by
improvement of the cVEMP threshold, reduction of the superior
canal function on vHIT and absence of the superior canal signal
on MRI scan. However, the patient’s symptoms were unchanged
and our test findings of positive fistula test, Tullio test and
Valsalva test strongly pointed to an otic capsule dehiscence.
While the abnormal test results could be the results of inadequate
SSCD plugging in what appears to be a successful SSCD occlusion
procedure, it was surprising to see no improvement in symptoms,
especially given reduced anterior canal function on vHIT testing.
Alternatively, a concomitant otic capsule dehiscence could
explain these findings. Surgical reinforcement as we detailed in
the methods section (round window reinforcement and oval
window reinforcement inclusive of the adjacent facial nerve
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segment) by the referring surgeon resulted in resolution of
the patient’s symptoms. The identification of HSC-FND in this
patient provides the likely reason for the patient’s persistent
symptoms after SSCD surgery. When evaluating patients with
SSCD (or any other labyrinthine dehiscence) syndrome, it
behooves surgeons to scrutinize the CT scan for additional
dehiscent sites. Others have also documented patients with more
than one site of dehiscence (5). Proactive treatment of these areas
could possibly help improve symptom resolution.

Alternative explanations for the symptomatology in our
HSC-FND+O group could be due to the other dehiscences
noted in these nine patients. However, the seven patients with
no other identifiable dehiscences (HSC-FND group) had a
nearly identical symptom and testing profile, consistent with
labyrinthine dehiscence. This supports that HSC-FND, as a sole
finding, can provoke a similar clinical presentation as other
labyrinthine dehiscences.

In our series, the HSC-FND was most evident on both the
coronal and Poschl view (a projection perpendicular to the long
axis of the petrous bone, at an angle of 45 degrees with the sagittal
and coronal planes). This orientation allowed visualization of a
cross section of the facial nerve and the bony septum with the
horizontal semicircular canal. The axial, sagittal, and Stenvers
projections did not demonstrate the dehiscence with the same
level of confidence.

Currently, multidetector CT (MDCT) is the mainstay of the
diagnosis of a semicircular canal dehiscence. The accuracy in
the detection of SSCD in one study was between 92.9% utilizing
standard axial and coronal planes and 98.8% using planes parallel
and perpendicular to the SSC, similar to the technique and
imaging planes as used in this study (20). However, Sequeira et al.
(21) caution that MDCT tends to overestimate the prevalence of
SSCD in comparison with higher resolution CT techniques such
as microCT.

The studies of CT detection for SSCD should alert us to the
possibility of falsely positive CT scans. Findings of “dehiscence”
on CT, even though not a guarantee of actual bony dehiscence is
not without merit. As demonstrated by Ward et al. (14), “near”
dehiscence can represent a physiologic phenomenon similar to
a frank dehiscence. In our case series, we cannot be certain that
all of the identified HSC-FND were bony dehiscences. However,
given the patients’ symptoms and physiologic test findings, we
have a raised degree of confidence that the dehiscences were real
or at the very least, represent “near” HSC-FND.

Newer imaging techniques such as microCT and flat panel
CT (FPCT) should increase our sensitivity and specificity in
detection of HSC-FND (22–24). MicroCT scanning is able
to achieve much better resolution than conventional clinical
computed tomographic scanning, reducing, or eliminating the
chance for error, but cannot be performed on patients at this
time because of high radiation dosage and long scanning times.
FPCT which uses an area detector instead of detector rows, offers
improved spatial resolution for complex anatomy such as the
temporal bone, but is currently limited by price and accessibility.

The HSC-FND patients were more likely to have symmetric
hearing and evidence of bilateral disease compared to the PLF
patients. Bilateral disease was found in 81% of the HSC-FND

patients compared to 29% of the PLF patients (p < 0.05). This
may suggest a congenital/developmental etiology for HSC-FND
compared to PLF patients. With regards to hearing, only 25%
of HSC-FND patients had asymmetric hearing loss compared to
86% of PLF patients (p < 0.05).

This paper has obvious weaknesses, most notably the
problems with being a retrospective cases series, which are level
IV evidence lacking a good control comparison adding to bias.
The inclusion criteria was any new pateint during 2019 who
had a CT scan that had been noted in the medical record of
possibly having anHSC-FND. Patients with thirdmobile window
symptoms may have had their CT scans more heavily scrutinized
for otic capsule defects than those who did not have third mobile
window findings. This could potentially bias the selection process
and we don’t know how many patients with no third mobile
window symptomsmay have hadHSC-FND.However, this could
be analogous to finding an asymptomatic SSCD patient. The
area in question–the facial nerve as it crosses over the horizontal
semicircular canal–is an area where bone is normally thin and
could be prone to overdiagnosis as has been seen in CT surveys
of SSCD. Further, it is entirely possible that the HSC-FND is not
the source of the third mobile window, but another area that
has yet been identified could be the source of pathology. These
results should be applied cautiously to patients with the above-
mentioned clinical profile while carefully scrutinizing for other
pathology. As mentioned earlier, the diagnosis of labyrinthine
dehiscence requires three elements: (1) symptoms consistent
with dehiscence, (2) physiologic test findings consistent with
dehiscence and (3) radiographic confirmation of anatomic bony
dehiscence. While this study supplies a patient population with
all three of these elements, to confirm HSC-FND as a diagnostic
entity, histologic studies should be performed to further detail
this anatomic area of thin or dehiscent bone.

CONCLUSIONS

A newly described labyrinthine dehiscence is reported. This case
series of 16 patients presented with symptoms suggestive of
labyrinthine dehiscence–autophony, strain-induced vertigo and
Tullio’s phenomenon. A history of trauma that immediately
preceded the onset of symptoms was seen in most patients. Test
findings objectively confirmed the patients’ reported symptoms–
most commonly by Valsalva testing and less often by fistula
testing, Tullio testing and Platform Pressure testing. Imaging
with CT demonstrated absence of bone at the ampullated
end of the horizontal semicircular canal at the tympanic
segment of the facial nerve adjacent to the oval window
niche. While nine of these patients had additional dehiscent
sites (HSC-FND + O group), seven did not (HSC-FND
group). Comparison of clinical symptoms and test findings
were not materially different in these two groups, strongly
suggesting a similar pathophysiologic process. Compared to
a control group of surgical repaired PLF patients, the HSC-
FND patients were more likely to have autophony, aural
fullness, pulsion sensation, abnormal cVEMP, bilateral disease
and symmetric hearing. Medical treatment was successful in
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symptom resolution in most patients. Surgical reinforcement
was successful in the few cases that did not respond to
medical management. We recommend consideration of this
entity when evaluating patients with symptoms and test
findings consistent with labyrinthine dehiscence. We also
recommend further confirmation of HSC-FND with temporal
bone histologic studies.
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Olfactory, Auditory, and Vestibular
Performance: Multisensory
Impairment Is Significantly
Associated With Incident Cognitive
Impairment
Jacob C. Lucas 1*, Zack Arambula 1, Alexandra M. Arambula 1, Katherine Yu 1,

Nathan Farrokhian 1, Linda D’Silva 2, Hinrich Staecker 1 and Jennifer A. Villwock 1

1Department of Otolaryngology- Head and Neck Surgery, University of Kansas School of Medicine, Kansas City, MO,

United States, 2Department of Physical Therapy and Rehabilitation Science, University of Kansas Medical Center, Kansas

City, MO, United States

Background: Dysfunction in the olfactory, auditory, and vestibular systems are

commonly seen in aging and are associated with dementia. The impact of sensory

loss(es) on cognition is not well understood. Our aim was to assess the relationships

between performance on objective multisensory testing and quantify the impact of

dysfunction on cognition.

Methods: Patients presenting with subjective hearing loss presenting to a tertiary

care otologic/audiologic clinic were identified and underwent multisensory testing using

the Affordable, Rapid Olfactory Measurement Array (AROMA), pure tone audiometric

evaluations, and the Timed “Up and Go” test. Cognitive impairment (CI) was assessed

via the Montreal Cognitive Assessment (MoCA) was also administered.

Key Results: 180 patients were enrolled. Thirty one percentage (n = 57) screened

positive for cognitive impairment. When evaluating single sensory impairments, we found

that olfactory dysfunction, gait impairment, and sensorineural hearing loss were all

statistically significantly (p < 0.05) associated with a higher risk of cognitive impairment

(ORs 3.89, 3.49, and 2.78, respectively) for CI. Multisensory impairment was significantly

associated with cognitive impairment. Subjects with dysfunction in all domains were at

the highest risk for cognitive impairment (OR 15.7, p < 0.001) vs. those with impairment

in 2 domains (OR 5.32, p < 0.001).

Conclusion: Dysfunction of the olfactory, auditory, and vestibular systems is associated

with a significantly increased risk of CI. The dramatically increased risk of CI with

multisensory dysfunction in all three systems indicated that MSD may synergistically

contribute to CI.

Keywords: multisensory impairment, age-related hearing impairment, vestibular impairment, olfactory

impairment, cognitive impairment, AROMA, Montreal Cognitive Assessment (MoCA)

152

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.2022.910062
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.910062&domain=pdf&date_stamp=2022-07-11
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:jake.lucas.ent@gmail.com
https://doi.org/10.3389/fneur.2022.910062
https://www.frontiersin.org/articles/10.3389/fneur.2022.910062/full


Lucas et al. Multisensory Impairment and Cognition

INTRODUCTION

Cognitive impairment (CI) and dementia have been linked to
sensory impairments in multiple domains such as hearing loss,
olfactory dysfunction, and vestibular dysfunction. Several large,
epidemiologic studies suggest that impairments in more than
one sensory domain may be additive with respect to subsequent
risk of developing CI. Unlike other risk factors such as age and
genetics, sensory deficits are potentially modifiable by techniques
such as hearing amplification, olfactory training, and vestibular
therapy. Emerging literature suggests that approaches to improve
sensory processing, such as cochlear implantation, may reverse
cognitive decline (1).

The concept of Multisensory Impairment has been broached
in the literature and is an area of active study; several
retrospective cohort studies have examined age-related sensory
decline including the Epidemiology of Hearing Loss Study
(EHLS) (2, 3), Health Aging and Body Composition (Health
ABC) (4), National Social Life, Health and Aging Project
(NSHAP) (5), and Baltimore Longitudinal Study of Aging
(6). Dual impairments in hearing and vision have even been
associated with increased risk of all-cause mortality (7). The
additive effects of multiple sensory impairments is compounded
when compared to loss of a single sense (2). Sensory domains
examined include hearing, touch, taste, olfaction, and vision (4,
5, 7, 8). Balance, gait, and vestibular function are also implicated
and associated with age-related cognitive decline (6, 8–10). In the
context of multisensory impairment, no studies have examined
the summative effects of hearing, balance and gait, and olfaction
on incident cognitive impairment.

The objective of this study was to prospectively examine
neurocognition, olfactory performance, and gait and balance in
subjects presenting for audiologic evaluation to determine the
incidence of multisensory impairment in this population and the
correlation of sensory impairments with neurocognitive status.

METHODS

Institutional review board approval was obtained prior to
commencement of any study activities (IRB #145682). This
was a cross-sectional case-control study with initial recruitment
occurring over a 6-month period from February 2021 through
June 2021.

Subjects
Subjects were recruited from a patient pool presenting with
chief complaint of “Hearing Loss” to an otology and audiology
clinic. Subjects presenting for audiologic evaluation were
screened for eligibility and provided with written informed
consent to participate. Enrolled subjects underwent evaluation
of hearing, gait and balance, olfaction, and cognitive function.
Exclusion criteria were age <50, history of primary progressive
neurological disease such as Parkinson’s and Multiple Sclerosis,
non-ambulatory patients, patients that were unable to follow
instructions due to severe cognitive impairment, conductive
hearing loss due to middle ear pathology, non-intact tympanic
membrane, vestibular schwannoma or other central nervous

system tumor, and recent COVID-19 infection. Hearing
was assessed using a comprehensive audiologic evaluation
including audiometric thresholds, pure tone average, speech
discrimination, and tympanometry. Olfaction was assessed using
the Affordable, Rapid, Olfactory Measurement Array (AROMA)
test (11, 12). Gait and balance were assessed with the Timed
Up-and Go assessment (13). Cognitive function was evaluated
using the Montreal Cognitive Assessment (MoCA) (14). Baseline
demographic data was also obtained.

Audiometric Data
Audiometry was performed in accordance with the American
National Standards Institute ANSI/ASA S3.21-2004 (R 2019)
standards (15) and the American Speech-Language-Hearing
Association guidelines (16). Hearing level (HL) thresholds
measured in decibels (dB) were obtained at 250, 500, 1,000,
2,000, 3,000, 4,000, 6,000, and 8,000 Hertz (Hz). Air and bone
conduction thresholds were measured in both ears. Pure-tone
averages (PTA) were calculated for each individually tested ear
using 500, 1,000, 2,000, and 3,000Hz, as recommended by the
American Academy of Otolaryngology–Head and Neck Surgery
(AAO-HNS) (17) and the American Medical Association (18). If
no recording existed of the 3000Hz threshold, the mean of the
2,000 and 4,000Hz thresholds was utilized; a PTA valuation using
this average is within +/- 5 dB of the PTA utilizing 3,000Hz in
99% of audiograms in one previous series of 2170 patients (19).
Word recognition scores were also obtained. A PTA > 25 dB
HL was considered to have a sensorineural hearing impairment.
For purposes of analysis, the best hearing ear was used for
subject classification.

Timed Up-and-Go
The Timed “Up & Go” (13) test was chosen as a simple screening
tool for balance impairment due to its ease of administration
and well-established cut off scores for patients with vestibular
dysfunction. It is a timed version of the older “Get Up and Go”
test (20). The TUG consists of the average time of three trials:
the patient is instructed to sit in a chair, a timer is started, the
patient stands, walks 3 meters, then turns around and walks back
to the chair, and finally sits back down (13). The TUG is well-
studied and has excellent validity and reliability in a wide range of
adult populations with various disabilities, including Parkinson’s,
cerebral palsy, and stroke. It has also been studied in otherwise
“normal” elderly adult populations (21). It had a sensitivity of
80% in determining fall risk for patients with vestibular disorders,
making it a reasonable choice for balance screening. Fall risk due
to impairment was associated with a TUG score > 11 s (22). For
this reason, subjects with TUG scores > 11 s were considered to
have gait and balance impairment during analysis.

Affordable, Rapid, Olfactory Measurement
Arrays Testing
AROMA (11) is an essential oil-based test that comprises 14
scents and one negative control at four concentrations: 1X, 2X,
4X, and 8X. It is administered by trained research personnel. The
full battery consists of four rounds of 15 inhalant sticks. The
number of odorants and concentrations included in olfactory
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testing is dependent on each subject’s baseline olfactory status;
participants start at the 2X concentration and are presented
all scents in randomized order. Patients select answers from
a 4-item multiple-choice field. Incorrect responses trigger a
higher concentration to be presented in the next round. Correct
responses trigger the lower concentration to be presented.
Due to this branching logic and the nested quality of the
testing array, every test is unique, and requires administration
on a tablet computer. All participants are asked to identify
the 2X concentrations, but subsequent rounds are customized
based on responses. This allows increased stratification of
responses and development olfactory phenotypes. Preliminary
data has identified unique testing phenotypes for normal,
mild cognitive impairment, and Alzheimer’s disease patients
(12). Out of a total score of 100, patients were classified
as normosmic (>75), hyposmic (< 75), and anosmic (<40).
During multivariate modeling, anosmic and hyposmic patients
were collapsed into a single category (Hyposmia) to allow for
more straightforward interpretation of binary logistic regression.
Related to cognitively impaired individuals, AROMA was
validated in examining the relationship of olfactory dysfunction
to Alzheimer’s dementia, mild cognitive impairment, and
cognitively unimpaired individuals. Other advantages of the
AROMA are its re-usability, odorant levels that are dynamic, and
ability to test both detection and identification of smell (11, 12).

Montreal Cognitive Assessment
The MoCA, as compared to the Mini Mental Status Exam
(MMSE) is more sensitive in the detection of mild cognitive
impairment (MCI) (23, 24). It is a multiple domain instrument
that tests short term memory recall, working memory,
visuospatial ability, abstraction, attention, concentration,
and executive functioning (14). It has up to 90% sensitivity in
MCI detection and takes ∼10min to administer, making it an
ideal cognitive function screening test in the clinical setting. A
score of 26 was used as the cutoff for cognitive impairment; (14)
subjects with scores <26 were considered CI. The overall score
was corrected based on education level–one additional point was
added for patients who did not complete high school.

Data Analysis
Ideal Sample Size and Power Analysis
Using previous literature that has estimated the prevalence of
various sensory impairments among an aging population, an
approximately 30% prevalence of olfactory dysfunction was
expected in the control group. Prior prospective cohort studies
(2, 3) have demonstrated a Hazard Ratio (HR) of 1.5 for hearing
loss and incident dementia. The Odds Ratio (OR) for hearing
loss in Alzheimer’s dementia was found to be 2.0 in a case-
control study with similar design considerations to the present
study (25). Risk of fall in a 12-month period for adults aged 65
and older was calculated at 28.7% (26, 27). For the present case-
control study comparing multisensory impairment and odds of
incident CI; we estimated a likely 0.3 proportion of CI in the
control group (28), a 2.0 OR formultisensory impairment and CI,
0.95 confidence level (alpha = 0.05), and 0.8 power level. With
these estimates, we determined a conservative sample size of

n = 275 to uncover a moderate effect size. Patients were actively
recruited from a clinical pool of patients presenting with hearing
loss. The first author (JCL) screened scheduled clinic lists the
day before enrollment for eligible subjects based on chart review.
Some initially eligible subjects were ineligible after additional in-
person screening. Some subjects declined participation. Some
were unable to complete the entirety of testing and so were
excluded from analysis. Of the theoretical 585 eligible subjects
on preliminary screening during the enrollment period, 180 were
included. Enrollment rate based on initial eligibility screening
was∼31% and fell short of goal enrollment of 275 subjects.

Statistical Analysis
Data was cleaned and wrangled using R (29), RStudio, and
the Tidyverse (30) suite of packages. Statistical analysis was
performed using base R generalized linear model functions.
Plots were generated using the R ggplot2 (31) and audiometry
(32) packages.

Wilcoxon Rank Sum, Pearson’s Chi-squared, and
Fisher’s exact test were used where appropriate to evaluate
sociodemographic differences between patients with cognitive
impairment (Table 1). Univariate analysis was performed for all
predictor variables with cognitive status as the outcome variable
(Table 2), again utilizing Wilcoxon Rank Sum and Chi-squared
testing where appropriate.

Binary logistic regression was chosen for multivariate analysis.
Results of multisensory testing, age, gender, and education
levels were submitted to binary logistic regression analysis
using a stepwise selection procedure. Only items that were
related (p < 0.10) to the outcome after adjusting for all other
items were retained. Odds ratios (OR) for incident cognitive
impairment with confidence intervals were calculated for each
of two models. Predictor values included hearing impairment,
balance impairment, and olfactory impairment, along with
control variables for age and education. Each predictor variable
was categorized as a binary value and the response variable
(cognitive impairment) was also coded as binary, with cases
having aMoCA score<26 and controls having scores>26. A first
model comparing the outcome for each of three sensory deficits
was created, demonstrated in Table 3; a secondmodel comparing
the outcome for patients with multiple sensory deficits sought to
define the influence of multiple sensory impairments on incident
CI demonstrated in Table 4.

In demographic analysis, education level was found to
have significant predictive value toward incident cognitive
impairment. Additional stratification revealed significant
differences between subjects with graduate-level education,
and subjects without graduate-level education. Due to this
finding, education was added as a control variable to the logistic
regression model, with Odds Ratios reported separately. Age
was also included as a control predictor variable, with patients
stratified into either “50–65” and “65+” age categories.

RESULTS

One hundred and eighty subjects were enrolled after excluding
4 subjects with incomplete datasets. Fourteen subjects required
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TABLE 1 | Demography of recruited subjects.

Characteristic Normal, N = 123a CI, N = 57a p-valueb

Age at Enrollment 66 (60, 72) 69 (63, 75) 0.064

Age category 0.3

50–65 50 (41%) 19 (33%)

65+ 73 (59%) 38 (67%)

Sex 0.7

Female 67 (54%) 29 (51%)

Male 56 (46%) 28 (49%)

Black 8 (6.5%) 8 (14%) 0.10

Asian 2 (1.6%) 0 (0%) >0.9

Native American 1 (0.8%) 0 (0%) >0.9

White 111 (90%) 49 (86%) 0.4

Other 1 (0.8%) 1 (1.8%) 0.5

Education level <0.001

Completed college 47 (38%) 18 (32%)

Completed high school 34 (28%) 31 (54%)

Completed graduate/professional degree 39 (32%) 6 (11%)

Did not complete high school 3 (2.4%) 2 (3.5%)

Employment status 0.12

Retired 68 (55%) 33 (58%)

Work <40 h per week 15 (12%) 5 (8.8%)

Work 40 or more h per week 37 (30%) 13 (23%)

Unemployed 3 (2.4%) 6 (11%)

aMedian (IQR); n (%). bWilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test. The bold values indicate the significant p values.

an assistive device such as a cane or walker to perform the
TUG examination. Subject demographic data are presented in
Table 1. One hundred and twenty three subjects with normal
cognition as defined on the MoCA were enrolled, and 57 subjects
with CI were enrolled. The mean age at enrollment was 66 for
normal subjects and 69 for CI subjects. Fifty four percentage
of subjects were female with 46% male. Recruited subjects
were predominantly Caucasian (89%). Education level and
employment status were collected during enrollment. Education
was found to be significantly associated with differences in
incident cognitive impairment, as indicated by Fisher’s exact test
(two-tailed p < 0.001. Other sociodemographic data, including
age, gender, race, and employment status were not associated
with increased incidence of cognitive impairment.

Total MoCA scores from all subjects are demonstrated
in Figure 1. Scores are ordinal and range from 0 to 30.
The data is left-skewed with normal or near-normal scores
heavily weighted. Cognitive impairment is defined as any score
<26. Univariate analysis for all predictor variables on incident
cognitive impairment is summarized inTable 2. All three sensory
impairments demonstrated significant associations with incident
cognitive impairment.

Hearing
Hearing-impaired subjects had higher proportions of CI, χ

2(1,
N = 180) = 11.2, p < 0.001. Figure 2 shows aggregate
audiometric data for all subjects, with a negative correlation
noted between MoCA score and PTA (R = −0.18, p =

0.018); subjects with impaired hearing on audiometry were more
likely to score lower on the MoCA (p = 0.011). Composite
audiograms for both “Normal” and “CI” subjects are displayed
in Figure 2C. Figure 2D displays the minimum standard for
reporting hearing loss as prescribed by the AAO-HNS (17).
Hearing severity was also significantly associated with cognition,
although severity categories were collapsed across moderate,
moderately severe, and severe hearing due to a scarcity of subjects
with hearing worse than the “Mild” classification. “Normal” and
“Mild” hearing loss were heavily weighted in the dataset. No
patients with profound hearing loss in the better hearing ear
were recruited.

Gait and Balance
A higher proportion of gait-impaired subjects had co-incident CI
on Pearson’s Chi Squared test, χ2(1, N = 180)= 17.6, p < 0.001.
Gait impairment is depicted in Figure 3; impaired gait scores
were associated with lower scores on the MoCA assessment (R
= −0.34, p < 0.001).

Olfaction
Olfactory impairment was similarly associated with co-incident
CI on Pearson’s Chi Squared test, χ2(1, N = 180) = 18.4,
p < 0.001. Figure 4 shows the positive correlation between
MoCA score and AROMA score (R = 0.41, p < 0.001). On
univariate analysis of olfaction, distinct differences in MoCA
score were noted between normosmic, hyposmic, and anosmic
individuals; with anosmic individuals scoring lower than
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TABLE 2 | Univariate analysis for all measured sensory impairments, with continuous and categorical variables analyzed with Wilcoxan rank-sum and Pearson’s

Chi-squared, respectively.

Characteristic Normal, N = 123a CI, N = 57a p-valueb

MoCA score 28.0 (27.0, 29.0) 24.0 (21.0, 25.0) <0.001

Timed Up-and-Go 9.1 (8.1, 10.2) 10.4 (8.8, 13.3) 0.003

PTA (500, 1k, 2k, 3k Hz) 28 (21, 38) 38 (26, 46) 0.002

Gait status <0.001

Normal gait 103 (84%) 31 (54%)

Gait impairment 20 (16%) 26 (46%)

Hearing status <0.001

Normal hearing 58 (47%) 12 (21%)

SNHL 65 (53%) 45 (79%)

Hearing severity 0.002

Normal 58 (47%) 12 (21%)

Mild 38 (31%) 22 (39%)

Moderate-severe 27 (22%) 23 (40%)

Olfactory status <0.001

Normal olfaction 58 (47%) 8 (14%)

Hyposmia 65 (53%) 49 (86%)

Number of sensory <0.001

Impairments

0 or 1 75 (61%) 11 (19%)

2 39 (32%) 27 (47%)

3 9 (7.3%) 19 (33%)

aMedian (IQR); n (%). bWilcoxon rank sum test; Pearson’s Chi-squared test. The bold values indicate the significant p values.

hyposmic individuals on the MoCA instrument (Figure 4B).
For multivariate modeling using binary logistic regression,
anosmic and hyposmic individuals were collapsed into a single
“Hyposmia” group to simplify interpretation in the context of
other confounding variables.

Multivariate Modeling–Binary Logistic
Regression
Analysis using binary logistic regression is shown in Tables 3,
4. Within initial analysis of sociodemographic data, education
level was found to have a significant correlation to cognitive
status. Further breakdown demonstrated the stratification to be
primarily between individuals with and without graduate-level
education. Due to this, education was included as a control
variable in the models.

The multivariate influence of three sensory domains
on incident cognitive impairment was examined in two
separate models.

Model 1: Influence of Individual Sensory Impairments
In the first model (Table 3A), the influence of each individual
sensory impairment was examined on co-incident cognitive
impairment. Hearing loss [OR = 2.78, 95% CI (1.25, 6.52), p
= 0.014], gait and balance [OR = 3.49, 95% CI (1.57, 8.00),
p = 0.002], and olfaction [OR = 3.89, 95% CI (1.67, 9.94), p
= 0.003] were all significant predictors of co-incident cognitive
impairment. Having a graduate-level education was associated
with a lower odds of co-incident CI [OR = 0.22, 95% CI (0.07,

0.58), p= 0.004], while no statistical difference was seen between
age groups. Table 3B reports coefficients for the model. Figure 5
depicts the OR values graphically.

Model 2: Summative Influence of Multiple Sensory

Impairments
The second model sought to examine the additive effects
of multiple sensory impairments on co-incident cognitive
impairment. To account for the small number of subjects with
zero sensory impairments and incident CI (n = 2), 0 and 1
sensory impairment categories were collapsed into a single level
“0 or 1 Sensory Impairments.” Education and age were again
included as control variables in the model. Table 4A displays
odds ratios for increasing number of sensory impairments as
predictors for co-incident CI. “0 or 1” sensory impairments were
considered as the baseline condition. With 2 coexisting sensory
impairments, the odds of CI increased [OR= 5.32, 95% CI (2.36,
12.8), p < 0.001]. When all 3 sensory impairments were present,
the odds increased further [OR = 15.7, 95% CI (5.54, 48.8), p <

0.001]. Table 4B reports coefficients for the model.

DISCUSSION

Despite the well-established link between sensory deficits–many
of which are potentially modifiable with training and targeted
rehabilitation–and neurocognitive decline, the incidence and
impact of multisensory impairments are not well understood.
Sensorineural hearing loss increases the relative risk for dementia
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TABLE 3 | Binary logistic regression model of all sensory impairments, age, and education level; (A) Odds Ratios (OR), 95% Confidence Intervals (CI), and p-values for

each predictor variable. (B) Model coefficients with deviance values for the tested model.

A Model 1–binary logistic regression by sensory impairment

Characteristic ORa 95% CIa p-value

Hearing loss

Normal hearing — —

SNHL 2.78 1.25, 6.52 0.014

Gait and Balance

Normal gait — —

Gait impairment 3.49 1.57, 8.00 0.002

Olfaction

Normal olfaction — —

Hyposmia 3.89 1.67, 9.94 0.003

Age category

50–65 — —

65+ 0.98 0.45, 2.15 >0.9

Holds graduate degree

No graduate degree — —

Graduate degree 0.22 0.07, 0.58 0.004

B Model 1–coefficients.

Estimate Standard error z value p-value Signif.

(Intercept) −2.485 0.520 −4.775 0.0000 ***

Hearing loss 1.023 0.418 2.446 0.0144 *

Gait and balance 1.251 0.413 3.029 0.0025 **

Olfaction 1.357 0.451 3.012 0.0026 **

Age category −0.021 0.399 −0.053 0.9575

Holds graduate degree −1.495 0.515 −2.904 0.0037 **

aOR, Odds Ratio; CI, Confidence Interval. Odds Ratios (OR), 95% Confidence Intervals (CI), and p-values for each predictor variable. Signif. codes: 0 <= “***” < 0.001 < “**” < 0.01

< “*” < 0.05 < “.” < 0.1 < “” < 1. Null deviance: 224.8 on 179 degrees of freedom. Residual deviance: 177.6 on 174 degrees of freedom. The bold values indicate the significant p

values.

and has a weighted population attributable fraction of 8.2%
among midlife (age 45–65) adults according to the recent
Lancet Commission on Dementia Prevention (33), making it the
number one modifiable risk factor in the prevention of dementia.
Apart from hearing loss, there are no current guidelines related
to the screening and treatment of sensory impairments in the
context of cognitive decline. The objective of this study was to
determine the incidence of hearing, olfactory, and/or balance
impairment and determine the magnitude of the impact of single
vs. multisensory dysfunction on cognitive performance. When
evaluating single sensory impairments, we found that olfactory
dysfunction, gait impairment, and sensorineural hearing loss
were all statistically significantly associated with a higher
incidence of cognitive impairment (OR 3.89, p = 0.003; 3.49,
p = 0.002; and 2.78, p = 0.014, respectively) for cognitive
impairment. Subjects with dysfunction in all domains were at
the highest risk for cognitive impairment (OR 15.7, p < 0.001)
vs. those with impairment in 2 domains (OR 5.32, p < 0.001).
These findings underscore the need to comprehensively evaluate
patients for multisensory impairment, particularly those who are
at-risk for cognitive decline due to advancing age or other known

risk factors. Additionally, the sensory domains studied are all
amenable to rehabilitation. The dramatically increased risk of
cognitive impairment in those with multisensory impairment
highlights the potential of sensory rehabilitation, even if only in a
single domain, to potentially improve outcomes.

The concept of multisensory impairment is a burgeoning
area of active study. For example, several cohort studies
have examined age-related sensory decline including the
Epidemiology of Hearing Loss Study (EHLS), Beaver Dam
Offspring Study (BOSS), Health Aging and Body Composition
(Health ABC), National Social Life, Health and Aging Project
(NSHAP), and Baltimore Longitudinal Study of Aging (2–6).

The Correlation Between Sensory
Impairments and Cognitive Impairment
There are competing and parallel hypotheses for why sensory
impairment contributes to the onset and trajectory of cognitive
decline. Most of these use hearing loss as an illustrative example.
The “cognitive load” theory postulates that loss of hearing
places additional cognitive processing demands on the brain,
resulting in diverting of limited neuroprocessing resources
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TABLE 4 | Binary logistic regression model of number of sensory impairments, age, and education level; (A) Odds Ratios (OR), 95% Confidence Intervals (CI), and

p-values for each predictor variable. (B) Model coefficients with deviance values for the tested model.

A Model 2–binary logistic regression by number of sensory impairments

Characteristic ORa 95% CIa p-value

Number sensory impairments

0 or 1 — —

2 5.32 2.36, 12.8 <0.001

3 15.7 5.54, 48.8 <0.001

Age category

50–65 — —

65+ 0.92 0.42, 1.99 0.8

Holds graduate degree

No graduate degree — —

Graduate degree 0.22 0.07, 0.57 0.003

B Model 2–coefficients

Estimate Standard error z value p-value Signif.

(Intercept) −1.631 0.376 −4.336 0.0000 ***

2 Sensory impairments 1.672 0.429 3.898 0.0001 ***

3 Sensory impairments 2.753 0.551 4.994 0.0000 ***

Age category −0.086 0.394 −0.219 0.8264

Holds graduate degree −1.511 0.511 −2.959 0.0031 **

aOR, Odds Ratio; CI, Confidence Interval. Signif. codes: 0 <= “***” < 0.001 < “**” < 0.01 < “*” < 0.05 < “.” < 0.1 < “” < 1. Null deviance: 224.8 on 179 degrees of freedom. Residual

deviance: 179.5 on 175 degrees of freedom. The bold values indicate the significant p values.

FIGURE 1 | Histogram distribution of MoCA scores for all subjects enrolled for

analysis. The data is left-skewed with a heavier distribution of normal and

near-normal scores. Dashed line corresponds to a score of 26, scores below

which are considered for analysis to have “Cognitive Impairment.”

toward auditory processing, and away from other cognitive
processes such as working memory (34, 35). The cumulative
strain may contribute to loss of cognitive function over time.
Social isolation due to hearing loss may also contribute to
cognitive decline. Self-reported measures such as depression
and “fair or poor” overall mental health are seen with a

higher frequency in the hearing impaired (36). A common
pathophysiologic mechanism underpinning both hearing loss
and dementia such as microvascular insult could explain the
apparent linkage as well. However, multiple large cohort studies
controlling for cardiovascular disease have repeatedly shown
hearing loss to be an independent risk factor for the development
of dementia (2–5).

Neuroanatomic Basis for Sensory and
Cognitive Impairments
The neuroanatomy of sensory processing provides context for
why multiple sensory impairments occur concomitantly in the
context of cognitive impairment. Bilateral vestibular loss is
linked to hippocampal atrophy detectable on MRI (37, 38).
Olfaction and neurocognition are also linked anatomically
and pathophysiologically, particularly concerning Alzheimer’s
disease and related dementias (39–41). Abnormal amyloid and
tau proteins deposit in the olfactory bulb and tract prior to
cognitive decline (42). As regional involvement increases, so
does the extent of cognitive decline. As the disease progresses,
additional neurofibrillary tangles develop in the entorhinal cortex
and hippocampal-related structures (43). These are the same
anatomic areas through which olfaction is processed. Olfactory
identification deficits correlate with atrophy of the hippocampus,
olfactory bulb, and entorhinal cortex (44, 45). Behavioral and
functional data both indicate that activation of the primary
olfactory cortex depends on attention (46, 47). The anterior
cingulate cortex, which is activated when cognitive demand is
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FIGURE 2 | Aggregate audiometric data for patients with Normal Cognition and Cognitive Impairment (CI). (A) Scatterplot of PTA versus MoCA score. Horizontal

dashed line correlates to MoCA score of 26. Vertical dashed line correlates to PTA of 25. Shaded area includes patients with co-incident hearing loss and CI, line of

best fit included with R- and p-values for Pearson’s correlation. (B) Box- and violin-plots of Normal Hearing and Hearing-Impaired (SNHL) individuals and the

distribution of MoCA scores in each group. (C) Composite audiometric data, median scores for each threshold correspond to the dark line, error bars correspond to 1

SD. (D) AAO-HNS minimum reporting standards for raw data of PTA plotted against word recognition scores (WRS) (17).

high (48), and during working memory tasks is also activated
by olfactory stimuli (49). The increased workload of maintaining
appropriate attention and memory as neurocognitive decline
progresses may occur at the expense of specific aspects of
olfactory and other sensory performance (50). In the context
of hearing loss, loss of high-SR auditory fibers, as occurs in
age-related hearing loss, is implicated in the development of
imbalances in excitation and inhibition in ascending central
pathways. This imbalance may lead to a decrease in central
gain, dysregulation of the hypothalamic-pituitary axis, decrease
in hippocampal long-term potentiation, and an overall decrease
in signal-noise ratio (51).

Contextualizing With Prior
Epidemiologic Research
Prior studies have investigated multiple sensory domains
including hearing, touch, olfaction, vision, and even
taste (52), and found that subjects with multiple sensory
impairments have worse neurocognitive outcomes. Our
data are consistent in demonstrating the individual
associations of hearing, balance, and olfaction with cognitive

impairment. Additionally, the highest risk of neurocognitive
impairment was in subjects with deficits in all three of the
sensory domains tested. This suggests that the effects of
multiple sensory impairments may be additive toward odds
of CI.

The Epidemiology of Hearing Loss Study (EHLS)
demonstrated that olfactory dysfunction predicted the
development of cognitive impairment in a cohort of patients
prospectively followed for a 5-year period (2). In addition to
cognitive impairment, studies of community-dwelling elders
have also shown increased morbidity and mortality in subjects
with olfactory dysfunction (53–56).

Vestibular dysfunction has been shown to correlate strongly
with CI and dementia (9, 57–59). The vestibular system has been
independently studied in the context of aging and cognition.
Dysfunction is associated with an increased risk of cognitive
impairment, dementia, and Alzheimer’s disease. Vestibular loss–
particularly impairment of the saccule–also predicts poorer
spatial cognition in a subset of patients with Alzheimer’s disease
(57, 58). Cross-sectional analysis of 3 prospective cohort studies
on aging populations demonstrated a link between vestibular
decline and cognitive decline: the Baltimore Longitudinal
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FIGURE 3 | Aggregate TUG data for Normal and Gait-impaired individuals. (A)

Scatterplot of TUG score vs. MoCA score. Horizontal dashed line correlates to

MoCA score of 26. Vertical dashed line correlates to TUG of 11. Shaded area

includes patients with co-incident gait impairment and CI, line of best fit

included with R- and p-values for Pearson’s correlation. (B) Box- and

violin-plots of Normal and Gait-Impaired individuals and the distribution of

MoCA scores in each group.

Study on Aging (BLSA) (6), the National Health Interview
Survey (8), and National Health and Nutrition Examination
Survey (60). Within a cross-sectional analysis of the BLSA,
an association between olfaction and motor function was
identified (61).

A Link Between Olfactory Impairment and Cognitive

Decline
Subjects with baseline olfactory impairment are more likely to
develop cognitive impairment during longitudinal follow-up.
Pooled analysis of 8 cohort studies (2, 62–68) encompassing
13,165 participants demonstrated a relative risk of 2.37 (95% CI
= 1.91–2.94) for accelerated cognitive decline when subjects with
olfactory impairment were followed longitudinally (69). Odor
detection is associated with word recall and orientation scores on
the Alzheimer’s Disease Assessment Scale (70). Odor detection
and identification is also correlated with blood flow to the left

FIGURE 4 | Aggregate AROMA data for subjects with normal and impaired

olfaction. (A) Scatterplot of AROMA vs. MoCA score. Horizontal dashed line

correlates to MoCA score of 26. Vertical dashed line correlates to AROMA

score of 75. Shaded area includes patients with co-incident olfactory

impairment and CI, line of best fit included with R- and p-values for Pearson’s

correlation. (B) Box- and violin-plots of Normal, Hyposmic, and Anosmic

individuals and the distribution of MoCA scores in each group.

temporal lobe, entorhinal cortex, and frontal lobes; and activation
of the right anterior piriform cortex on fMRI.

Gait, Balance, and a Testing Proxy for
Vestibular Function
“Vestibular Cognition” as a concept is evolving (71) to
encompass the peripheral end organs as well as projections
through the brainstem to a widespread distribution in higher
cortical centers. Low-level reflexes such as the vestibulo-
ocular reflex (72) and vestibulospinal reflex (73) stabilize
gaze and posture, respectively. These reflexes, along with
proprioceptive and visual input interface with higher-order
projections to the cerebellum and somatosensory cortex to
provide a “sense” of balance. This complex interplay between
lower brainstem reflexes and higher-order cortical processing
makes contextualizing balance and cognition challenging. For
this reason, the Timed-Up-and-Go test was felt to be a
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FIGURE 5 | Odds ratios visualized for each of three sensory components and two control variables, age, and education level.

simple, easily interpretable proxy for gait and balance function.
Due to the need for visual, proprioceptive, and vestibular
coordination, this single test was utilized in the present
study (13). No studies to date have looked at balance
in the context of multisensory impairment, and none of
the previously mentioned prospective cohorts have included
balance and vestibular dysfunction alongside hearing and
olfaction during analyses. Our results show that individual
sensory deficits are significantly correlated to co-incident
cognitive impairment. More interesting, the effects of multiple
sensory impairments appear to be additive in the odds of
having CI.

The Potential for Sensory Rehabilitation
Hearing, olfactory, and vestibular impairments are critically
important to recognize due to their potentially modifiable
nature. Each of the sensory impairments represents a unique
opportunity to intervene and improve outcomes. Our data
demonstrate an OR for cognitive impairment of 15.7 in
subjects with deficits in three sensory modalities vs. an OR
of 5.32 for those with deficits in only two. This indicates that
referring subjects with multisensory impairment for hearing
restoration via hearing aids, vestibular therapy, and/or olfactory
training may meaningfully modify the risk of neurocognitive
decline. Hearing aids have been shown to potentially mitigate
the risk for cognitive decline (74–76). Mertens et al. (77)
showed that cochlear implantation in cognitively impaired
patients could slow, and even reverse, cognitive changes
associated with aging. Olfactory training has been shown to
improve olfaction and increase neural connectivity within
and between brain regions. When comparing performance on

assessments of cognition, depression, overall brain health,
and olfaction of non-cognitively impaired community-
dwelling senior citizens, 6 months of olfactory training was
superior to 6 months of sudokus (78). Olfactory stimulation
with scent-impregnated patches placed on the sternum has
also been shown to improve vestibular performance and
decrease fall risk (79). Taken together, this evidence further
highlights the importance of assessing and rehabilitating
multisensory dysfunction.

Limitations of the Present Study
This study is not without limitations. Due to its cross-
sectional nature, we are unable to comment on the long-
term outcomes of the included subjects. There is an inherent
risk of bias during subject recruitment as not all eligible
subjects were willing to participate in the study. A degree
of selection bias is present due to the exclusion of a large
portion of eligible subjects; approximately 31% of initially
screened subjects were included in the final cohort. Olfactory
assessment utilized AROMA, a relatively novel objective test of
olfactory performance, which could be viewed as a limitation.
However, prior studies using AROMA have demonstrated
high test-retest reliability and a significant correlation of
AROMA results with more commonly used tests like the
UPSIT (11, 12). Additionally, the study was underpowered
to stratify hearing contribution by severity (Normal, Mild,
Moderate, Moderately Severe, Severe, Profound), due to a
low number of patients with hearing loss worse than “mild.”
Recent literature has suggested that central, rather than auditory
processing may be more strongly tied to cognitive status (80),
rather than PTA as measured here. Secondary analysis of the
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Adult Changes in Thought (ACT) study (81) showed that
decreased performance status on two dichotic central auditory
processing tests predicted a higher likelihood of dementia and
Alzheimer’s disease.

Choice of Cognitive Screening Protocol
To assess cognitive status, the MoCA was utilized. The MoCA is
commonly deployed in a screening capacity and is not capable of
differentiating between etiologies of cognitive impairment.While
a more robust neuropsychological battery would be preferable,
adding a 1–2-h evaluation to each subject’s clinical visit with the
psychometricians needed to perform them was not logistically
possible. The MoCA is supported in the literature as superior to
other common tests like the Mini-Mental Status Exam because
it includes measures of executive function (14). Educational
status is known to confound MoCA performance with higher
education levels positively correlated with MoCA score. Higher
education status was found to be a contributing protective factor
for the identification of CI in our study, with an OR of 0.22,
95% CI [0.07, 0.58], p < 0.001, and was controlled for during
multivariate modeling. Future studies will include longitudinal
data as well as the impact of sensory deficit-specific rehabilitation
of cognitive outcomes. Patients with severe or profound hearing
loss were planned to undergo the modified MoCA for the
hearing impaired (MoCA-HI) that has previously been validated
in this population (82). However, there were no patients with
hearing levels worse than “Moderately Severe” recruited, when
using the best hearing ear for classification purposes. On
retrospective review of the study’s recruitment practices, patients
with more severe hearing were more commonly funneled into
visits for cochlear implant evaluations and so were not as
easily captured during enrollment. These subjects are now
recruited in a more targeted fashion and are the topic of
future study.

CONCLUSIONS

Multisensory impairment is common and associated with
cognitive impairment. Deficits in hearing, balance, and
olfaction significantly increase the odds of co-incident cognitive
impairment vs. those with deficits in fewer domains. When
considering single sensory deficits, olfactory dysfunction
was the strongest predictor of cognitive impairment. The
significance of these findings is in their immediate clinical
applicability. These sensory impairments are testable in a

point of care fashion and are amenable to rehabilitation.
Assessment of multisensory impairment in patients presenting
with subjective loss in any of these domains should be
considered to facilitate subsequent therapeutic intervention
to improve sensory impairments and potentially prevent
cognitive decline.
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In the vestibular periphery, transmission via conventional synaptic boutons is

supplemented by post-synaptic calyceal endings surrounding Type I hair cells. This

review focusses on the multiple modes of communication between these receptors and

their enveloping calyces as revealed by simultaneous dual-electrode recordings. Classic

orthodromic transmission is accompanied by two forms of bidirectional communication

enabled by the extensive cleft between the Type I hair cell and its calyx. The slowest

cellular communication low-pass filters the transduction current with a time constant

of 10–100 ms: potassium ions accumulate in the synaptic cleft, depolarizing both the

hair cell and afferent to potentials greater than necessary for rapid vesicle fusion in the

receptor and potentially triggering action potentials in the afferent. On the millisecond

timescale, conventional glutamatergic quantal transmission occurs when hair cells are

depolarized to potentials sufficient for calcium influx and vesicle fusion. Depolarization

also permits a third form of transmission that occurs over tens of microseconds, resulting

from the large voltage- and ion-sensitive cleft-facing conductances in both the hair cell

and the calyx that are open at their resting potentials. Current flowing out of either the hair

cell or the afferent divides into the fraction flowing across the cleft into its cellular partner,

and the remainder flowing out of the cleft and into the surrounding fluid compartment.

These findings suggest multiple biophysical bases for the extensive repertoire of response

dynamics seen in the population of primary vestibular afferent fibers. The results further

suggest that evolutionary pressures drive selection for the calyx afferent.

Keywords: synaptic transmission, hair cell, calyx, ion accumulation, quantal transmission, ephaptic transmission,

resistive coupling, vestibular

INTRODUCTION

A persistent question in vestibular research is the functional significance of specialized calyx
endings present on a subset of primary afferents in vestibular end organs. A majority of afferent
and all efferent synapses involving hair cells (HCs) in the labyrinth and cochlea are mediated by
conventional bouton endings. While the calyx represents a unique characteristic distinguishing
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vestibular from auditory sensory epithelia, the function of this
morphologically specialized synapse remains obscure. Recent
dual simultaneous recordings from HCs and their associated
calyx afferents demonstrate that there are three modes of
intercellular communication between them. In addition to
unidirectional quantal transmission from HCs to afferents, there
are two bidirectional forms of transmission. The slower of the
two results from potassium flux into the cleft from either HC
or afferent over tens of milliseconds, which can elevate [K+]cleft
from a resting ∼8 to >28mM. The corresponding E(K) for
channels facing the cleft are depolarized from −71 to −38mV.
The more rapid form of bidirectional transmission results from
HC and afferent channels open near their respective resting
potentials. These allow current flowing into the cleft from either
HC or afferent to divide between a component flowing out of the
cleft near its apex at the neck of the Type I HC and a component
flowing across the cleft into the synaptic partner. As yet, there
is no compelling evidence that the calyx is uniquely associated
with particular characteristics of afferent discharge regularity
or dynamics.

ANATOMY, SYNAPTIC MORPHOLOGY,
AND INNERVATION

Vestibular epithelia of amniotes contain two HC receptor
subtypes. These were initially differentiated by HC cytology
alone, and were subsequently defined by morphological
differences in their associated afferent processes as well (1). Type
I HCs are flask-shaped and are innervated by an afferent chalice
surrounding the entire basolateral HC surface except the apical
neck. The extensiveness and exclusivity of the cleft between the
HC and its enveloping calyx, together with the tight junction seal
protecting the endolymphatic space, creates a unique, diffusion-
limited, femtoliter environment that is markedly different
from perilymph. Type II HCs are cylindrical and participate in
comparatively small synapses involving bouton-like endings of
vestibular afferents that terminate on the receptor somata and
the outer calyceal faces (2, 3).

Both vestibular HC subtypes utilize ribbon synapses
for quantal transmission. These structures were originally
recognized in retinal photoreceptors, where the ribbons were
bedecked with synaptic vesicles, a few of which attached to
the cell’s plasma membrane (4–8). Subsequent studies revealed
variability in their overall structure (9, 10), resulting in the
adoption of the more general term “synaptic body” to describe
synaptic vesicles tethered to a central structure with a minority
docked at an active zone.

Synaptic bodies have been reported in retinal photoreceptors
and bipolar cells, pinealocytes, electroreceptors, and auditory
and vestibular HCs (9). Both the morphology of the synaptic
body, and the number, density, tethering, and docking of the
associated synaptic vesicles (10, 11) vary. In auditory HCs,
this morphological diversity has been correlated with functional
differences in peripheral auditory signal processing based on
Ca2+-dependent exocytosis (12, 13). In both vestibular and
auditory HCs, ribbon synapse morphology is thought to underlie

the ability of HCs to respond with graded, high rates of
sustained quantal transmitter release (14, 15). This dual function
is achieved by the orchestrated availability of docked vesicles
for immediate exocytosis, and tethered vesicles (the “readily
releasable pool”) poised for imminent release (16, 17). As shown
in Figure 1, ribbon synapses are present at Type I HC synapses
with calyces, and Type II HC synapses with both boutons and
calyx outer faces (2, 3, 25, 26). Efferent synapses with afferents
and Type II HCs display conventional presynaptic membrane
specializations and post-synaptic subsynaptic cisterns in the HCs.
Despite this well-defined anatomy, however, the precise role of
the calyx in shaping HC-afferent signaling is not known. In that
context, it is noteworthy that Wersäll reportedly regretted his
sequential naming of the HCs, deeming the Type I HC-calyx
architecture more highly evolved (27).

MORPHOPHYSIOLOGY

Decades of effort has focused on mapping morphological
attributes of vestibular end organs and correlating these
maps with dynamics and statistics of afferent firing (28–
36); [Review: (37)]. Based on intracellular recordings, dye
injections, and light microscopic reconstructions (18, 22), the
crista ampullaris in multiple species has been subdivided into
concentrically or linearly organized zones that evince differences
in HC demographics and afferent innervation patterns (38, 39)
(Figure 1D). The posterior canal crista of turtles, for example,
is organized into two symmetrical hemicristae separated by
a central torus (21, 40). Each hemicrista has a central zone
surrounded by a peripheral area that extends toward the torus
and planum. All afferents in the central zone have calyces,
manifest as either calyx-only fibers (18, 38) or dimorphic (41)
fibers having both calyx and bouton endings. Afferents with
bouton terminals are present in the peripheral zones throughout
the crista, but more densely populate the zone with larger afferent
fibers nearest the torus (18). Reflecting this, Type I HCs are
more prevalent in the central zone while Type II HCs are present
throughout the crista.

This differential localization of HCs and afferent endings
across the crista underlies a coherent physiological and functional
map of afferent activity (22, 38, 42–46). Specifically, the
regularity of afferent fiber discharge, defined by the variability
in time between sequential action potentials (APs) is reportedly
a continuous variable correlating with the fiber’s response
to velocity or angular acceleration (47–50). Regular afferents
have evenly spaced spontaneous firing rates and respond
to low frequency angular motion with tonic discharge. In
effect, this mathematically integrates the acceleration stimulus,
transmitting signals that are proportional to head velocity. In
contrast, the spontaneous firing of irregular afferents shows
high variability in the timing between APs. Angular acceleration
elicits phasic, dynamic responses from these fibers, which
more closely resemble the accelerative stimulus. Moreover,
regularly discharging fibers as a group have lower gain
(spikes∗sec−1/degrees∗sec−1) than irregular afferents. In turtles,
low gain, regularly-firing bouton afferent endings sensitive to
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FIGURE 1 | Morphophysiology of the semicircular canal (SCC) epithelium. (A) Cross section through the saddle-shaped crista reveals distinct innervation patterns:

boutons are found peripherally, with calyx and dimorphic afferents located centrally [adapted from (18)]. (B) Type I HCs are internal to an enveloping calyx that creates

an extensive synaptic cleft in which ions accumulate. Type I HCs have synaptic bodies associated with quantal transmission onto the inner leaflet of the calyx. Type II

HCs also have synaptic bodies indicative of quantal transmission, and synapse onto bouton endings (right) or onto the outer leaflet of an afferent calyx (middle and

left). (C) A single myelinated afferent (center, red) may branch into several calyces, each containing one or more Type I HCs. Additional input from Type II HCs may

occur via synapses onto the outer face of the afferent (left), or through bouton endings of fine collateral branches (right). Efferent fibers (yellow) from the brainstem

synapse on HCs and on the outer faces of calyces (19). (D) Top: SEM plan view of the turtle posterior SCC (20). The epithelium is divided into two hemicristae with

central and peripheral regions that extend bilaterally from the torus to the planum on either side. Middle: Map of the density of bouton afferents in each hemicrista.

Bottom: Density map of the distribution of calyx-bearing afferents in the central regions of each hemicrista (21). (E) Afferent signaling dynamics and discharge statistics

in the posterior SCC of chinchilla (yellow symbols) (22) and turtle (blue symbols) (18) are correlated and map systematically across the epithelia. CV*, a measure of the

irregularity of the interval between successive APs, is a continuous variable with the most regular fibers on the left and the most irregular on the right. Typically, when

either animal was examined with low-frequency, 0.3 or 2Hz, rotations, low gain afferents sensitive to velocity are more regular, and high gain afferents are sensitive to

accelerations. For the chinchilla, the low gain bouton (yellow diamond) and dimorphic (yellow square) afferents demonstrate that regular discharge can be achieved

with either bouton or calyx endings. Data seen on the right side, including high gain bouton (turtle: blue, open circle) and dimorphic (turtle: blue, filled circle; chinchilla:

yellow square) fibers demonstrate that irregular discharge can be achieved by afferents containing either type of ending. The irregular low gain “calyx only” afferents in

chinchilla (yellow filled circle) remain a puzzle but may simply be afferents that respond maximally to stimulations at higher frequencies (23) or with vibration (24). CV*

for chinchilla data transformed from 15ms inter-spike interval (ISI) CV* to that at 50ms ISI using a third-order polynomial fit to the CV* vs. ISI data at 50ms in Figure 1

of (22), equivalent to the CV* and ISI used in the turtle data (18).

velocity are concentrated near the planum, while higher gain
bouton afferents sensitive to acceleration terminate closer to the
torus (51). In contrast, most calyx-bearing fibers, which end

in the central zone, are irregular afferents. The sensitivity of
these fibers to low-frequency rotation varies over two orders
of magnitude and is not strictly correlated with the degree of
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irregularity of the spontaneous discharge rate. Nevertheless, an
integrated morphophysiological map of the crista emerges in
which low gain, regularly discharging, velocity-sensitive bouton
afferents terminate nearest the planum, bouton afferents of
higher gain and more irregular discharge terminate nearest the
torus, and calyx-bearing, irregularly-firing units terminate in
the central zone of each hemicrista (Figure 1D). Functionally,
the high gain fibers across species are particularly attuned
to acceleration (51) or to jerks, the derivative of acceleration
(52), and rapidly saturate as the amplitude of the stimulus
increases. Medium gain afferents remain active over a wider
motion spectrum, while low gain fibers are not prone to saturate,
regardless of the magnitude of the head acceleration (Figure 1E).
One caveat to this characterization is that the afferent gains
were typically assessed at single low frequencies of stimulation
(18, 22), although the most irregular fibers are often maximally
responsive to higher frequencies and even vibrational or sound
stimuli (23, 53, 54).

Based on the initial correlation of afferent terminal
distribution with regularity of spontaneous firing and response
dynamics, significant effort was directed toward identifying
causality. It remained to be determined whether the regularity
of a fiber’s spontaneous firing derived from the geographical
position of its terminals in the crista, or from the biophysical
properties of HC inputs to trunk, branch, and twig segments
of the parent process. Studies addressing this have been useful
in highlighting the overall importance of regional localization
in the crista and suggesting the type of HCs, three-dimensional
terminal architecture and synapses contributing to individual
afferent responses. However, efferent innervation (55–59),
GABA-mediated modulation of glutamatergic transmission
(60–62), ion accumulation in the synaptic cleft (19, 63–65), and
Type II HC input to the external face of the calyx (3, 66) have
not been incorporated into these analyses. Since each of these
has the potential to markedly alter peripheral vestibular activity,
conclusions from these studies are necessarily tentative.

SOLITARY CELLS

To supplement information gleaned by morphophysiology,
currents were analyzed from HCs classified as Type I or II
based on their amphoral or cylindrical profile (65, 67–85), from
identified regions of the epithelia (20). This approach emulated a
strategy used in lower vertebrates to demonstrate that the kinetics
of voltage- and ion-sensitive basolateral channels imparted
frequency selectivity to solitary auditory HCs (86–92). Typically,
solitary vestibular HCs were bathed in artificial perilymph, an
ionic environment appropriate for Type II cells, but of unknown
propriety for the ionically dynamic milieu of a Type I HC and
its calyx. In principle, such a bath would be apposite for isolating
conductances based on their voltage ranges of activation, kinetics,
ionic permeabilities, and pharmacological profiles. In an artificial
perilymph however, analysis of fundamental metrics such as I-V
curves would be altered by driving forces reflecting equilibrium
potentials for each ion when bathed in high sodium and low
potassium. The vestibular potassium channels characterized

in this way have been reviewed (93). A startling discovery
was that Type I HCs possess a low-voltage outward-rectifying
potassium current, IK(LV), that activates at very hyperpolarized
potentials. Its full activation near the HC resting potential was
considered problematic, since enormous transduction currents
would be required to depolarize a cell to potentials necessary
for the calcium influx and vesicle fusion associated with quantal
transmission. A solution to this paradox was proposed by Chen
(94), who suggested that potassium accumulation in the synaptic
cleft between the HC and calyx was analogous to the potassium
accumulation in tissues surrounding the squid giant axon (95),
and that potassium flowing from the HC would increase [K+]cleft
and depolarize EK for HC and afferent conductances facing the
cleft. As a result, the Type I HC would be depolarized, at least to
potentials necessary for calcium influx and quantal transmission,
but the increased [K+]cleft would also depolarize the calyx.

THEORETICAL AND SINGLE-ELECTRODE
STUDIES

Theoretical and experimental approaches were then used to
examine the Chen conjecture. The theoretical analysis (96, 97)
relied on equivalent circuits of the Type I HC, cleft, and calyx to
analyze the problem primarily as ephaptic transmission (98–100)
embellished by potassium accumulation. In general, this analysis
concluded that the potential drops associated with current flow
along the cleft from HC base to apex created only minor
differences in the driving force for channels facing the cleft, and as
a result were not likely to be a major source of coupling (97). The
possibility that ion accumulation could have the effect suggested
by Chen was also examined experimentally (101). Following
blockade of quantal transmission, slow potentials that were
phase-locked to the stimulus could be detected, a phenomenon
consistent with ion accumulation. Two groups examined the
potassium accumulation question by perforating the calyx and
patch-recording from the enveloped Type I HCs in situ (102–
104). These experiments demonstrated that depolarization of
either the HC or the calyx caused a reversal of the HC
potassium tail currents, suggesting an elevation of [K+]cleft
consistent with Chen’s conjecture. Such studies, together with
one suggesting a transmitter role for protons (64), yielded results
in which the interactions/coupling between cells occurred over
tens of milliseconds. However, experiments using mechanical
stimulation of the HC bundle demonstrated that when quantal
transmission was blocked, the HC-afferent coupling could be
extremely rapid, which would facilitate transmission of high
frequency information (105, 106). Such contradictory viewpoints
evoke the Indian parable of blind men describing an elephant
(107), where each detects and interprets a small part of the
more complex whole. This led to a quest to discover underlying
biophysical mechanisms that could reconcile the differing results.

DUAL-ELECTRODE STUDIES

The demonstration that [K+]cleft can be increased by potassium
fluxes from either synaptic partner is a reminder that
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interpretations of single-electrode voltage-clamp studies of either
HC or afferent alone can be problematic. The privileged ionic
compartment created by the apposition between a HC and calyx
means that any single-electrode study that voltage clamped one
cell necessarily allowed the potential of the other cell to vary
freely. Moreover, studies that patched onto Type I HCs in situ
(102–106) did so by perforating the calyx, and there is ample
evidence that this approach compromises the cleft environment
and results in two types of recordings: those similar to solitary
cells bathed in perilymph, and those in which reversal of the
potassium tail currents demonstrate an increase in [K+]cleft (102,
103).

To address this, we developed an approach to simultaneously
patch the HC and calyx without breaching the inner calyceal
membrane (19, 63). In essence, this requires patching the HC
either on its apex or on the exposed 2–3µm of its basolateral
wall extending apically above the enveloping calyx. With this
approach, the potentials of both cells can be interrogated or
controlled in a current clamp or voltage clamp, leaving the cleft
ionic environment intact.

SLOW POTASSIUM ACCUMULATION
DEPOLARIZES BOTH HC AND AFFERENT
TO FACILITATE QUANTAL TRANSMISSION

Our initial studies (19) focused on ion accumulation and
used the reversal potential of the HC potassium tail currents
following depolarization to track EK and estimate [K+]cleft.
Blocking HC potassium flux abolished low-pass coupling of
the transducer current occurring over tens of milliseconds,
but spared quantal transmission. Our subsequent study (63)
demonstrated that HC potassium flux depended upon the
activation of both voltage-activated and calcium-activated
potassium channels, and that the voltage-activated conductance
was sensitive to [K+]cleft and [Ca2+]cleft. Clamping [H+]cleft
resulted in stronger coupling between the two, suggesting that
H+ was not a primary transmitter acting through acid-sensitive
ion channels. Pharmacological experiments using an HCN
channel blocker (19) demonstrated that, in addition to synaptic
coupling acting through HC and afferent potassium channels, the
elevated [K+]cleft not only decreased outward K+ flux through
calyceal voltage-sensitive potassium channels, but also shifted
the activation curve of GHCN (84), creating a depolarizing
inward flux of Na+ and K+ through the HCN channels. These
potassium-sensitive effects were obtained regardless of whether
the increased [K+]cleft was due to HC or to afferent fluxes.
Inward transduction currents would generate an outward flow
of K+ through the basolateral HC, elevate [K+], and shift EK,
causing depolarization of both HC and afferent (Figure 2A).
Taken together, these results expand Chen’s conjecture that
potassium accumulation in the cleft facilitates classical quantal
transmission between a Type I HC and calyx, and extend it to
direct stimulation of the afferent as well. For complex calyces
with more than one enveloped HC, the findings indicate that
depolarization of one HC can depolarize the afferent, which
would then depolarize neighboring receptors enveloped by

the shared afferent (Figure 2A). In that light, slow potassium
accumulation in the cleft, above that in perilymph, is the ongoing
leaky integration of transduction currents or efferent excitation
of the calyx, and thus can be interpreted as bidirectional inter-
cellular communication that acts over tens of milliseconds.

HC AND AFFERENT DEPOLARIZATION
CREATES RESISTIVE COUPLING
THROUGH INCREASED
OPEN-PROBABILITY OF HC AND
AFFERENT CHANNELS FACING THE
CLEFT

One remarkable result of these experiments (63) was a
demonstration that there is also a rapid bidirectional coupling
between the cells that allows currents to activate within
microseconds of depolarization. With depolarization near the
HC and calyx resting potentials, there are a significant number
of ion channels with high open probabilities. Rapid inward
transduction current would immediately flow out as potassium
through HC channels, with much of the current flowing into
the extensive synaptic cleft and a minority flowing into the
calyx (Figure 2B). Such coupling can be analyzed using either
Kirchhoff’s current or voltage laws, and the conclusion is the
same: there would be relatively small voltage gains or drops of
a few mV along the cleft depending on the current direction
and the precise resistance (97, 110). The impact of this on
specific channels facing the cleft is unknown and would greatly
depend on their position with respect to the apical gap between
HC and calyx. The dual recordings allow us to measure the
currents flowing out of one synaptic partner and into the other,
or out through the cleft (19, 63) (Figures 2B,C). Such rapid
current flow from HC into calyx, Figure 2B, may underlie the
rapid transmission of high frequency mechanical stimuli (105,
106, 111), and may be the substrate for detection of sound
and vibration (24, 33, 54, 112–117). As with slow potassium
accumulation, this rapid ion flow through open channels is
bidirectional, as evidenced by the retrograde transmission of
calyx afferent APs into the HC (Figure 2C) (19). Thus, as
depolarization persists, [K+]cleft increases, and both the number
of open channels and the amount of HC-afferent electrical
coupling increase concomitantly.

Dual recordings also provided the incidental observation that
in the central region, the EPSCs from Type I HCs onto the calyx
inner leaflet were small (19, 118, 119), whereas those from Type
II HCs onto the outer leaflet (19) were as large as those reported
in the cochlea (14), and would be sufficient to trigger APs in
afferents near the spike threshold. This highlights the risk of
morphophysiological studies defining calyx-only afferents based
on light microscopy alone.

CONCLUSIONS

During vertebrate evolution, selective pressures favored
increased sensitivity and flawless encoding of three-dimensional
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FIGURE 2 | Three forms of synaptic transmission between a Type I HC and calyx afferent. (A) In the absence of mechanical stimulation (upper panel), basolateral

potassium currents activated at hyperpolarized potentials elevate the [K+]cleft to concentrations near 8mM, twice that found in perilymph. This results in a shift in EK

and depolarization of the HC to a resting potential between −60 and −50mV, where Ca1,3 channels are activated. At rest there is occasional vesicle fusion and the

production of a background rate of afferent discharge. Upon mechanical stimulation (lower panel), the inward transduction current flows into the HC and out the

basolateral conductances into the cleft as a potassium current. The further increase in [K+]cleft is a low-pass integral of the transduction current and further depolarizes

EK for conductances in the HC and afferent membranes facing the cleft. The HC depolarization gates Ca2+ influx, resulting in fusion of synaptic vesicles and quantal

transmission of glutamate to AMPARs on the calyx inner leaflet. The slow accumulation of potassium thereby facilitates quantal transmission near the resting potential,

and for maintained depolarizations toward 0mV, elevates [K+]cleft to greater than 28mM within 25ms. It is likely that the irregularities of vesicle fusion and large quanta

that initiate an AP are driven by neighboring Ca-channel noise (108), and as a consequence the degree of regularity of afferent discharge would be determined by the

degree to which the post-synaptic afferent conductances have intrinsic memory and oscillatory behavior similar to those found in HCs of the turtle auditory papilla

(90, 109). (B) Large conductances in the HC and calyx near the resting potential also create an open resistive pathway between the two that permits a fraction of the

transduction current to be communicated across the cleft and into the calyx without synaptic delay. Outward current from the HC (yellow arrow) divides at point (a) into

a large component (gray arrow) going along the cleft into the bath at point (b), and a smaller current flowing into the calyx (green arrow). The measured current for the

HC (bluish-green current trace) and calyx (vermillion trace) show transmission within 10 µs. (C) Resistive coupling can also be demonstrated during large HC

depolarizations that depolarize the calyx to potentials sufficient to generate an AP that travels into the calyx. Currents due to the invasion of an AP will sum with the

primary currents illustrated in (B). With an AP, an additional inward current (orange arrow) flows into the calyx, with an amplitude equal to the sum of the corresponding

currents flowing into the HC (black arrow) and down the cleft (white arrow). The coupling between the calyx retrograde AP current (vermillion) and the induced HC

current (bluish-green) is 12 µs [modified from (63)].

vestibular information. This correlated with a higher prevalence
of Type I HCs and calyx afferents (120–123), which exhibit
unidirectional quantal and two forms of bidirectional
communication. Potassium accumulation in the synaptic
cleft is a low-pass filter of HC transduction currents and
afferent depolarizations by efferent fibers, and thus a leaky
integrator of activity. At rest, [K+]cleft is roughly 8mM, or
twice that found in perilymph, and is sufficient to depolarize

EK and facilitate conventional quantal transmission. Maintained
low-frequency excitation elevates [K+]cleft further to >28mM,
a value sufficient to trigger afferent APs even in the absence
of quantal transmission. From an evolutionary perspective,
the pressure to extend transmission to higher frequencies
was best served by direct resistive coupling created by large
HC and afferent cleft-facing conductances present at and
depolarized from rest. In evolving from bouton, through
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protocalyx to calyx, these conductances elevate [K+]cleft,
depolarize EK to facilitate quantal transmission, and provide
a resistive path between synaptic partners that has minimal
delay, is dynamic, and would increase as mechanical inputs
become larger.
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The angular vestibulo-ocular reflex (aVOR) stabilizes retinal images by counter-rotating

the eyes during head rotations. Perfect compensatory movements would thus rotate

the eyes exactly opposite to the head, that is, eyes vs. head would exhibit a unity

gain. However, in many species, but also in elderly humans or patients with a history

of vestibular damage, the aVOR is far from compensatory with gains that are in part

considerably lower than unity. The reason for this apparent suboptimality is unknown.

Here, we propose that low VOR gain values reflect an optimal adaptation to sensory

and motor signal variability. According to this hypothesis, gaze stabilization mechanisms

that aim at minimizing the overall retinal image slip must consider the effects of (1)

sensory and motor noise and (2) dynamic constraints of peripheral and central nervous

processing. We demonstrate that a computational model for optimizing retinal image

slip in the presence of such constraints of signal processing in fact predicts gain values

smaller than unity. We further show specifically for tadpoles of the clawed toad, Xenopus

laevis with particularly low gain values that previously reported VOR gains quantitatively

correspond to the observed variability of eye movements and thus constitute an optimal

adaptationmechanism.We thus hypothesize that lower VOR gain values in elderly human

subjects or recovered patients with a history of vestibular damage may be the sign of an

optimization given higher noise levels rather than a direct consequence of the damage,

such as an inability of executing fast compensatory eye movements.

Keywords: semicircular canal, eye movement, extraocular motoneuron, optokinetic reflex, Xenopus laevis,

sensorimotor noise

INTRODUCTION

The angular vestibulo-ocular reflex (aVOR) is driven by semicircular canal afferent signals
and becomes effective by counter-rotating the eyes during head movements, thereby stabilizing
retinal images. A perfect compensatory stabilization would thus require that the eye movements
have the same velocity as the head movement, only in the opposite direction, that is, eye
vs. head motion should exhibit a VOR gain of −1 (gain: ratio of eye angular velocity
to head angular velocity) (Figure 1A). Indeed, a VOR gain of (in absolute value) unity
or very close to it can usually be found in healthy young humans. However, healthy
elderly subjects (1) or patients with a clinical history of vestibular damage or dysfunction
(2) can exhibit lower gain values, even though an age-related decline of the VOR gain
in humans is relatively moderate or may even be absent (3, 4). In many non-human
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vertebrate species, the VOR is far from compensatory with gains
clearly lower than unity. For example, in rabbits, rotation at a
frequency of 0.76Hz is accompanied by eye movement gains of
0.57 (5), and in wildtype mice, during sinusoidal head rotation at
a frequency of 0.8Hz the VOR gain in darkness ranges from∼0.4
(6) to ∼0.8 (7) largely depending on the eye motion recording
technique. However, the reason for this is not that sufficiently
fast eye movements cannot be generated: the mouse VOR gain
in light at 0.8Hz is ∼0.8 (6) to >0.9 (7), demonstrating that
adequate gaze stabilization is not limited by the properties of the
motor system. To the best of our knowledge, the reason for the
apparent suboptimality of the VOR gain is so far unclear.

To explain this conundrum, we hypothesize that gain values
smaller than unity can in fact be the optimal solution for gaze
stabilization for two reasons. First, neural processing subserving
the VOR includes the high-pass dynamics of the semicircular
canals (partly compensated by the velocity storage mechanism)
and elements such as the neural integrator that both can
introduce phase shifts, which in turn increase retinal image slip

FIGURE 1 | Simulated example of why decreasing the gain of the VOR can help minimizing the retinal image slip. (A) A perfect compensatory VOR (gain = 1, no

phase shift, no noise) results in zero retinal image slip (eye velocity in red, head velocity in blue, retinal image slip in dashed yellow). (B) In the presence of a 45◦ phase

shift between eye and head rotation, a strong retinal image slip is present despite a gain of 1. (C) Reducing the VOR gain to 0.72 minimizes the overall retinal image

slip. (D) Variance of the retinal slip plotted with respect to the VOR gain for phase shifts as in (B,C) (blue), and noise as in (E,F) (red). The plots have been obtained

from numerical simulations. The optimal gain in both cases is ∼0.72 (red and blue dots). (E) Signal-dependent motor noise, proportional to eye velocity introduces a

strong retinal image slip even if the gain = 1. (F) Reduction of the VOR gain also reduces the motor noise and thus the overall retinal image slip; retinal image slip

plotted with respect to the VOR gain for this example is shown in (D) (red curve).

at some frequencies due to the delay between head and eye
movements (for an example, see Figures 1B–D). Consequently,
if retinal image slip, due to the phase lag, must be avoided, a small
gain may be desirable. However, in rabbits, the phase shift of the
VOR at rotations with a frequency of 0.76Hz was only 2.5◦, by
far too small to correspond to a gain of 0.57 (5). Therefore, a
second aspect must be considered: signal-dependent sensory and
motor noise (8) induces retinal image slip, and increases for faster
and larger movements, which could outweigh the benefit of an
appropriate compensatory gain value (example Figures 1D–F).
Again, a smaller VOR gain would be more beneficial, because it
would reduce the motor noise and consequently also the retinal
image slip. This suggests that small VOR gain values are not
necessarily the consequence of a general incapacity of a particular
species to exert sufficiently large or fast eye movements but rather
a strategy to minimize retinal image slip.

Here we tested this hypothesis by investigating the aVOR in
Xenopus laevis tadpoles, which show a particularly small VOR
gain at mid-larval stages despite being able to make fast and large
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eye movements (9–11). While the phase of the aVOR oscillations
can be computed from experimentally measured eye movements,
neither sensory nor motor noise is directly accessible from eye
movement data. If our hypothesis is correct, the variability of
eye movements cannot be taken as proxy for sensorimotor noise,
because the observed variability would be a consequence of
optimization instead of directly reflecting internal noise from
sensors or muscles. Therefore, a different approach was necessary
to test the hypothesis. Accordingly, we modeled the dynamics of
individual VOR responses to infer the internal noise level that
corresponds to experimentally observed gain values assuming an
optimal state. Using this model and applying sensory and motor
noise corresponding to the gain, we were able to predict the
variability of the eye position. Finally, these model predictions
were then compared with the experimentally observed variability
of the actual VOR-related eye movements in Xenopus tadpoles. If
our hypothesis is true, predicted and observed variability should
be quantitatively similar.

METHODS

Animal Experiments and Data Analysis
For this work we used eye movement data captured from six
Xenopus laevis tadpoles, which had been published previously
(11). The experimental protocol, stimulation and recording
paradigms have been reported in full detail in the respective
publication (11). All experiments were conducted in vitro
on semi-intact preparations of Xenopus laevis tadpoles at
developmental stages 53–54 (12) and complied with the
“Principles of animal care,” publication No. 86-23, revised 1985
of the National Institute of Health. All experiments were carried
out in accordance with the ARRIVE guidelines and regulations.
Permission for these experiments was granted by the ethics
committee for animal experimentation of the legally responsible
governmental institution (Regierung von Oberbayern) under the
license code 55.2-1-54-2532.3-59-12. In addition, all experiments
were performed in accordance with the relevant guidelines
and regulations of the Ludwig-Maximilians-University Munich.
Larvae of either sex were obtained from the in-house animal
breeding facility at the Biocenter-Martinsried of the Ludwig-
Maximilians-University Munich.

In brief, eye movements of Xenopus tadpoles were captured
non-invasively during passive sinusoidal head rotations in
darkness around an earth-vertical axis at 4 different stimulus
frequencies (0.1, 0.2, 0.5, 1Hz) with a peak velocity of ±30◦/s
as described previously (11). Two of the animals were not tested
at 0.1Hz. The recording duration varied between 35 s and 163 s
depending on animal and stimulus frequency (mean number of
stimulus cycles for each frequency: 0.1 Hz: 13.0; 0.2 Hz: 15.7; 0.5
Hz: 30.0; 1 Hz: 56.1). Eye movements were captured from above
with a video camera (Grasshopper color; Point Gray Research)
at a frame rate of 50Hz (using FlyCap2) and analyzed offline
using a custom-written video-processing algorithm (Matlab, The
Mathworks) to compute eye position [for details, see (13)].
The raw eye position data was up-sampled to 1,000Hz, slow
drift was removed by piecewise cubic interpolation (Matlab
function makima) and outliers (e.g., occasional fast phases) were

discarded. The resulting eye position trace was averaged over
all stimulus cycles and fitted to the averaged stimulus trace
to determine gain and phase of the eye movements for each
stimulus frequency.

In addition, the average variability of the eye position was
computed from the averaged traces for comparison with model
predictions (see also below). For m stimulus cycle repetitions
with n time points in each cycle, first the standard deviation σi

of the eye position at time point i over all m repetitions was
computed, then the average σ over all n time points was used
as variability measure:

σi =
1

m− 1

√

√

√

√

m
∑

j=1

(

pj,i−pi
)2
; σ =

1

n

n
∑

i=1

σi

with pj,i being the eye position value at time point i and cycle
j, and pi the eye position at time point i averaged over all cycle
repetitions. Thus, a possible dependency of variability across the
cycle will not be visible in the variability measure σ .

Mathematical Modeling
The model was constructed following classical aVORmodels [see
(14) for review] with semicircular canal signals as input (modeled
as high-pass filter with a time constant of 5 s), the eye plant as final
motor output [dominant time constant of 0.33 s and two non-
dominant time constants, which can be interpreted as muscle
activation, see (11)], and a brainstem processing algorithm by
a leaky velocity-to-position integrator and a direct pathway that
can be conceived as approximate inverse model of the eye plant.
The integrator time constant and the two non-dominant eye
plant time constants were fitted as free parameters by minimizing
the phase difference between data and model. The overall model
gain factor, an additional parameter, which has no influence
on the phase of the response, was subsequently fitted to the
average gain curve. The model fitting was performed for each
animal separately.

The full VOR model, which describes the processing from
angular head velocityω to eye position p can be written in Laplace
notation as

p (s) = −g · s· FSC (s) · FBS (s) · FEYE (s) · ω(s) (1)

with the free gain factor g, semicircular canal highpass FSC (s),
brainstem processing FBS (s), and eye plant FEYE (s). The
respective model components are:

FSC (s) =
τSCs

τSCs+ 1
(2)

FBS (s) = τE+
τI−τE

τIs+ 1
(3)

FEYE (s) =
1

τEs+ 1
·

1

τM1s+ 1
·

1

τM2s+ 1
(4)

with the semicircular canal time constant τ SC fixed to 5 s, leaky
integrator time constant τ I (free parameter), dominant eye plant
time constant τE fixed to 0.33 s (11), and muscle activation time
constants τM1 and τM2.
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Using the fitted model, the tadpole aVOR in response to
sinusoidal head rotation at a single frequency (0.5Hz) was
simulated while being contaminated with sensory and motor
noise. Both noise sources were modeled as signal-dependent
noise (8), that is, the noise amplitude increased proportionally
with increasing signal strength. For the sensor noise, the relevant
signal was head velocity, for the motor noise it was the
motor command signal, that is, the output of the extraocular
motoneurons (output of brainstem processing, Equation 3). In
the time domain, the noisy motor commandm (ti) at time step ti
can thus be written as

m (ti) = b (ti)+εm (ti) (5)

with b (ti) being the output of the brainstem processing
(Equation 3, sum of direct pathway and integrator) and εm (ti)

a normally distributed random number with zero mean and
standard deviation km · b (ti). The proportionality constant, or
noise factor km thus describes the linear relationship between
the standard deviation of motor noise and the motor command.
Subsequently m (ti) serves as input to Equation 4 to yield
the eye position. Similarly, sensor noise was modeled as
ωn (ti) = ω (ti)+εs (ti) with εs (ti) as normally distributed
random number with zero mean and standard deviation
ks · ω (ti) and ω (ti) as instantaneous head velocity at time step
ti. The noisy head velocity ωn (ti) serves as input to Equations
1 or 2.

From the simulated response, the variance of the retinal image
slip was computed. The optimal gain factor that minimizes the
variance of retinal image slip was determined by varying the gain
factor. Sensory andmotor noise were assumed to have equal noise
factors, i.e., k= km = ks. The noise factor k was varied to find
noise levels for which the optimal gain factor corresponds to the
one that was found in the actual experiments.

As possible alternatives, we also simulated the model (1) with
signal-independent (constant) additive sensor noise, (2) with
only signal-dependent sensor noise, and (3) with only signal
dependent motor noise. The fourth possibility, constant motor
noise only, did not yield optimal gain values comparable to the
ones found in tadpoles, because constant motor noise cannot be
suppressed by small VOR gains.

The model was implemented in Matlab (The Mathworks) as
Laplace transfer function using the Signal Processing Toolbox.
For each frequency and amplitude, the amplitude and phase of
the model response was derived by using the Matlab function
freqresp. We first fitted the phase of the model response to the
experimental data by using the Matlab function fmincon with
lower and upper limits and the three time constants τM1, τM2,
and τI as free parameters. Subsequently, the free overall gain
factor g was fitted to the experimentally determined VOR gain
values. For the model simulations, including sensor and motor
noise, the model’s differential equations were solved iteratively
by using the Euler 1-step integration (time step 1ms). Noise was
simulated as normally distributed random variable with a mean
of 0 at each time step (see Equation 5), with equal noise factors
and uncorrelated sensor and motor noise for the main modeling
approach (see Discussion).

For fitting the noise level (determined by the noise factor) that
corresponds to an optimal gain factor minimizing retinal image
slip, which is equal to the model gain factor, 1,000 s of aVOR eye
movement recordings at a frequency of 0.5Hz and ±10◦ head
motion amplitude was simulated with different sensor and motor
noise factors. The 0.5Hz stimulus condition was chosen because
it is located well within the frequency bandwidth of the VOR.
Determining the noise for the 1Hz, ±5◦ positional amplitude
yielded quantitatively similar results (not shown). It should be
noted that for finding the noise level, the dynamic model of each
animal is used, rather than a specific response.

For comparison of the eye movement variability, the noise
level and the optimal gain factor were used to simulate an
aVOR at four experimental conditions. The duration of each
simulation was chosen to approximately match the duration of
the experimental data sets at each frequency (0.1Hz: 150 s, 0.2Hz:
80 s, 0.5 Hz: 50 s, 1 Hz: 50 s). The simulated head and eye position
data were then fed through the same data analysis procedure as
the experimental data to generate comparable average results.

Simulated data were compared to experimental data by using
the coefficient of determination R2 calculated as R2 = 1 −

SSres/SStot with SSres =
∑

i

(

yi − fi
)2

being the residual sum of

squares (data points yi, model points fi) and SStot =
∑

i

(

yi − y
)2

the total sum of squares (y is the mean of the data points). The
coefficient of determination can become negative, if the model
used is inadequate, that is, worse than just taking the mean of the
data, and thus produces a residual sum of squares larger than the
total sum of squares.

Sequence of Analysis
The following lists the complete sequence of steps performed to
test whether the experimentally observed variability of aVOR eye
position traces is compatible with our hypothesis, which proposes
that low aVOR gain values optimize the retinal image slip. The
different steps are shown in Figure 2 and explained below.

1) For each stimulus frequency, raw head and eye motion
data (Figure 2A) are averaged over stimulus cycles to
compute experimental gain and phase values (blue circles in
Figures 2B1,2) for a given animal.

2) The computational model (see section Mathematical
Modeling) is fit to the frequency response of each animal to
extract individual model parameters (fitted model response,
yellow circles and red lines in Figures 2B1,2). One of the
model parameters is the aVOR gain factor for this animal.

3) The computational model is used to simulate responses
at 0.5Hz, ±10◦ amplitude with different noise factors, to
calculate retinal image slip, and to find the noise level
that requires an optimal gain factor corresponding to the
experimentally observed VOR gain value (Figure 2C).

4) The predicted variability of eye position for the model
simulation at the emerging noise level (Figure 2D1)
is compared with the corresponding variability of the
experimental data (Figure 2D2).

Note that the variability of the experimental data is an
independent variable that has not been used in the entire process
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FIGURE 2 | Sequential steps of the methodological approach. (A) Example of raw head (blue) and eye (red) motion data obtained from one animal at a stimulus

frequency of 0.1Hz. (B) gain (B1) and phase values (B2) derived from raw data (blue) for a single animal along with the model simulation of the best fitting model; the

gain value for this animal is 0.075. (C) Simulated cost function (retinal image slip variance) plotted with respect to the gain factor using the model derived in (B) for

different noise factors; here, the simulation is shown for the optimal gain factor that matches the animal’s actual gain factor. (D) Averaged eye position response during

rotation at 0.5Hz for the data (D1) and the simulation (D2); note that the average eye position trace of data and simulation (mean, red line) is similar due to the prior

model fitting, but that the variability, which is also similar (shaded red) is a prediction based on the noise level and gain factor.

until the comparison in step 4. Thus, if our hypothesis is correct,
i.e., that low aVOR gain values optimize retinal image slip, then
the variability, predicted by the model, and the experimental
variability should be quantitatively similar.

RESULTS

Frequency Response
On average, experimentally observed gain values for all
frequencies were rather low (<0.15) although with considerable
differences between animals (Figure 3A). Based on the phase
relation, responses were compensatory (−180◦) on average only
for rotations at 1Hz but also differed strongly between animals
(Figure 3B). As indicated above, a perfect aVOR response at
a stimulus frequency of 1Hz would require a phase shift of
−180◦ but also a gain of 1. Experimentally, at frequencies of
0.5 and 1Hz, we indeed found an optimal phase shift for some
animals, but at the same time a gain far below unity. Thus, the
low gain value is unlikely to derive from a compensation of an
inappropriate phase shift, but must have other reasons, such as
motor or sensory noise.

Modeling of Stimulus
Frequency-Dependent Responses
The computational model was fitted to the responses obtained
at different frequencies to extract an individual model for each
animal. As expected from the individually different response
dynamics (Figure 3), the model parameters also reflected
these differences and variations between animals. The overall
coefficient of determination (R2, or variance explained by the
model) between experimental and fitted phase values was 0.82,
confirming a good model fit. The mean parameter values were
for the integrator time constant 1.50 ± 1.73 s, the two muscle

activation time constants 22± 17 and 21± 18ms, and the model
gain factor 0.14± 0.09.

Determination of the Noise Level
Using the individual model derived above, aVOR responses to
a stimulus frequency of 0.5Hz and ±10◦ stimulus amplitude
including sensory and motor noise were numerically simulated.
For a given noise factor, a cost function for different gain
values was computed by determining the variance of retinal
image slip over one stimulus cycle. The optimal gain for the
given noise factor was determined as the minimum of the
cost function (yellow dots in Figure 4A). This computation was
repeated for different noise factors to find the optimal gain that
corresponds to the experimentally encountered aVOR gain at
that particular frequency (white dashed lines in Figure 4A; red
dot in Figure 4B). The same was performed for the alternative
noise models.

Comparison of Measured and Predicted
Eye Movement Variability
Using the models obtained from individual animals and the noise
factor determined above, all stimulus conditions were simulated
(see Methods) and the simulated data (see Figure 4C) were
analyzed using the same processingmethods as applied to the real
data (see Figure 4D). For the resulting average, simulated and
real aVOR-related eye movements for each animal and frequency
(see Figure 5 for an example), the eye movement variability was
determined as average standard deviation of the eye position over
one stimulus cycle (Figure 5, shaded regions). Importantly, the
variability of the data has not been employed so far in the analysis
ormodeling process and thus represents an independent variable.
The simulated variability derived from a prediction of the model
under the assumption that the aVOR gain factor that has been
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FIGURE 3 | Comparison of experimental and modeling data. (A,B) Experimental gain (A) and phase values (B) for eye movements of Xenopus tadpoles (n = 6)

(colored small dots) along with average gain and phase values (large black dots); the red curve depicts simulated gain and phase values obtained from the

computational model (red line) of the tadpole aVOR that have been fitted to the average results (black); note that an eye movement with a phase shift of −180◦

[dashed line in (B)] and a gain of 1 would perfectly compensate for the head rotation at all frequencies. (C,D) Example experimental data (blue circles) obtained from

one animal (same as in Figure 2) and modeling results (red curve, yellow circles), with gain and phase values plotted in (C,D), respectively.

determined from the data is optimized for the sensorimotor noise
of an individual animal.

Despite considerable inter-individual differences in aVOR
gain factors (Figure 6A), the calculated variability, predicted
by the model, corresponds to the experimentally determined
variability (see Figure 6B, coefficient of determination R2 = 0.46,
n = 6). A Bayes factor test corresponding to a paired t-test (15),
comparing simulated (0.63± 0.49,mean± SD) and experimental
(0.58 ± 0.39) variability results in BF = 2.46, which is slightly
in favor of the hypothesis that simulated and experimental
variability are statistically not different. Thus, the similarity
between predicted and experimentally occurring variability
supports our hypothesis that small gain values, such as those
found in Xenopus tadpoles, are possibly due to an optimization
that minimizes retinal image slip. The alternative models show
lower coefficients of determination (signal-dependent motor
noise only: R2 = 0.104) or negative values (constant sensor noise
only: R2 = −4.71; signal-dependent sensor noise only: R2 =

−8.25), suggesting that these models are unable to adequately
explain the data. However, also for those models, the resulting
simulated eye movement variability was still in the same range as
found experimentally.

However, when plotting the experimental aVOR gain factors
with respect to the variability found in the actual data, smaller
gain values are found to be related to smaller eye position
variability (Figure 6C). This finding seems at a first glance to
contradict our hypothesis, because intuitively one would expect
that in the optimized condition a larger aVOR gain can only be
possible if the eye movement variability becomes smaller. This
intuition, however, is erroneous for the rather low VOR gain
values of tadpoles. This can be easily demonstrated by simulating
a sinusoidal aVOR with a standard set of model parameters and

varying noise levels. Accordingly, model simulations predict that,
for the small aVOR gain regime (gain values <0.5), eye position
variability will increase with increasing gain (Figure 7A). For
higher gain values (>0.5), the variability decreases again
(Figure 7A). The reason for this particular outcome can be best
understood when considering the extremes: if there is no noise,
eye position variability will be zero, and the best possible aVOR
gain (disregarding phase shifts) will be unity. This corresponds to
the lower right corner of Figure 7A. If there is an extremely high
noise level, the best option is to set the aVOR gain to zero such
that the noise cannot control the eye movements. In this case,
eye position variability will also be zero (with signal-dependent
motor noise), because the eyes do not move. This situation
corresponds to the lower left corner of Figure 7A. Between these
two extremes, eye position variability will necessarily be larger
than zero and, at some point, reach a maximum (close to a gain
of 0.5). Retinal slip will be smallest for zero noise and unity gain,
and highest for zero eye movement. Consequently, eye position
variability and standard deviation of retinal image slip also show
a non-linear relationship (Figure 7B), while optimal aVOR gain
values, as expected, decrease with increasing sensorimotor noise
(Figure 7C).

DISCUSSION

Our model simulations demonstrated that for minimizing the
retinal image slip for successful gaze stabilization, both, the
internal dynamics of the sensorimotor processing and the
sensorimotor noise represent important parameters. The optimal
aVOR gain factor that minimizes retinal image slip should be
lower than unity for dynamics involving delays or phase shifts
and for systems involving sensorimotor noise. To illustrate these

Frontiers in Neurology | www.frontiersin.org 6 July 2022 | Volume 13 | Article 897293181

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


Glasauer and Straka Optimizing Retinal Slip

FIGURE 4 | Determination of the noise level. (A) Simulated cost surface [as log (cost)] for one animal (same as in Figures 3C,D) and for eye movements at a stimulus

frequency of 0.5Hz and ±10◦ head motion amplitude plotted as function of the noise factor of sensorimotor noise and model gain factor; the cost of the aVOR has

been quantified by calculating the variance of the retinal image slip; yellow dots indicate the minimum cost for each noise factor; the dashed horizontal line is the

experimentally determined gain value, and the vertical dashed line the noise factor at which the optimal gain value is closest to the experimental gain value (2.6 in this

case). (B) Section through the cost surface for a noise factor of 2.6; the optimal gain is 0.075, as shown in (A). (C) Simulated eye movements (red) for the optimal gain

value determined in (A,B). (D) Raw eye movement recordings (red) for this animal for comparison.

theoretical considerations, a simple, linear dynamic model of the
VOR with non-ideal parameters (small integrator time constant,
uncompensated muscle activation) and signal-dependent noise
at both the sensor and the motor level was simulated. The
variance of retinal image slip across repeated trials was used
as cost function to be minimized. To experimentally test our
considerations, we analyzed measurements of the aVOR of
Xenopus tadpoles, which showed particularly low aVOR gains.
For these data, our hypothesis suggests that the low gains are
associated with high internal sensorimotor noise. However, the
level of internal sensorimotor noise cannot be simply inferred
from eye movement measurements, because the experimentally
measured variability is a consequence of the optimization, but
does not directly reflect the internal noise from sensors or
muscles. Therefore, we have chosen an approach to predict the
variability of individual eye movements by using the aVOR
model with parameters based on measured responses at different
frequencies and by assuming that the individual aVOR gain
minimizes retinal image slip according to internal dynamics and
sensorimotor noise. The variability of the model simulations
showed an excellent quantitative match with respect to the
measured data, thus supporting our hypothesis.

Optimality in Vestibular Processing
The present study is only one in a row of recent attempts to
support the idea that vestibular signal processing underlying
gaze stabilization or perception is optimized to account for the
influence of internal noise (2, 16, 17). Vestibular processing
during spatial orientation has long been described as optimal
estimation [e.g., (18)], and more recent models also propose such
an optimality strategy for the central processing of vestibular
signals that assist in gaze stabilization [e.g., (19)]. Optimization
has also been suggested as means to explain apparent deficits:
perceptual vestibular thresholds of human subjects who fully
recovered from unilateral vestibular deficits show a characteristic
bilateral increase of the motion thresholds, which has been
explained as being due to optimal adaptation to increased noise
levels (2). More recently, it has been demonstrated that age-
related changes in the dynamics of the human aVOR, that is,
of the time constant, can be explained by an optimal estimation
process that aims at adapting to the sensory signal-to-noise
characteristics, which degrades with age (16). However, while
all these studies consider optimal estimation in the presence of
sensory noise, none of them considers motor noise together with
the importance of retinal image slip as determining cost function.
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FIGURE 5 | Comparison of experimentally measured and simulated eye movements. (A–H) Eye movements (raw traces in black, red lines show average) shown for

all stimulus motion cycles at different stimulus frequencies depicted for the representative animal in Figure 4 (A–D), along with corresponding simulations (E–H) of the

data using the aVOR model (with appropriately adapted parameters) and optimal gain values to minimize the retinal image slip caused by signal-dependent sensor

and motor noise (see also Figure 4); shaded areas indicate one standard deviation of the mean response.

FIGURE 6 | Relation between aVOR gain and variability of eye movements. (A) For comparison, aVOR gain values (see Figure 2) are shown for each animal

separately in different colors. (B) Variability of eye movements for each animal plotted with respect to the predicted variability, i.e., the variability of the model

simulations. (C) Variability of eye movements for each animal plotted with respect to the aVOR gain. Each data point in (B,C) represents the mean across four stimulus

frequencies; error bars denote the standard deviation; note that for the animals depicted in yellow and orange only data for three frequencies were available.

The Role of Dynamics Vs. Noise
While taking into account the internal dynamics of sensorimotor
processing for ourmodel, the deteriorating consequences of these
dynamics (delays or phase shift) are not the main reason for
the low gain values. A perfect compensatory aVOR, elicited at
1Hz would require a unity gain and a phase shift of −180◦.
Experimentally, at 1Hz an optimal phase shift on average (and
very close to −180◦ for some individuals), but an average gain

of 0.11, which is far below unity (Figure 2) was encountered.
Thus, apart from semicircular canal size-related limitations in the
sensitivity of the duct system in Xenopus tadpoles [(9, 10); see
below], the generally low gain values in these animals cannot be
simply explained by an inappropriate phase shift, but must have
other reasons, such as motor or sensory noise as indicated above.
Motor noise impacts motor commands at the level of motor
unit recruitment (20) and would thus affect VOR responses
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FIGURE 7 | Relation between aVOR gain and variability of eye movements. (A) Replot of data from Figure 6C (red) together with model simulations of the standard

aVOR model with varying sensorimotor noise and optimized aVOR gain (all other model parameters kept constant); the model predicts that for low aVOR gain values,

the eye position variability will increase with increasing gain values (<0.5), but decrease again for higher values (>0.5). (B) Variability of eye movements for each animal

plotted with respect to the retinal image slip [same simulations as in (B)]. (C) Optimal aVOR gain values [model simulations as in (A,B)] decreases with the

sensorimotor noise factor.

independent of the respective sensory origin (otolith organs
or semicircular canals). However, as shown previously, VOR
gain values of responses activated by semicircular canal plus
otolith organ stimulation are considerably higher than those of
responses produced by semicircular canal stimulation alone: in
Xenopus tadpoles at stage 54, the horizontal VOR at 1Hz has
been reported to express a gain of 0.26, while for the torsional
VOR (semicircular canal plus otolith organs) the gain was ∼0.6
(9, 10). Similar conclusions hold for combinations of vestibular
and visual motion signals: in mice, the aVOR gain in light is
twice as large as in darkness (6). Therefore, motor noise, even
though it probably plays a considerable role, is likely insufficient
to explain the low gain values of a horizontal, purely semicircular
canal-driven aVOR. This thus requires reconsideration of the
effect of sensory noise from the semicircular canals on aVOR
responses and specifically on ocular motor responses related to
retinal image slip.

Alternative Explanations for Low VOR
Gains
An alternative reason for the low VOR gain observed in
Xenopus tadpoles could be that the extraocular motor system
in these animals might simply be unable to generate faster eye
movements. However, this is not the case given the occasional
expression of saccadic eye movements with velocities that are
considerably higher than required for a perfect VOR (21). Yet
another possibility to explain low gain values in Xenopus tadpoles
is that semicircular canal-evoked responses saturate much earlier
than expected and thus cannot transmit head velocities >30◦/s.
However, data presented previously show that this explanation
is also unlikely [e.g., (9)], and the approximately sinusoidal
shape of aVOR responses provides no evidence for a potential
saturation of the VOR at the applied stimulus intensities (21),
supported by direct measurements of extraocular motoneuronal

spike discharge at increasing stimulus amplitudes (22). While
unusually low in darkness, the aVOR of Xenopus tadpoles in light
is supplemented by efficient, visuo-motor reflexes that naturally
assist the maintenance of gaze stability (21). Even though the
overall gain of the aVOR in light is only mildly enhanced, the
phase of the aVOR in light matches much better an expected
compensatory response (21). In fact, visuo-motor responses such
as the optokinetic reflex are particularly prominent at low-
frequencies, although the natural frequency of swimming in
tadpoles is even higher than the imposed head motion frequency
applied in the current study (23). While the swimming frequency
gradually decreases with developmental age, the tadpole head
oscillates approximately sinusoidally at about 5Hz with an
amplitude of 20◦ at stage 53–54 (23). The rather stereotyped
motion dynamics and profile is exploited by the gaze stabilizing
circuitry in Xenopus tadpoles by recruiting spinal locomotor
efference copies to directly drive compensatory eye movements
during swimming (10, 24). Therefore, an alternative explanation
for low VOR gain values might be that gaze stabilization in
Xenopus tadpoles becomes relevant only during high-frequency
active swimming but might be more dispensable during passive
motion at lower frequencies. However, the contribution of
locomotor efference copies to gaze stabilization during active
swimming likely provides a means to avoid excessive sensory
noise introduced by vestibular sensory signals, which is fully
compatible with the outcome of the modeling approach in the
current study. Thus, to answer the question whether low gain
values are indeed due to excessive sensory noise, it will be
necessary to directly measure the variability of afferent vestibular
signals during head rotation.

Limitations of the Current Study
The video capture of eyemovements with a camera at 50Hz likely
introduces measurement noise that potentially contaminates the
recordings and thus might critically influence the variability
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of the eye position data determined in the final step of the
analysis. However, camera-induced measurement noise is, in
contrast to our assumptions for internal noise, independent of
the signal (at least at the low stimulus frequencies used here)
and thus can be considered as forming an additive noise to
eye position signals. In contrast, sensorimotor noise is signal-
dependent and acts on head velocity and subsequent neural
activity. In addition, even if the measured variability would be
affected by the measurement noise, it would overestimate rather
than underestimate the variability. This might in fact explain
why, for 4 out of 6 animals, the experimental variability was
higher than predicted by the model (Figure 6B). It should be
noted that instead of comparing the variability of the eye velocity
or retinal image slip we have chosen to compare eye position
variability, because this avoids the need to calculate the temporal
derivative of eye position data, which would increase the effect of
high-frequency measurement noise.

A further limitation of the current approach is that the relation
of sensor to motor noise in the processing of aVOR signals
is at present unknown. In the seminal work by Harris and
Wolpert (8) on saccadic eye movements, and also in later work
on combined goal-directed eye-head movements (25), the motor
noise was responsible for the variability in final gaze position.
For the present work, there is strong evidence from vertical VOR
performance [(9), see above] that motor noise alone cannot be
responsible for low gain values. Similarly, when gaze stabilization
is driven by locomotor efference copies during active swimming
(10, 24, 26), the gain is ∼0.6, demonstrating that higher VOR
gain values are indeed possible, and that motor noise, which
would affect all directional types of gaze stabilization components
equally, cannot be the main reason for the observed low VOR
gains. For human VOR responses it was recently reported that
stimulus-dependent sensory noise is a likely explanation for the
velocity-dependent variability of the VOR (16), matching the
assumptions of the current study. However, for simplicity, in the
present modeling approach equal amounts (in terms of noise
factors) of sensor and motor noise were assumed, even though
this assumption requires further exploration. Our finding that
only sensor or only motor noise is unable to explain the data
should be taken with caution until more data are available. It
would be greatly beneficial to further investigate the dependency
of variability on the eye position within the stimulus cycle,
which can be clearly seen in the simulations (Figures 5E,F)
and to a lesser extent also in the data (e.g., Figure 5B). One
possibility for further experimentation would be to analyse the
noise spectrum of eye movement responses, which, according to
the model, differs for sensor noise (filtered by central processing
and the eye plant) and motor noise (filtered only by the eye
plant). Nonetheless, due to the presence and efficacy of the
direct VOR pathway (27), these differences might only be subtle,
and a direct measurement would be certainly more useful [see
(28) for an exemplary study of vestibular afferents]. Therefore,
future experiments would need to assess the level of sensor
noise in vestibular nerve afferent responses vs. the level of
motor noise, for example, when eye movements are driven
by electrical stimulation at different levels of the processing

(afferent semicircular canal nerve, vestibular nuclei, extraocular
motor nuclei).

Importance for Human VOR
The hypothesis of the current study may apply not only to
other vertebrate species with low VOR gain values, but might
represent a general principle applicable to all mechanistic types
of gaze stabilization. For example, VOR in light, i.e., with
vision, usually improves the gain considerably, which under the
present hypothesis is easily explainable if vestibular sensory noise
plays a significant role: the additional optokinetic visual input
might decrease the overall sensory noise, indicating that the
corresponding optimal gain can be increased. As emphasized
above, healthy elderly subjects (1) or subjects with a history of
vestibular damage (2) may show considerably lower VOR gain
values [but see (3, 4) for preserved gains in elderly]. Again, this
effect, observed in both groups of humans, could be explained
by increased sensory noise; in addition, in elderly, increased
motor noise might also play a role. Even for smooth pursuit
eye movements the same considerations may apply: if retinal
image slip is the most important cost, then lower pursuit gains,
for example in elderly, may be related to higher sensorimotor
noise. Hence, small VOR gain values in elderly and patients
may be an optimal adaptation to the changed sensorimotor
properties rather than derive from a sensory deficiency: without
such adaptation, gaze stabilization would be worse. This would
add to the growing evidence that observable changes in motor
or sensory abilities in recovering patients or elderly subjects are
better understood as a consequence of sensorimotor optimization
strategies to partly compensate for the damage, rather than being
a direct effect of the damage. However, a recent study (29) on
VOR responses in control subjects and patients with unilateral
vestibular damage found no relationship between VOR gain and
VOR variability (measured as root-mean-square error of eye
velocity relative to the mean response for the early part of head-
impulse tests). This finding apparently contradicts our hypothesis
for the human VOR. One possibility is that for the human
VOR the present theory is not applicable, because in humans
high gain might be more important in order to keep the fovea
approximately on target instead of minimizing retinal image
slip. It should be noted that keeping minimal foveal distance
also predicts that with high signal-dependent sensorimotor noise
levels, the optimal VOR gain should be lower than unity. Another
possibility, supported by preliminary model simulations (not
shown) and compatible with the present hypothesis, is that
additional variability, introduced by the trial-to-trial variability
of head velocity in head-impulse tests, has obscured the expected
gain-variability relationship. Yet another recent study in humans
(30) shows that changes in dynamics, and possibly also of the gain
of the aVOR in patients with unilateral damage are a consequence
of optimal adaptation to elevated sensory noise levels relative
to the available signal. Nonetheless, more experimental studies,
specifically in humans, are necessary to resolve the question
whether low gain values for gaze stabilization may be an optimal
adaptation to increased sensorimotor noise.
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Background: Associations between dizziness-related handicap and a variety of self-

reported measures have been reported. However, research regarding associations

between dizziness-related handicap and aspects of functioning that includes both

physical tests and self-reported measures is scarce.

Objective: The purpose of the study was to describe the variations in signs and

symptoms in people with persistent dizziness using physical tests and self-reported

outcomes across three severity levels of the Dizziness Handicap Inventory (DHI) and

investigate their associations with the DHI.

Method: Participants with persistent dizziness (n = 107) were included in this cross-

sectional study. The participants underwent (1) physical tests (gait tests, grip strength,

body flexibility, and movement-induced dizziness) and completed questionnaires

regarding (2) psychological measures (Mobility Inventory of Agoraphobia, Body Sensation

Questionnaire, Agoraphobic Cognitions Questionnaire, and Hospital Depression and

Anxiety Questionnaire), and (3) fatigue, dizziness severity, and quality of life (Chalders

Fatigue Scale, Vertigo Symptom Scale-Short Form, and EQ visual analog scale), in

addition to the DHI. Data were presented by descriptive statistics for three DHI severity

levels (mild, moderate, and severe). A multiple linear backward regression analysis was

conducted for each group of measures in relation to the DHI total score, with additional

analyses adjusting for age and sex. Based on these results, significant associations were

tested in a final regression model.

Results: With increasing severity levels of DHI, the participants demonstrated

worse performance on most of the physical tests (preferred and fast gait velocity,
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dizziness intensity after head movements), presented with worse scores on the self-

reported measures (avoidance behavior, fear of bodily sensation, fear of fear itself,

psychological distress, fatigue, dizziness severity, quality of life). After adjusting for age

and sex, significant associations were found between total DHI and avoidance behavior,

psychological distress, dizziness severity, and quality of life, but not with any of the

physical tests, explaining almost 56% of the variance of the DHI total score.

Conclusion: There was a trend toward worse scores on physical tests and self-reported

measurements with increasing DHI severity level. The DHI seems to be a valuable tool in

relation to several self-reported outcomes; however, several signs and symptoms may

not be detected by the DHI, and thus, a combination of outcomes should be utilized

when examining patients with persistent dizziness.

Keywords: persistent dizziness, Dizziness Handicap Inventory, cross-sectional study, psychological

characteristics, physical characteristics, regression analysis

INTRODUCTION

Dizziness is a common complaint (1, 2) with 16% reporting
dizziness or balance problem in a recent Norwegian survey (3). It
is a common feature in acute vestibular diseases where an abrupt
start of symptoms, such as dizziness, nauseousness, reduced
balance, and visual problems occurs (4). The symptoms usually
subside within a couple of weeks; however, ∼30% of patients
develop persistent symptoms (5, 6). When dizziness persists,
it is important to also assess symptoms beyond those defined
as vestibular (7). These signs and symptoms include reduced
gait velocity (8), postural misalignment (9, 10), increased body
sway (11, 12), pain (13), and rigid body movements (14), in
addition to anxiety and depression (15–19), avoidance behavior
(20), and reduced quality of life (QoL) (21). Fatigue has also
been reported in patients with vestibular diagnoses (22). These
symptoms may influence everyday life, but to our knowledge,
a combination of physical tests and self-reported measures
on the perception of dizziness-related handicap has not been
investigated extensively.

A commonly used outcome measure related to dizziness
is the Dizziness Handicap Inventory (DHI) (23), which was
developed to evaluate perceived dizziness-related handicap (24).
There seems to be less relationship between diagnostic vestibular
function tests and DHI (25, 26), suggesting that dizziness-
related handicap may be more associated with the perception
of signs and symptoms that have a direct impact on everyday
life. Previous studies have found relationships between DHI
and functional balance tests involving locomotion (27), slower
walking velocity and reduced step and stride lengths (28), and
an increasing number of self-reported dizziness triggers (e.g.,
loud sounds and stress) (29). Severe scores on the DHI have
also been associated with poorer psychological outcomes such as
anxiety, depression, avoidance behavior, fear of bodily sensations,
illness perception, and cognitive responses (5, 30). However,
there seems to be a lack of knowledge regarding the relationship
between DHI and other outcomes, such as muscle strength, body
flexibility, movement-induced dizziness, dizziness-severity, and
health-related QoL.

Dizziness Handicap Inventory is measured on a continuous
scale (0–100 points). Attempts have been made to establish
severity levels of the DHI that links to functional abilities on
several occasions (31), but less seems to have been published
apart from one study categorizing the DHI into mild (0–30
points), moderate (31–60 points), and severe handicap (61–100
points) (32). Patients with a severe DHI level have shown larger
functional impairment on balance confidence and number of
falls, compared with patients presenting with mild DHI level
scores (32), implying that patients in the severe DHI level may
need more clinical attention.

Several studies have reported correlations between DHI and
a variety of signs and symptoms. However, there seems to be
less scientific evidence examining the relationship between DHI
and aspects of function which includes both physical tests and
self-reported outcomes. This is an important knowledge in the
clinical assessment and treatment of these patients. Therefore,
the objectives of this study were to describe both physical tests
and self-reported outcomes in people with persistent dizziness in
relation to DHI severity levels and to investigate the associations
between these outcomes and increasing severity of the DHI
total score.

METHOD

Setting
This cross-sectional study used baseline data from a randomized
controlled trial (RCT) for treating participants with persistent
dizziness (LODIP) (33), and the data are presented according
to the STROBE guidelines (34). No sample size calculation
was conducted as this study was a part of a larger study and
explorative in nature (33). Participants were recruited from
primary health care, primarily from general practitioners (GPs),
directly, or via the general public. Some were also recruited from
physiotherapists and ear, nose, and throat specialists (ENTs).
Participants attended the Western Norway University of Applied
Sciences (HVL) for testing and data were collected from 1
February 2016 to 1 May 2019. Details regarding recruitment
and testing procedures have been described elsewhere (33). The
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LODIP trial was registered in ClinicalTrials.gov (NCT02655575)
and approved by the Regional Committee for Medical Research
Ethics (2014-00921).

Participants
A total of 107 participants were included in the LODIP trial.
Participants were included if they were within working age (18–
70 years old) and presented with perceived dizziness that had
started abruptly with symptoms lasting for at least 3 months.
In addition, the dizziness symptoms had to be initiated or
exacerbated by movement. Exclusion criteria were the following:
patient-reported non-vestibular reasons for dizziness, diagnoses
with fluctuating vestibular symptoms (e.g., Ménière’s disease),
plans for/had treatment for benign paroxysmal positional
vertigo (BPPV) within 1 month, conditions where fast head
movements were contraindicated (e.g., whiplash-associated
injuries, osteoporosis of the neck), and severe/terminal pathology
(e.g., cancer, psychiatric diagnosis). People were also excluded if
they had attended group therapy for dizziness within the past
year, if they were unable to attend the testing location, or if they
could not understand Norwegian sufficiently.

Data Collection Procedure
Data collection included physical testing and self-reported
questionnaires. The physical testing was conducted according to
an established protocol, and three physiotherapists were trained
to conduct the testing. A detailed description of the testing
procedure has been published earlier (33).

Variables
Dizziness Handicap Inventory (DHI) was used to quantify
perceived dizziness-related handicap (24). It consists of 25 items
where each item is scored “0” (no), “2” (sometimes), or “4” (yes),
summing up to a score between 0 and 100 points. Higher scores
represent higher levels of perceived dizziness-related handicap.
The DHI scores were categorized into mild (0–30), moderate
(31–60), or severe (60–100) dizziness-related handicap (32). It
has been translated and validated in several languages, including
Norwegian (35–38). The Norwegian version of the DHI has
shown a high reliability (38).

Physical Tests
Preferred (walking at their preferred pace) and fast (walking
as fast as they could) gait velocity was tested by timing the
participants as they walked through the middle 6m of an 8-m
pathway. A number of twowalking trials were performed for each
condition, and the average gait velocity for preferred and fast gait
was calculated. Gait velocity assessment has been shown to have
high reliability in a vestibular population (39).

The grip strength test was used as an indicator of overall
muscle strength (40). The test has also shown to inform regarding
muscle mass, physical function, and health status, as well as
to predict future physical function and health across various
clinical populations (40). Maximal grip strength of the dominant
hand was used as an indication of general muscle health (40)
and was measured using a dynamometer (Mie Medical Systems
myometer). The average strength (in kg) from two trials of the

dominant hand was calculated. The grip strength test testing has
shown to have a high reliability and validity in healthy individuals
as well as in various patient populations (41).

A total of four elements (lumbosacral flexion, head-
nod flexion, shoulder retraction, and elbow-drop) from the
movement domain of the Global Physiotherapy Examination

(GPE) (10, 14) were examined to investigate body flexibility. Each
element was scored on a predefined ordinal scale with 15 levels
between “−2.3” (hypotonus) and “+2.3” (hypertonus), with “0”
representing the normal standard. The absolute values of the
positive and negative scores were added to create a sum score,
and the median scores were presented. The GPE body flexibility
domain has been reported to be reliable and valid in individuals
with musculoskeletal pain (42).

Dizziness severity after head movements was tested by a
head movement-induced dizziness test (NRS_dizziness). The
test involved active head oscillations at 1Hz and guided by a
metronome, for 1min. The perceived intensity of dizziness after
head movements was scored on a Numeric Rating Scale (NRS)
from “0” (no dizziness) to “10” (as bad as it can be). The NRS
has shown acceptable psychometric properties in patients with
chronic pain (43).

Psychological Measures
Avoidance behavior when being alone was assessed using the
Mobility Inventory of Agoraphobia, alone (MI-A). The MI-A
contains 27 items, each rated from 1 (never avoid) to 5 (always
avoid), and higher scores indicate greater avoidance behavior
(44). The Body Sensation Questionnaire (BSQ) was used to
evaluate fear of bodily sensations associated with panic and
anxiety (45). It contains 18 items, each scoring from 1 (not at all
frightened) to 5 (extremely frightened), and higher scores imply
greater fear of somatic sensations. The Agoraphobic Cognitions
Questionnaire (ACQ) was used to measure fear (45). It contains
14 items, each scoring from 1 (thought never occurs) to 5
(thought always occurs), and higher scores indicate greater levels
of fear of physical, social, and mental consequences related to
the symptoms of anxiety. All of these (MI-A, BSQ, and ACQ)
have shown acceptable reliability and internal consistency in a
population with anxiety (45). In addition, psychological distress
was evaluated using theHospital Anxiety and Depression Scale

(HADS) (46). The HADS contains 14 items, each rated from 0
(not present) to 3 (considerably present). The sum score (0–42) is
reported, and higher scores indicate higher levels of psychological
distress. The scale has shown good internal consistency and
acceptable validity in people with dizziness (47).

Fatigue, Dizziness Severity, and QoL Measures
To evaluate perceived fatigue, the participants completed the
Chalder Fatigue Questionnaire (CFQ) (48). The score of
the 11 items, with each item scoring from 0 (better than
usual) to 3 (much worse than usual), is summed, and higher
scores indicate more fatigue. The Vertigo Symptom Scale-Short

Form (VSS-SF) measures the perceived severity of dizziness
symptoms during the past month (49). The questionnaire is
a 15-item scale, and each item is scored between 0 (never)
and 4 (very often). The sum score (0–60) is reported, and a
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TABLE 1 | Demographic data among participants with persistent dizziness, presented for the total population and categorized into three levels of severity of the Dizziness

Handicap Inventory (DHI).

DHI category

Total population Mild (0–30 points) Moderate (31–60 points) Severe (61–100 points)

107) (n = 19, 18%) (n = 60, 56%) (n = 28, 26%)

Mean age, years (95% CI) 49 (46; 51) 54 (48; 61) 47 (43; 50) 49 (45;, 54)

Females, % (95% CI) 76 (0.66; 0.83) 84 (0.60; 0.97) 73 (0.60; 0.84) 75 (0.55; 0.89)

Median dizziness duration, months (95% CI) 23a (17; 40) 36b (17; 100) 33c (14; 74) 18d (6; 21)

24+ months, % (95% CI) 50 (0.49; 0.51) 53 (0.28; 0.77) 53 (0.39; 0.66) 39 (0.20; 0.61)

Educational level

High school or below, % (95% CI) 31e (0.22; 0.41) 21 (0.06; 0.46) 32f (0.21; 0.46) 35g (0.17; 0.56)

Work situation

Working, % (95% CI) 41h (0.31; 0.51) 58 (0.33; 0.80) 42f (0.30; 0.56) 25 (0.11; 0.45)

Sick leave or incapacity, % (95% CI) 42 (0.33; 0.52) 21 (0.06; 0.46) 41f (0.28; 0.54) 61 (0.41; 0.78)

Other, % (95% CI) 17 (0.10; 0.26) 21 (0.06; 0.46) 17f (0.84; 0.29) 14 (0.04; 0.33)

DHI, Dizziness Handicap Inventory; CI, Confidence Interval.
an = 95, bn = 17, cn = 55, dn = 23, en = 104, fn = 59, gn = 26, hn = 106. The term “other” includes students, persons staying at home, retired, and other.

TABLE 2 | Physical test (Group 1) and self-reported psychological measures (Group 2), and fatigue, dizziness severity and quality of life (Group 3) among participants with

persistent dizziness, presented for the total population, and categorized into three levels of severity of the Dizziness Handicap Inventory (DHI).

DHI categories

Total population Mild (0–30 points) Moderate (31–60 points) Severe (61–100 points)

Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)

DHI 49 (45.3; 52.4) 24 (20.7; 27.8) 47 (44.5; 48.9) 72 (68.6; 75.6)

Physical tests (Group 1)

Preferred gait velocity (m/s) 1.18 (1.10; 1.18) 1.22 (1.12; 1.32) 1.20 (1.15; 1.24) 1.11 (1.01; 1.20)

Fast gait velocity (m/s) 1.79 (1.74; 1.84) 1.80 (1.69; 1.91) 1.85 (1.78; 1.91) 1.66 (1.55; 1.77)

Grip strength (kg)* 25.4 (24.2; 27.0) 24.9 (22.2; 27.3) 26.2 (24.0; 28.4) 24.3 (21.7; 29.3)

GPE movement 3.80 (3.47; 4.13) 3.40 (2.65; 4.15) 3.78 (3.33; 4.23) 4.13 (3.44; 4.93)

NRS_dizziness* 6.0 (5.0; 7.0) 5.5 (3.0; 7.0) 6.0 (5.0; 7.0) 7.0 (6.0; 8.0)

Psychological measures (Group 2)

MI-A* 1.41 (1.30; 1.70) 1.11 (1.04; 1.26) 1.39 (1.26; 1.76) 2.30 (1.70; 3.00)

BSQ* 1.70 (1.50; 1.82) 1.35 (1.12; 1.71) 1.59 (1.47; 1.82) 2.06 (1.76; 2.24)

ACQ* 1.30 (1.26; 1.42) 1.16 (1.11; 1.26) 1.37 (1.26; 1.42) 1.66 (1.32; 2.06)

HADS* 11.0 (9.0; 12.0) 5.0 (1.0; 7.0) 10.5 (9.0; 13.0) 15.5 (13.0; 22.0)

Fatigue, dizziness severity, QoL (Group3)

CFQ* 18.0 (16.0; 20.0) 13.0 (11.0; 17.0) 18.5 (16.0; 21.0) 24.0 (18.0; 27.0)

VSS-SF 20.58 (18.66; 22.49) 12.53 (7.14–18.43) 20.22 (18.47; 22.76) 27.04 (23.39; 31.25)

EQ-VAS (%) 56.73 (53.52; 60.79) 73.22 (67.38–85.91) 59.05 (54.36; 62.76) 42.82 (36.69; 48.11)

*Indicates median score. DHI, Dizziness Handicap Inventory; CI, confidence interval; m/s, meters per second; kgs, kilograms; GPE, Global Physiotherapy Examination; NRS_dizziness,

head movement-induced dizziness; MI-A, Mobility Inventory of Agoraphobia-Alone; BSQ, Body Sensation Questionnaire; ACQ, Agoraphobic Cognitions Questionnaire; HADS, Hospital

Anxiety and Depression Scale; QoL, quality of life; CFQ, Chalders Fatigue Questionnaire; VSS-SF, Vertigo Symptom Scale-Short Form.

higher score indicates greater symptom severity. The Norwegian
version of VSS-SF has shown good reliability and construct
validity (50). To evaluate the quality of life (QoL), the
participants completed the EQ-VAS section of the EQ5D-

5L (a generic quality of life measure) (51, 52). This section
contains a visual analog scale scoring from 0 to 100, where
higher scores indicate better health-related QoL. The EQ-

VAS has shown good reliability in patients with rheumatoid
arthritis (53).

Statistical Methods
Continuous data were checked for normality using Shapiro–Wilk
tests and QQ plots. Demographic data (age, sex, duration of
dizziness, educational level, and work situation) were collected
and presented for the total population, as well as for the three
dizziness-related handicap levels (described above). Depending
on the nature of the measure, the data were presented using
means, medians, or proportions and their respective 95% CI
around the point estimate. Due to the number of measures
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TABLE 3 | Associations between total DHI score and measures in the physical (Models 1 & 4), psychological (Models 2 & 5), and “other” domains (Models 3 & 6) in

participants with persistent dizziness.

Models Models with covarites (Age, sex)

β 95% CI p Adjusted R2
β 95% CI P Adjusted R2

Physical tests Model 1 0.15 Model 4 0.13

Preferred gait velocity (m/s)

Fast gait velocity (m/s) −12.69 −25.09; −0.29 0.045 −16.55 −29.95; −3.15 0.016

Grip strength (kg)

GPE movement

NRS_dizziness 2.14 0.88; 3.40 0.001 2.04 0.79; 3.29 0.002

Psychological questionnaires Model 2 0.44 Model 5 0.43

MI-A 8.21 3.83; 12.59 <0.001 8.47 4.07:12.87 <0.001

HADS 1.05 0.60; 1.50 <0.001 1.04 0.58; 1.50 <0.001

BSQ

ACQ

Other questionnaires Model 3 0.44 Model 6 0.41

CFQ

VSS-SF 0.66 0.37; 0.95 <0.001 0.65 0.34; 0.96 <0.001

EQ-VAS −0.40 −0.55; −0.25 <0.001 −0.42 −0.57; −0.26 <0.001

Shaded outcomes removed from models due to p-values above 0.100. β, beta coefficient; CI, confidence interval; p, p-value; GPE, Global Physiotherapy Examination; NRS_dizziness,

head movement-induced dizziness; MI-A, Mobility Inventory of Agoraphobia-Alone; HADS, Hospital Anxiety and Depression Scale; BSQ, Body Sensation Questionnaire; ACQ,

Agoraphobic Cognitions Questionnaire; CFQ, Chalders Fatigue Questionnaire; VSS-SF, Vertigo Symptom Scale-Short Form; EQ-VAS, self-rated quality of life.

TABLE 4 | Association between the significant outcomes from models 4–6 and the total Dizziness Handicap Inventory (DHI) score, in participants with persistent dizziness.

Model 7 Model 8 (with covariates age, sex)

β 95% CI p Adjusted R2
β 95% CI p Adjusted R2

0.58 0.56

Fast gait velocity (m/s) −7.59 −16.92; 1.74 0.110 −6 to 69 −17.21; 3.83 0.209

NRS_dizziness 0.35 −0.63; 1.33 0.483 0.33 −0.67; 1.32 0.518

MI-A 6.34 2.21; 10.46 0.003 6.71 2.45; 10.98 0.002

HADS 0.58 0.13; 1.03 0.012 0.60 0.14; 1.06 0.011

VSS-SF 0.50 0.23; 0.77 <0.001 0.51 0.22; 0.79 <0.001

EQ-VAS −0.21 −0.36; −0.06 0.008 −0.20 −0.36; −0.04 0.015

Shaded outcomes; p-values above 0.100. β, beta coefficient; CI, confidence interval; p, p-value; NRS_dz, head movement-induced dizziness; MI-A, Mobility Inventory of Agoraphobia-

Alone; HADS, Hospital Anxiety and Depression Scale; VSS-SF, Vertigo Symptom Scale-Short Form.

investigated, they were split into three groups for all the analyses.
Group 1 included measures collected during testing, termed
“Physical tests,” Group 2 was termed psychological measures
and included measures related to anxiety, avoidance behavior,
and psychological distress, whereas Group 3 comprised comprise
other relevant self-reported measures (fatigue, dizziness severity,
and QoL) which were also believed to have an impact on
DHI scores. The measures were presented according to three
groups of outcomes in relation to the severity level of the DHI.
Possible differences between the DHI severity levels in each of
the measures were investigated by comparing means/ medians in
relation to CI in the different measures.

All the assumptions for linear regressions were met. Backward
multiple linear regression analyses were used to test for

associations between DHI total score and the measures within
each group. Tests for assumptions were conducted to investigate
for multicollinearity and normality of residuals. The regression
analyses for each group were calculated as one model, including
all the measures in each group, which resulted in three separate
backward regression models. Regression analyses were afterward
adjusted for age and sex. A positive beta coefficient implied
a positive association with the DHI, whereas a negative beta
coefficient indicated a negative association. The significant
measures in each of the unadjusted models were presented in
scatterplots in relation to DHI total score (Figure 1). Finally,
a regression model including only the measures with p-values
below 0.10 from each of the three models was conducted, with
similar adjustments as conducted for the separate blocks.
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FIGURE 1 | Scatterplots of the outcomes significantly associated with the total Dizziness Handicap Inventory (DHI) score, in particicpants with persistent dizziness.

Each plot presents the strength of the linear relationship, with DHI scores along x-axis and the different outcome measures on the y-axis. The dotted line represents

the unadjusted regression coefficient for each outcome.
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The statistical program IBM SPSS Statistics 26 was used for
analysis, and p-values <0.05 were considered significant.

RESULTS

A total of 107 participants were included, with a mean age of
49 years (20–70 years), most of the participants were women
(76%), and 50% of the participants reported a dizziness duration
of at least 2 years (Table 1). The mean DHI score was 49 points
(Table 2). Based on the DHI scores, 18% of the participants
were classified as having mild dizziness-related handicap, 56%
had moderate dizziness-related handicap, and 26% had severe
dizziness-related handicap. Participants in the mild category
tended to be older (mean age= 54 years) with a higher percentage
of women (84%). A similar proportion of participants in the
mild and moderate categories experienced dizziness for more
than 24 months (53%), but almost two times as many in the
moderate category (41%) were currently on sick leave compared
with those in the mild category (21%), slightly over a third of
the participants in the severe category presented with dizziness
for more than 24 months; and 61% of these reported being on
sick leave.

Participants presented with poorer scores in all groups of
measures with increasing severity levels of DHI (Table 2). In
Group 1, there was a tendency of higher preferred and fast gait
velocities for those in the mild and moderate DHI categories
compared with the severe category, and the participants in the
mild DHI severity level demonstrated a trend toward lower
NRS_dizziness scores compared with the severe group. The
Group 2 measures all presented with low scores in the mild
DHI severity level, which increased with DHI severity levels.
The measures in Group 3 showed a similar trend of worsening
symptoms with increasing severity levels of the DHI (increasing
scores in CFQ and VSS-SF, decreasing scores on the EQ-
VAS).

A total of three separate backward stepping multivariable
models, with additional analyses including age and sex, were
fitted to determine which measures within each group were
associated with DHI (Table 3). After adjusting for age and sex,
we found a significantly negative association between fast gait
velocity and the DHI, and a significantly positive association
between head movement-induced dizziness and the DHI (Model
4). For the measures in Group 2, the adjusted model showed
significantly positive associations between both the MI-A and
HADS scores and the DHI (Model 5). In Group 3, there was a
significantly positive association between the VSS-SF scores and
the DHI, and a significantly negative association between the
EQ-VAS and the DHI after including age and sex in the model
(Model 6). Model 4 could explain 13% of the variance in the
DHI scores, whereas Models 5 and 6 explained 43 and 41% of
the variance.

The independent variables associated with changes in DHI
scores are presented as scatterplots (Figure 1). The plots
showed a small negative association between DHI and fast
gait, whereas NRS_dizziness presented with a larger variety
of scores, with a small positive association. The MI-A,
HADS, and VSS-SF all had a clear positive association,

whereas the EQ5D-Vas illustrated a negative association with
the DHI.

The independent variables in the final model (Model 7) could
explain 58% of the variance (Table 4). After adjusting for age and
sex, the MI-A, HADS, VSS-SF, and EQ-VAS (Model 8) remained
significantly associated, and together, they explained 56% of the
variance in the DHI scores.

DISCUSSION

There was a clear trend toward worse scores for the different
outcomes in each of the DHI levels. In Group 1, gait
velocity and head movement-induced dizziness (NRS_dizziness)
became poorer with increasing severity level of the DHI.
This also applied to avoidance behavior (MI-A), fear of
bodily sensations (BSQ), fear itself (ACQ), and psychological
distress (HADS) in Group 2, and fatigue (CFQ), dizziness
severity (VSS-SF), and health-related QoL (EQ-VAS) in Group
3. In the adjusted multiple regression analyses, significant
associations were found between increasing DHI severity and
two measures within each of the three groups; fast gait
velocity and NRS_dizziness in Group 1, MI-A and HADS
in Group 2, and VSS-SF and EQ-VAS in Group 3. In
the final adjusted combined model, only the MI-A, HADS,
VSS-SF, and EQ-VAS remained significantly associated with
increasing DHI severity, explaining 56% of the variance in the
DHI score.

The participants scoring in the severe DHI category walked
slower than the individuals in both the mild and moderate
categories, at both preferred and fast velocities. The current
results are in conflict with a previous study that demonstrated
no significant difference in gait velocity between severity levels
of DHI (32). The participants in this study were generally
younger than those in the study by Whitney et al. (32) which
could be one explanation for the different findings. However,
different analysis methods and description of pace hamper direct
comparisons. In this study, the adjusted regression analyses
found that fast, but not preferred, gait velocity was significantly
associated with DHI. This is in contrast to a previous study
(28) and possibly due to the differences in versions of the DHI
and statistical methods used. Since both studies suggest gait to
influence DHI scores, results are considered not to be conflicting.
The adjusted model also found significant associations between
DHI and NRS_dizziness, but the lack of previous studies using
this measure hampers comparison. Overall, less than half of the
physical tests were significantly associated with the DHI, and the
model explained only 13% of the DHI variance. These results
indicate that the selected physical tests were unable to capture
the current population’s perception of dizziness-related handicap
as measured by the DHI.

There was a trend for worse scores with increasing severity
level of the DHI in the psychological measures. However, since
ACQ and BSQ scores were within normal range (equal to a
community sample) (54) across all DHI severity levels, the
symptoms of panic and anxiety were of limited importance in
this study population. Also, the MI-A (avoidance) and HADS
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(psychological distress) scores increased with each DHI level,
in line with the previous studies on populations with dizziness
(30, 55, 56). Although only participants in the severe DHI
level presented with abnormal scores for MI-A and HADS,
[MI-A 2.30 points (cutoff value; 1.65 points (54), HADS 15.5
(cutoff value; 12 points (57)], the regression model including
the psychological outcomes (Group 2) explained a relatively
large part of the DHI variance (43%), with half of the selected
measures being significantly associated with the DHI. This
indicates that psychological outcomesmay play an important role
when dizziness-related handicap increase. This is in line with
previous studies that have documented avoidance behavior in
these patients (5, 30, 55), and that avoidance correlates with DHI
scores (30). The same applies to HADS and association with DHI
scores (56, 58) and was not surprising given the reported link
between vestibular diseases and psychological complaints (18).

The outcomes in Group 3 (fatigue, dizziness severity, and
QoL) also presented with worse scores with increasing DHI
severity levels. It was surprising that the participants in the severe
DHI level had CFQ scores similar to patients with chronic fatigue
syndrome (mean; 24 points) (59), and that all three current
levels of the DHI presented with severe dizziness according to
VSS-SF (from 12.53 to 27.0, mean 20.58; cutoff 12 points) (60).
The adjusted regression model showed significant associations
between DHI and VSS-SF, in addition to EQ-VAS, in line with
previous studies (29, 30, 38), whereas CFQ was not associated
with DHI scores. This was somewhat surprising and may be
explained by the fact that none of the items in DHI directly
address questions related to fatigue.

The final adjusted model including significant measures from
the previous models indicated that the self-reported outcomes
covering avoidance (MI-A), anxiety, and depression (HADS)
in addition to dizziness severity (VSS-SF) and QoL (EQ-
VAS) and had a strong relationship with the DHI, whereas
the physical tests did not. The model explained 56% of the
variance in the DHI scores which was considered to be rather
high, and in line with another study (30) who found that a
model of different psychological outcomes could explain 62.7%
of the variance in the DHI scores. Another study evaluating
the relationship between demographic characteristics, mental
health and dizziness-related characteristics also found significant
associations between DHI and several outcomes which explained
63% of the variance (29). As far as we are aware of, this
study is the only study to use multivariate regression analyses
including both physical tests and self-reported outcomes in a
stepwise backward model that at each step gradually eliminates
variables from the regression model to find a reduced model
that best explains the data. This represents a rather novel
approach. As none of the physical tests were significant in
the final model, it could indicate that the DHI is unable to
capture problems associated with everyday physical activities
using gait as an example. Diverging results are reported by
others concerning such associations (27, 28, 32, 61). Studies using
different static balance and functional tests have found moderate
to strong correlations with the DHI, like for instance, single-
leg stance and Dynamic Gait Index (27, 32, 61), whereas other
outcomes such as Romberg test and single-leg stand test had

weak or no correlation (27, 32).Whether other physical measures
would have rendered the significant associations to remain in
this study is, however, unclear. From our point of view, the
DHI seems to be useful in collecting self-reported information
concerning psychological problems, dizziness severity, and QoL.
However, as people with dizziness often present with a variety
of complaints, it is necessary to use a combination of tests
and measures in the assessment of individual patients with
persistent dizziness.

The study has several limitations. As data were collected
in relation to an ongoing RCT, power calculations were not
performed for this study. The study has a cross-sectional
design, and data from this study do not allow for inferring
conclusions regarding direction and causality. Even though there
are risks of confounders that may influence the association
in cross-sectional studies, this was not likely, since this study
tested for assumptions for regression analyses, and no sign of
multicollinearity was found.

A weakness of this study could conceivably be that diagnoses
are not included as a confounder in the association analysis.
However, we recruited persons with prolonged dizziness (average
24 months) without paying attention to diagnoses as they have
shown to be of less importance for function when dizziness
persists (13). We rather aimed to explore what functional
challenges the participants had and if these problems influenced
scores on the DHI. Another possible limitation is the use of three
severity levels of the DHI (32), which is neither based on evidence
nor consensus. However, we opted to use the categorization due
to the clinical impression that scoring in the severe DHI level
could be an indication for directing special attention toward these
patients. Jacobson and Newman (24) also included subscales
(physical, functional, and emotional) of the DHI. However, the
validity of these subscales has been questioned (62) and the use
of the total DHI score has been recommended (31, 35, 36, 38,
63), and thus, only the relationship between the total DHI and
selected outcomes was examined in this study.

Strengths of the study include the inclusion of a relatively
large population with persistent dizziness. Data were collected
systematically following a published protocol (33) and trained
testers were used. It is further a strength that the current
age and sex distribution equal previous studies on populations
with vestibular populations (13, 29, 30), and patients attending
an oto-neurology clinic due to dizziness (30, 32), thereby
increasing generalizability.

CONCLUSION

The use of a regression analysis including groups of physical
tests and self-reported measures, to reveal the most important
factors to explain the variance in DHI scores, represents a
new approach in this field. The findings indicate that DHI
seems to cover self-reported aspects such as avoidance,
behavior, psychological distress, dizziness severity, and QoL.
However, the relationship between DHI and physical tests
was not established. From this study, it seems that DHI
should be complemented with physical tests to establish
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a more complete picture of the patients‘ complaints.
However, further studies are needed to establish which
physical test will be the most appropriate to use together
with DHI.
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Objectives: This study aimed to determine the underlying pathogenesis of Meniere’s

disease (MD) using transcriptome analysis.

Methods: Total RNA was extracted from the peripheral blood mononuclear cells of

39 patients with MD and 39 controls. Through microarray analysis for nine patients and

controls, the differentially expressed genes (DEGs) of those two groups were screened

based on cut-off criteria (|fold changes| > 2.0 and adjusted p-value < 0.05). The

functional enrichment analysis of DEGs was performed using Gene Ontology (GO).

Results: There were 996 DEGs identified in the MD group: 415 were upregulated

and 581 were downregulated. A functional enrichment analysis indicated that

the downregulated DEGs were significantly enriched in terms related to immune

system processes. Among them, 17 genes were enriched in terms for the major

histocompatibility complex (MHC) protein complex, and the relative messenger RNA

(mRNA) levels of three markedly downregulated DEGs [fold changes < −5: human

leukocyte antigen (HLA)-DMA, HLA-DRB1, and HLA-DPB1] were significantly decreased

in another 30 patients with MD compared with normal controls by quantitative reverse

transcription-polymerase chain reaction (qRT-PCR). However, there were no correlations

between the expression levels of these three genes and clinical data, such as age, onset

age, time course, or hearing threshold.

Conclusions: Our transcriptome analysis showed that the downregulated DEGs in

MD were mainly associated with the immune system pathways including the MHC

protein complex in MD. Remarkably, a breakdown in immunological tolerance mediated

by MHC class II may contribute to the MD development, which has implications for

targeted treatment.

Keywords: Meniere’s disease, transcriptome analysis, immune system,MHC protein, differentially expressed gene
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INTRODUCTION

Meniere’s disease (MD) is a chronic disease of the inner
ear characterized by episodic vertigo, fluctuating sensorineural
hearing loss (SNHL) at low-to-medium frequencies, tinnitus,
and aural fullness (1). Although endolymphatic hydrops (EH)
is considered the histopathological hallmark of MD, the exact
pathophysiology of MD is not yet fully understood. MD may
be a multifactorial disorder associated with various etiologies,
such as anatomical abnormalities, infections, and allergens.
Autoimmunity has also been suggested as a potential cause of
MD based on the increased prevalence of autoimmune diseases,
the increased levels of autoantibodies, and the association with
human leukocyte antigen (HLA) types in patients with MD (2–
11). Since familial MD has been identified in 8−10% of cases,
genetic factors might contribute to the MD development (2,
3, 12, 13). Next-generation sequencing and association studies
using genomic DNA have revealed that numerous genes related
to inner ear development, the immune-associated process,
and systemic hemostatic derangement are associated with a
susceptibility to MD (14–17). Polygenic multiallelic hypothesis
has recently been proposed to explain the variable phenotype
of MD (18). However, the genetic contribution to MD is
still unclear due to the lack of a main validated gene across
different populations.

Contrary to genome studies, transcriptome analysis using
mRNA can establish the global pattern of gene expression and
determine the biological functions of differentially expressed
genes (DEGs) between two or more conditions (19). Therefore,
transcriptome analysis has been widely used to identify the
molecular pathogenesis and therapeutic targets in various
malignancies and autoimmune diseases (20–22). However, only
two previous studies have applied transcriptome analysis to MD
(23, 24). One study using RNA sequencing found several DEGs
associated with innate immune cells and autoimmune diseases
in sporadic MD, suggesting that immune factors are involved
in MD pathogenesis via regulation of immune system activities
(23). Another study applied gene expression profiling for the
differential diagnosis of MD and vestibular migraine, which
revealed that the two disorders have different pro-inflammatory
signatures (24).

This study aimed to provide novel insights into
the pathogenesis and targeted treatment of MD using
transcriptome analysis.

MATERIALS AND METHODS

We recruited 39 patients with definite MD according to the
diagnostic criteria established by the Classification Committee
of the Barany Society (1). The patients included 21 men and 18
women with an age ranging from 46 to 81 years (mean ± SD =

64.7 ± 8.1 years). The experiment has been conducted through
the two-step process. Initially, the DEGs were screened using
microarray analysis between nine patients with MD and normal
controls. Then, the expression levels of selected DEGs were
validated using quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) from other 30 patients with MD.

RNA Extraction and Microarray Analysis
As described previously (23), total RNA was extracted from
peripheral blood mononuclear cells (PBMCs) of nine patients
with MD and nine controls without any vertigo or hearing loss
using the TRIzol Reagent. The purity and quantity of RNA
were measured using a spectrophotometer (NanoDrop ND-1000,
Thermo Fisher Scientific,Wilmington, DE, USA), and the quality
of RNA was further measured using a bioanalyzer (Agilent 2100,
Agilent Technologies).

Isolated total RNA was amplified, labeled, and hybridized
using the Affymetrix Human Clariom S Assay according to
the manufacturer’s protocol. In brief, the purified RNA sample
was transcribed to double-strand cDNA using the GeneChip
Whole Transcript (WT) amplification kit. That cDNA was then
fragmented and biotin-labeled with terminal deoxynucleotidyl
transferase (TdT) using the GeneChip WT terminal labeling
kit. Approximately 5.5 µg of the labeled cDNA was hybridized
onto the Affymetrix GeneChip Array at 45◦C for 16 h. After
washing, the arrays were stained on the GeneChip Fluidics
Station 450 and scanned using the GeneChip Scanner 3000. Raw
data were analyzed using the Affymetrix GeneChip Command
Console software.

Identification of DEGs and Functional
Enrichment Analysis
To verify reproducibility between samples, Pearson’s correlation
test and multidimensional scaling (MDS) were performed.
Raw data were summarized and normalized using the Robust
Multi-array Average module implemented in Affymetrix Power
Tools. The DEGs between MD and normal control samples
were screened based on fold-change filtering combined with
Student’s t-tests. The false discovery rate (FDR) was controlled by
the adjusted p-value using the Benjamini-Hochberg algorithm.
Genes were considered to be differentially expressed when they
conformed to the criteria of |fold changes| > 2 and adjusted
p-value < 0.05.

To explain functional annotation for DEGs, the Gene
Ontology (GO) enrichment analysis was performed using
g:Profiler (https://biit.cs.ut.ee/gprofiler/). GO is a bioinformatics
analysis that provides current scientific knowledge about the
functions of genes and gene products and covers three biological
terms: biological process (BP), cellular component (CC), and
molecular function (MF). An adjusted p-value (FDR) <0.05 was
used as the criterion for statistical significance.

Quantitative Reverse
Transcription-Polymerase Chain Reaction
(qRT-PCR)
The validation of selected DEGs was performed using qRT-PCR.
Total RNA was extracted from PBMCs of other 30 patients with
MD and healthy normal controls using the TRIzol Reagent (Life
Technologies). Approximately 1 µg of total mRNA was reverse-
transcribed into cDNA using M-MLV (Promega) according to
the manufacturer’s instructions. Gene expression was examined
using qRT-PCR with the SYBR green PCR master mix and
Rotor-Gene Q (both QIAGEN). The PCR conditions were as
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TABLE 1 | Demographic and clinical characteristics of patients with the Meniere’s disease (MD).

Total Microarray group qRT-PCR group p-value

(n = 39) (n = 9) (n = 30)

Age, years, mean (SD) 65.0 (7.9) 67.1 (7.2) 64.7 (8.1) 0.379

Gender, female, n (%) 18 (46.2) 4 (44.4) 14 (46.7) 1.000

Age at onset, years, mean (SD) 57.5 (8.1) 59.0 (6.3) 57.3 (8.2) 0.436

Time course, years, mean (SD) 7.5 (4.3) 8.1 (5.4) 7.4 (4.1) 0.711

Family history, n (%) 3 (7.7) 1 (11.1) 2 (6.7) 0.556

Hearing loss at diagnosis, dB, mean (SD) 49.0 (18.1) 49.0 (21.9) 48.6 (17.7) 0.857

Delayed Meniere’s disease, n (%) 5 (12.8) 1 (11.1) 4 (13.3) 1.000

Headache, n (%) 11 (28.2) 4 (44.4) 7 (23.3) 0.238

Migraine, n (%) 1 (2.6) 0 (0) 1 (3.3) 1.000

Autoimmune disease, n (%) 4 (10.3) 1 (11.1) 3 (10.0) 1.000

Hearing stage, n (%)

1 5 (12.8) 2 (22.2) 3 (10.0) 0.572

2 9 (23.1) 1 (11.1) 8 (26.7) 0.654

3 20 (51.3) 4 (44.4) 16 (53.3) 0.716

4 5 (12.8) 2 (22.2) 3 (10.0) 0.572

Steroid treatment 9 (23.1) 3 (33.3) 6 (20.0) 0.406

follows: initial denaturation at 95◦C for 5min, followed by 40
cycles of denaturation at 95◦C for 15 s, amplification at 60◦C for
30 s, and extension at 72◦C for 30 s. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the reference for PCR
normalization, and all PCRs were performed in triplicate. The
relative expression levels of genes were calculated using the
2−11Ct method.

Statistical Analysis
Statistical analyses were conducted using SPSS software (version
22, SPSS, Chicago, IL, USA) for the clinical data and relative
gene expression levels. Between microarray analysis (n = 9) and
qRT-PCR (n = 30) groups, continuous (age, age at onset, time
course, and hearing threshold) and categorical (gender, family
history, delayed MD, headache, migraine, autoimmune disease,
hearing stage, and steroid treatment) variables were compared
using the Mann–Whitney test or Fisher’s exact test. The relative
gene expression levels obtained from qRT-PCR between MD
and normal control samples were compared using Student’s t-
test, and the correlation between the clinical data and relative
gene expression levels were analyzed using Pearson’s correlation
coefficient. The significance criterion was set at p < 0.05.

RESULTS

Demographic and Clinical Characteristics
Detailed demographic and clinical characteristics of the patients
are described in Table 1. The mean age at onset and time course
was 57.5 ± 8.1 and 7.5 ± 4.3 years, respectively. It was found
that three patients (7.7%) had a family history of episodic vertigo
or SNHL. In total, 11 patients (28.2%) experienced a headache
during attacks, but only one patient had migraine-type headache.
In addition, four patients (10.3%) had a history of autoimmune
diseases, such as rheumatoid arthritis (n = 2), inflammatory
bowel disease (n = 1), and autoimmune hypothyroidism (n

= 1). Nine patients (23.1%) had taken oral prednisolone or
intratympanic dexamethasone injection to relieve vertigo attacks,
all of whom showed a good response. There were no significant
differences in demographic and clinical characteristics between
the microarray analysis group (n= 9) and the qRT-PCR group (n
= 30).

DEG Identification by Microarray Analysis
The reproducibility tests using Pearson’s correlation test
and MDS showed that there were positive correlations
among the samples in the MD and control groups, and
there was a great difference in gene expression patterns
between the two groups (Figures 1A,B). These results
indicate that the homogeneity of samples in the MD
group and the heterogeneity of samples between the
two groups.

The DEGs between the MD and control groups are
depicted on the volcano plot in Figure 1C. Hierarchical cluster
analysis of the upregulated and downregulated DEGs revealed
distinctive expression patterns between them (Figure 1D). Based
on the cut-off criteria (|fold changes| > 2 and adjusted p-
value < 0.05), a total of 996 DEGs were detected between
the MD and control samples, comprising 415 upregulated
DEGs and 581 downregulated DEGs in the MD group
(Supplementary Table 1). However, the number of DEGs with
|fold changes| > 3 was considerably larger in the down-regulated
DEGs than in the up-regulated DEGs (169 vs. 36). Furthermore,
there were 41 genes with a distinct expression level (|fold changes|
> 5) among the downregulated DEGs but only four among the
upregulated DEGs.

Functional Enrichment Analysis of DEGs
The GO enrichment analysis was performed on all DEGs
to identify their underlying functions. The upregulated
DEGs were mostly enriched in BP terms for cellular
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FIGURE 1 | (A) Pearson’s correlation analysis of samples. The color reflects the intensity of the correlation. The closer the correlation coefficient is to 1, the more it

represents the blue color. There are strong correlations among the samples in the Meniere’s disease (MD) and control groups. (B) Multidimensional scaling of samples.

There is a great difference in gene expression patterns between the MD (blue color) and control (red color) groups. (C) The volcano plot of differentially expressed

genes (DEGs). Based on the cut-off criteria (|fold changes| > 2.0 and adjusted p-value < 0.05), 996 DEGs are identified between the MD and control samples,

comprising 415 upregulated (yellow dots) and 581 downregulated (blue dots) in the MD group. (D) The results of a hierarchical clustering analysis of upregulated and

downregulated DEGs between the MD and control groups. Each group includes nine individuals and each column represents one individual’s sample. The yellow and

blue colors indicate high and low relative expression levels, respectively.

localization and cellular metabolic processes, in CC terms
for intracellular anatomical structure, and in MF terms for
binding (Supplementary Figure 1). In contrast, most of
the downregulated enrichments were related to BP terms

for immune system processes, such as leukocyte activation,
lymphocyte activation, and cellular response to cytokine

stimulus (Figure 2A). For CC and MF, the downregulated DEGs

were also enriched in terms related to the immune system
processes, such as the major histocompatibility complex (MHC)

class II protein complex, beta-catenin-TCF complex, MHC
protein complex binding, and MHC class I protein binding
(Figures 2B,C).

Validation of Downregulated DEGs by
qRT-PCR
The GO enrichment analysis indicated that most upregulated
DEGs were enriched in non-specific terms, whereas the
downregulated DEGs were mostly enriched in terms for immune
system processes. Among them, specific terms associated with
the MHC protein complex were deemed to be of particular
interest (Table 2) since different HLA gene alleles have been
reported among patients with MD (6–11). In total, 17 genes were
enriched in terms for MHC protein complex (Table 3), and the
three markedly downregulated DEGs (fold changes < −5: HLA-
DMA,HLA-DRB1, andHLA-DPB1) were analyzed to verify their
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FIGURE 2 | Results of a Gene Ontology (GO) enrichment analysis of downregulated differentially expressed genes (DEGs) in the MD group. The top enriched GO

terms for the biological process (BP) (A), cellular component (CC) (B), and molecular function (MF) (C) are shown. The x-axis represents the number of genes enriched

in each GO term. The y-axis represents GO terms with adjusted p-values of <0.05 (*), <0.01 (**), and <0.001 (***).

TABLE 2 | Gene Ontology (GO) terms associated with the major histocompatibility complex (MHC) protein complex in downregulated differentially expressed genes

(DEGs).

GO term Specific term p-value Down-regulated DEGs

BP GO:0002396-MHC protein complex assembly 3.4186e-05 HLA-DMA, HLA-DRB1, HLA-DMB, TAPBPL, TAPBP

GO:0002501-peptide antigen assembly with MHC protein

complex

0.00042583 HLA-DMA, HLA-DRB1, HLA-DMB, TAPBPL

GO:0002399-MHC class II protein complex assembly 0.00277812 HLA-DMA, HLA-DRB1, HLA-DMB

GO:0002503-peptide antigen assembly with MHC class II protein

complex

0.00277812 HLA-DMA, HLA-DRB1, HLA-DMB

GO:0019886-antigen processing and presentation of exogenous

peptide antigen via MHC class II

0.00838024 HLA-DMA, HLA-DRB1, HLA-DPB1, HLA-DMB, HLA-DOA,

HLA-DPA1, FCER1G, CTSD, HLA-DQB1, DCTN3

GO:0002495-antigen processing and presentation of peptide

antigen via MHC class II

0.01050122 HLA-DMA, HLA-DRB1, HLA-DPB1, HLA-DMB, HLA-DOA,

HLA-DPA1, FCER1G, CTSD, HLA-DQB1, DCTN3

GO:0002504-antigen processing and presentation of peptide or

polysaccharide antigen via MHC class II

0.0127228 HLA-DMA, HLA-DRB1, HLA-DPB1, HLA-DMB, HLA-DOA,

HLA-DPA1, FCER1G, CTSD, HLA-DQB1, DCTN3

GO-2001190-positive regulation of T cell activation via T cell

receptor contact with antigen bound to MHC molecule on antigen

presenting cell

0.03779741 LGALS9, HLA-DMB

GO-0002397-MHC class I protein complex assembly 0.03779741 TAPBP, TAPBL

CC GO:0042613-MHC class II protein complex 1.0895e-05 HLA-DMA, HLA-DRB1, HLA-DPB1, HLA-DMB, HLA-DOA,

HLA-DPA1, HLA-DQB1

GO:0042611-MHC protein complex 0.00012583 HLA-DMA, HLA-DRB1, HLA-DPB1, HLA-DMB, HLA-DOA,

HLA-DPA1, HLA-DQB1

MF GO:0023023-MHC protein complex binding 0.01041392 HLA-DMA, HLA-DRB1, HLA-DOA, LILRB2, HLA-DMB,

TAPBPL

GO:0042288-MHC class I protein binding 0.02513155 TAPBP, LILRB2, TUBB, PILRA, PILRB

BP, biological process; CC, cellular component; DEG, differentially expressed gene; GO, gene ontology; MF, molecular function; MHC, major histocompatibility complex.

expression levels using qRT-PCR. The primer sequences used in
the PCR analysis are listed in Supplementary Table 2. As shown
in Figure 3, the relative mRNA expression levels of HLA-DMA,
HLA-DRB1, and HLA-DPB1 were significantly decreased in 30
patients with MD compared with normal controls, which was
consistent with the microarray data. However, there were no
correlations between the expression levels of the three genes and
clinical data, such as age, onset age, time course, or hearing
threshold (Table 4).

DISCUSSION

Our transcriptome analysis revealed about 1,000 genes that

were expressed differentially between the MD and control
samples, comprising 415 upregulated and 581 downregulated
genes in the MD group. However, the number of genes with
markedly different expression levels was considerably larger in

the downregulated than in the upregulated DEGs, the former
being mostly enriched in terms of immune system processes,
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such as MHC class II according to the bioinformatics analysis.
Furthermore, qRT-PCR indicated that the expression levels of
the three genes associated with MHC class II (HLA-DMA,
HLA-DRB1, and HLA-DPB1) were significantly decreased in the
validation cohort. These findings highlight a role of MHC class II
in the immune system for MD pathogenesis.

In humans, the MHC class II protein complex is encoded
by the HLA gene complex, such as HLA-DP, -DQ, -DR, -DM,

TABLE 3 | Downregulated DEGs associated with the MHC protein complex.

Gene Transcript ID Fold change Adjusted p-value

HLA-DMA NM_006120 −7.819839 1.22843e-05

HLA-DRB1 NM_001243965 −6.434097 0.000362027

HLA-DPB1 NM_002121 −5.561917 0.000559052

LGALS9 NM_002308 −4.679215 0.00825859

TAPBPL NM_018009 −3.642073 0.00018587

CTSD NM_001909 −3.184350 0.00150167

FCER1G NM_004106 −3.173098 0.00031412

HLA-DQB1 NM_001243961 −2.684463 0.01759631

LILRB2 NM_001080978 −2.619737 0.00048716

HLA-DMB ENST00000414017 −2.599851 0.00010508

HLA-DPA1 NM_001242525 −2.528845 0.02204052

TAPBP NM_003190 −2.486889 0.00909216

PILRA NM_013439 −2.150609 0.00871555

DCTN3 NM_001281425 −2.119261 0.00042982

HLA-DOA NM_002119 −2.106123 0.00434074

PILRB NM_178238 −2.059781 0.00976276

TUBB NM_001293214 −2.030527 0.00942943

DEG, differentially expressed gene; MHC, major histocompatibility complex.

and -DO (25). The MHC class II molecules are usually found
on antigen-presenting cells, such as dendritic cells, macrophages,
and B cells, and they play an important role in the immune system
by presenting foreign antigens to CD4+ T cells. This process is
not only significant for the immune responses protecting against
invading pathogens but also for self-tolerance maintenance
(26). Indeed, specific allele polymorphisms of HLA genes have
been found to be associated with susceptibility or resistance
to various autoimmune diseases, such as rheumatoid arthritis,
autoimmune hepatitis, and type 1 diabetes mellitus (27–29).
Autoimmunity seems to be involved in the pathogenesis of
some inner ear diseases, such as rapidly progressive bilateral
SNHL and autoimmune inner ear disease. Similarly, it was
speculated that MD might be associated with autoimmunity or
immune-mediated process based on the increased prevalence
of autoimmune diseases, the increased levels of autoantibodies,
and the positive response to steroid therapy in MD (2–5).
Among the included patients in the present study, some also had
concurrent autoimmune diseases and showed a good response to
steroid therapy.

Previous studies have investigated the association between
HLA and MD and found that several HLA alleles, such as
DRB1∗1602, DRB1∗0405, and DRB1∗1101 were significantly
increased or decreased in patients with MD (6–11). However,
the results varied with the racial background, and the
association was usually observed in specific groups of MD,
such as DRB1∗0405 in the anti-type II collagen antibody
positive group and DRB1∗1101 in bilateral MD (10, 11).
Nevertheless, the association between HLA alleles and MD
indicates that immunological alterations are involved with the
MD pathogenesis. In the present study, many genes encoding
MHC class II protein complex were downregulated in the
MD group, which suggests that MHC class II offers resistance

FIGURE 3 | The expression levels of the top three downregulated differentially expressed genes (DEGs) associated with the MHC protein complex using quantitative

reverse transcription-polymerase chain reaction (qRT-PCR). Compared with normal controls, the mRNA expression levels of human leukocyte antigen (HLA)-DMA,

HLA-DRB1, and HLA-DPB1 are significantly decreased in 30 validation cohort with the MD (p < 0.001, p < 0.001, and p = 0.026, respectively).
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TABLE 4 | The correlation analysis between gene expression levels and clinical characteristics.

HLA-DMA HLA-DRB1 HLA-DPB1

Age r = −0.007, p = 0.972 r = 0.025, p = 1.000 r = 0.145, p = 0.454

Onset age r = −0.147, p = 0.446 r = −0.012, p = 0.951 r = 0.020, p = 0.920

Time course r = 0.313, p = 0.099 r = 0.247, p = 0.196 r = 0.211. p = 0.272

PTA threshold r = 0.202, p = 0.293 r = 0.242, p = 0.205 r = 0.156, p = 0.419

PTA, pure tone audiometry.

to MD development. It is still unclear whether this finding
is directly related to MD pathogenesis or merely reflects an
epiphenomenon caused by recurrent MD attacks. However, there
was no obvious relationship between the expression levels of
three major HLA genes and clinical data, such as age, onset
age, time course, or hearing threshold, suggesting that the
decreased expression levels of HLA genes were not caused by
recurrent MD attacks. Perhaps, the downregulation of MHC
class II protein complex would result in a breakdown in
immunological tolerance to the underlying pathogens or self-
antigens of MD. Several possible mechanisms could contribute
to the downregulation of MHC class II protein complex,
such as haplotype-specific variation, epigenetic mechanism,
or environmental factors (26). Further studies are needed to
investigate the role of the MHC class II protein complex in
MD development.

The present study was subject to some potential limitations.
First, we obtained gene expression profiling from the total
RNA of peripheral PBMCs. This approach may not determine
whether immunological alterations in peripheral blood levels
greatly influence the initiation of specific immune responses in
the inner ear. Thus, transcriptome analysis using endolymph
in the inner ear could be a better method for identifying
the underlying pathogenesis of MD. Second, we have verified
expression levels of only three down-regulated DEGs by
qRT-PCR. It is possible that there are discrepancies in the
expression levels between microarray analysis and qRT-PCR.

Thus, the expression levels of more DEGs should be validated
using qRT-PCR for a large number of patients. However,
the results of qRT-PCR for three DEGs were consistent with

those of microarray analysis, and the reproducibility tests
showed the homogeneity of samples in each (MD and control)
group and the heterogeneity of samples between the two
groups, suggesting that the intra-group data repeatability might

be acceptable.
In conclusion, our transcriptome analysis identified the

downregulated DEGs associated with the immune system
pathway in MD. The findings of our bioinformatics analysis
indicate that these DEGs are likely to contribute to MD
development through a breakdown in immunological tolerance
mediated by the MHC class II protein complex. The findings

of the present study have meaningful implications for further
biological investigations and targeted treatment for MD.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The name of the repository and accession number
can be found below: National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO), https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202657.

ETHICS STATEMENT

All experiments followed the tenets of the Declaration of
Helsinki, and informed consents were obtained after the nature
and possible consequences of this study had been explained to
the participants. This study was approved by the institutional
review boards of Pusan National University Yangsan Hospital
(04-2020-029).

AUTHOR CONTRIBUTIONS

K-DC conducted the experiments and interpretation of the data,
and wrote the manuscript. EO, HK, J-YP, and SC contributed
to the interpretation and analysis of data. H-SK performed the
experiment. J-HC conducted the design and conceptualization
of the study, interpretation of the data, and revised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This research was supported by the Basic Science Research
Program through the National Research Foundation of Korea
funded by the Ministry of Education (NRF-2020R1I1A3071617).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.938740/full#supplementary-material

REFERENCES

1. Lopez-Escamez JA, Carey J, Chung WH, Goebel JA, Magnusson M, Mandalà

M, et al. Diagnostic criteria for Meniere’s disease. J Vestib Res. (2015) 25:1–

7. doi: 10.3233/VES-150549

2. Frejo L, Martín-Sanz E, Teggi R, Trinidad G, Soto-Varela A,

Santos-Perez S, et al. Extended phenotype and clinical subgroups

in unilateral Meniere disease: a cross-sectional study with cluster

analysis. Clin Otolaryngol. (2017) 42:1172–80. doi: 10.1111/coa.

12844

Frontiers in Neurology | www.frontiersin.org 7 July 2022 | Volume 13 | Article 938740205

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202657
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE202657
https://www.frontiersin.org/articles/10.3389/fneur.2022.938740/full#supplementary-material
https://doi.org/10.3233/VES-150549
https://doi.org/10.1111/coa.12844
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Choi et al. MHC Down-Regulation in Meniere’s Disease

3. Frejo L, Soto-Varela A, Santos S, Aran I, Batuecas-Caletrio A, Perez-Guillen

V, et al. Clinical subgroups in bilateral Meniere disease. Front Neurol. (2016)

7:182. doi: 10.3389/fneur.2016.00182

4. Kim SH, Kim JY, Lee HJ Gi M, Kim BG, Choi JY. Autoimmunity as

a candidate for the etiopathogenesis of Meniere’s disease: detection of

autoimmune reactions and diagnostic biomarker candidate. PLoS ONE.

(2014) 9:e111039. doi: 10.1371/journal.pone.0111039

5. Gazquez I, Soto-Varela A, Aran I, Santos S, Batuecas A, Trinidad G, et al. High

prevalence of systemic autoimmune diseases in patients withMenere’s disease.

PLoS ONE. (2011) 6:e26759. doi: 10.1371/journal.pone.0026759

6. Xenellis J, Morrison AW, McClowskey D, Festenstein H, HLA. antigens

in the pathogenesis of Meniere’s disease. J Laryngol Otol. (1986) 100:21–

4. doi: 10.1017/S0022215100098698

7. Bumm P, Muller EC, Grimm-Muller U, Schlimok G. T-lymphocyte

subpopulation andHLA-DR antigens in hearing loss of vestibular neuropathy,

Meniere’s disease and Bell’s palsy. Laryngorhinootologie. (1991) 70:260–6.

doi: 10.1055/s-2007-998033

8. Koyama S, Mitsuishi Y, Bibee K, Watanabe I, Terasaki PI, HLA.

associations with Meniere’s disease. Acta Otolaryngol. (1993) 113:575–

8. doi: 10.3109/00016489309135866

9. Melchiorri L, Martini A, Rizzo R, Berto A, Adinolfi E, Baricord OR. Human

leukocyte antigen-A, -B, -C and -DR alleles and soluble human leukocyte

antigen class I serum level in Meniere’s disease. Acta Otolaryngol Suppl. (2002)

548:26–9. doi: 10.1080/00016480260094938

10. Koo JW, Oh SH, Chang SO, Park MH, Lim MJ, Yoo TJ, et al. Association

of HLA-DR and type II collagen autoimmunity with Meniere’s disease. Tissue

Antigens. (2003) 61:99–103. doi: 10.1034/j.1399-0039.2003.610112.x

11. Lopez-Escamez JA, Vilchez JR, Soto-Varela A, Santos-Perez S, Perez-

Garrigues H, Aran I, et al. HLA-DRB1∗1101 allele may be associated with

bilateral Meniere’s disease in southern European population. Otol Neurotol.

(2007) 28:891–5. doi: 10.1097/MAO.0b013e3180dca1cc

12. Requena T, Espinosa-Sanchez JM, Cabrera S, Trinidad G, Soto-Varela A,

Santos-Perez S, et al. Familial clustering and genetic heterogeneity inMeniere’s

disease. Clin Genet. (2014) 85:245–52. doi: 10.1111/cge.12150

13. Lee JM, Kim MJ, Jung J, Kim HJ, Seo YJ, Kim SH. Genetic aspects and clinical

characteristics of familial Meniere’s disease in a South Korean population.

Laryngoscope. (2015) 125:2175–80. doi: 10.1002/lary.25207

14. Requena T, Cabrera S, Martin-Sierra C, Price SD, Lysakowski A, Lopez-

Escamez JA. Identification of two novel mutations in FAM136A and DTNA

genes in autosomal-dominant familial Meniere’s disease. Hum Mol Genet.

(2015) 24:1119–26. doi: 10.1093/hmg/ddu524

15. Martín-Sierra C, Requena T, Frejo L, Price SD, Gallego-Martinez A, Batuecas-

Caletrio A, et al. A novel missense variant in PRKCB segregates low-frequency

hearing loss in an autosomal dominant family with Meniere’s disease. Hum

Mol Genet. (2016) 25:3407–15. doi: 10.1093/hmg/ddw183

16. Martín-Sierra C, Gallego-Martinez A, Requena T, Frejo L, Batuecas-Caletrío

A, Lopez-Escamez JA. Variable expressivity and genetic heterogeneity

involving DPT and SEMA3D genes in autosomal dominant familial Meniere’s

disease. Eur J Hum Genet. (2017) 25:200–7. doi: 10.1038/ejhg.2016.154

17. Oh EH, Shin JH, Kim HS, Cho JW, Choi SY, Choi KD, et al.

Rare variants of putative candidate genes associated with sporadic

Meniere’s disease in east Asian population. Front Neurol. (2020)

10:1424. doi: 10.3389/fneur.2019.01424

18. Gallego-Martinez A, Lopez-Escamez JA. Genetic architecture of Meniere’s

disease. Hear Res. (2020) 397:107872. doi: 10.1016/j.heares.2019.107872

19. Oh EH, Rhee JK, Shin JH, Cho JW, Kim DS, Park JY, et al. Neutrophil-

mediated immune response as a possible mechanism of acute unilateral

vestibulopathy. J Vestib Res. (2020) 30:363–74. doi: 10.3233/VES-200044

20. Xia L, Yue Y, Li M, Zhang YN, Zhao L, Lu W, et al. CNN3

acts as a potential oncogene in cervical cancer by affecting RPLP1

mRNA expression. Sci Rep. (2020) 10:2427. doi: 10.1038/s41598-020-

58947-y

21. Palmer NP, Silvester JA, Lee JJ, Beam AL, Fried I, Valtchinov VI,

et al. Concordance between gene expression in peripheral whole

blood and colonic tissue in children with inflammatory bowel

disease. PLoS ONE. (2019) 14:e0222952. doi: 10.1371/journal.pone.02

22952

22. Swindell WR, Sarkar MK, Liang Y, Xing X, Gudjonsson JE. Cross-

disease transcriptomics: unique IL-17A signaling in psoriasis lesions and

an autoimmune PBMC signature. J Invest Dermatol. (2016) 136:1820–

30. doi: 10.1016/j.jid.2016.04.035

23. Sun Y, Zhang D, Sun G, Lv Y, Li Y, Li X, et al. RNA-sequencing study of

peripheral blood mononuclear cells in sporadic Ménière’s disease patients:

possible contribution of immunologic dysfunction to the development

of this disorder. Clin Exp Immunol. (2018) 192:33–45. doi: 10.1111/cei.

13083

24. Flook M, Frejo L, Gallego-Martinez A, Martin-Sanz E, Rossi-Izquierdo

M, Amor-Dorado JC, et al. Differential proinflammatory signature

in vestibular migraine and Meniere disease. Front Immunol. (2019)

10:1229. doi: 10.3389/fimmu.2019.01229

25. Watts C. The exogenous pathway for antigen presentation on major

histocompatibility complex class II and CD1 molecules. Nat Immunol. (2004)

5:685–92. doi: 10.1038/ni1088

26. Handunnetthi L, Ramagopalan SV, Ebers GC, Knight JC. Regulation of MHC

class II gene expression, genetic variation and disease. Genes Immun. (2010)

11:99–112. doi: 10.1038/gene.2009.83

27. Gonzalez-Gay MA, Garcia-Porrua C, Hajeer AH. Influence

of human leucocyte antigen DRA1 on the susceptibility and

severity of rheumatoid arthritis. Semin Arthritis Rheum. (2002)

31:355–60. doi: 10.1053/sarh.2002.32552

28. Vázquez-García MN, Aláez C, Olivo A, Debaz H, Pérez-Luque E, Burguete

A, et al. MHC class II sequences of susceptibility and protection

in Mexicans with autoimmune hepatitis. J Hepatol. (1998) 28:985–

90. doi: 10.1016/S0168-8278(98)80347-4

29. Nerup J, Platz P, Andersen OO, Christy M, Lyngsoe J, Poulsen JE,

et al. HL-A antigens and diabetes mellitus. Lancet. (1974) 2:864–

6. doi: 10.1016/S0140-6736(74)91201-X

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Choi, Oh, Kim, Kim, Park, Choi and Choi. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 8 July 2022 | Volume 13 | Article 938740206

https://doi.org/10.3389/fneur.2016.00182
https://doi.org/10.1371/journal.pone.0111039
https://doi.org/10.1371/journal.pone.0026759
https://doi.org/10.1017/S0022215100098698
https://doi.org/10.1055/s-2007-998033
https://doi.org/10.3109/00016489309135866
https://doi.org/10.1080/00016480260094938
https://doi.org/10.1034/j.1399-0039.2003.610112.x
https://doi.org/10.1097/MAO.0b013e3180dca1cc
https://doi.org/10.1111/cge.12150
https://doi.org/10.1002/lary.25207
https://doi.org/10.1093/hmg/ddu524
https://doi.org/10.1093/hmg/ddw183
https://doi.org/10.1038/ejhg.2016.154
https://doi.org/10.3389/fneur.2019.01424
https://doi.org/10.1016/j.heares.2019.107872
https://doi.org/10.3233/VES-200044
https://doi.org/10.1038/s41598-020-58947-y
https://doi.org/10.1371/journal.pone.0222952
https://doi.org/10.1016/j.jid.2016.04.035
https://doi.org/10.1111/cei.13083
https://doi.org/10.3389/fimmu.2019.01229
https://doi.org/10.1038/ni1088
https://doi.org/10.1038/gene.2009.83
https://doi.org/10.1053/sarh.2002.32552
https://doi.org/10.1016/S0168-8278(98)80347-4
https://doi.org/10.1016/S0140-6736(74)91201-X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


TYPE Original Research

PUBLISHED 25 July 2022

DOI 10.3389/fneur.2022.937703

OPEN ACCESS

EDITED BY

Sun-Young Oh,

Jeonbuk National University,

South Korea

REVIEWED BY

Young Sang Cho,

Sungkyunkwan University, South Korea

Wuqing Wang,

Fudan University, China

*CORRESPONDENCE

Ja-Won Koo

jwkoo99@snu.ac.kr

SPECIALTY SECTION

This article was submitted to

Neuro-Otology,

a section of the journal

Frontiers in Neurology

RECEIVED 06 May 2022

ACCEPTED 28 June 2022

PUBLISHED 25 July 2022

CITATION

Han SC, Kim YS, Kim Y, Lee S-Y, Song

J-J, Choi BY, Kim J-S, Bae YJ and Koo

J-W (2022) Correlation of clinical

parameters with endolymphatic

hydrops on MRI in Meniere’s disease.

Front. Neurol. 13:937703.

doi: 10.3389/fneur.2022.937703

COPYRIGHT

© 2022 Han, Kim, Kim, Lee, Song,

Choi, Kim, Bae and Koo. This is an

open-access article distributed under

the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other

forums is permitted, provided the

original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Correlation of clinical
parameters with endolymphatic
hydrops on MRI in Meniere’s
disease

Seung Cheol Han1, Young Seok Kim1, Yehree Kim1,

Sang-Yeon Lee2, Jae-Jin Song1, Byung Yoon Choi1,

Ji-Soo Kim3, Yun Jung Bae4 and Ja-Won Koo1,5*
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A clinical diagnosis of Ménière’s disease (MD) is made based onmedical history

and audiometry findings. The 1995 American Academy of Otolaryngology-

Head and Neck Surgery (AAO-HNS) guidelines requires histopathological

confirmation of endolymphatic hydrops (EH) for a diagnosis of “certain” MD.

Symptoms such as dizziness and ear fullness are important diagnostic features;

however, the descriptions provided by patients are frequently vague and non-

specific. A recently developed magnetic resonance imaging (MRI) protocol

to document EH is, therefore, useful for the evaluation of inner ear status

in patients with MD. In this study, patients with MD were assessed using

MRI and the HYDROPS (HYbriD of Reversed image Of Positive endolymph

signal and native image of positive perilymph Signal) protocol to investigate

the e�ectiveness of MRI for visualization of the endolymphatic space in the

diagnosis of MD by correlating clinical laboratory parameters with the grade

of EH. Of the 123 patients with MD recruited in this study, 80 had definite

MD, 11 had probable MD, and 32 had possible MD based on the 1995 AAO-

HNS guidelines. The EH grade based on HYDROPS MRI was determined

independently by two otorhinolaryngologists and compared with several

clinical parameters, including the diagnostic scale of MD (1995 AAO-HNS

guidelines), pure tone average (PTA), low tone average (LTA), canal paresis

(CP) on the caloric test, and disease duration. Cochlear hydrops and vestibular

hydrops were detected in 58 and 80% of 80 definite MD ears, in 33 and

58% of 12 probable MD ears, and in 5 and 27% of 37 possible MD ears,

respectively. The proportion of higher hydrops grades increased significantly

with grade according to the MD diagnostic scale (p < 0.0001). Both PTA and

LTA were significantly higher in patients with hydrops grade 2 than hydrops

grade 0 in both the cochlea and the vestibule. CP was significantly higher in
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patients with grade 2 than grade 0 vestibular hydrops. Disease duration was

not associated with hydrops grade. Radiological evaluation of MD using the

HYDROPS protocol is useful for evaluation of the extent and severity of EH in

the diagnosis of MD based on its pathophysiological mechanism.

KEYWORDS

Meniere disease, endolymphatic hydrops, labyrinth diseases, magnetic resonance

imaging, clinical features

Introduction

Ménière’s disease (MD) is a multifactorial disorder

characterized by recurrent vertigo, fluctuating hearing change,

ear fullness, and tinnitus. According to the 1995 Hearing

and Equilibrium guidelines of the American Academy of

Otorhinolaryngology-Head and Neck Surgery Committee

(AAO-HNS), histopathological confirmation of endolymphatic

hydrops (EH) is required for a diagnosis of “certain” MD.

However, diagnosis of “certain” MD is practically impossible in

living patients (1).

Some patients with cochleovestibular symptoms but who

do not satisfy the criteria of the MD diagnostic guidelines

may have EH, which is universally recognized as a component

of MD pathogenesis (2–5). In contrast, not all patients with

clinically diagnosed MD have endolymphatic hydrops (6–9).

Furthermore, EHmay be asymptomatic; when suspected, it must

be distinguished from other otological disorders, such as inner

ear trauma (1), viral infection, autoimmune processes (10), and

cellular channelopathies (11).

A number of techniques have been developed to visualize

EH using magnetic resonance imaging (MRI). In 2007, MRI

visualization of the inner ear was facilitated by the intravenous

(IV) injection of gadolinium-based contrast material (Gd)

(12), rather than intratympanic (IT) injection (13). In MRI

of the inner ear, despite the 4-h delay after injection, IV-

Gd is faster and much less invasive than IT-Gd (14, 15).

However, unlike MRI using IT-Gd, IV-Gd does not permit

3D inversion recovery sequences with a “real” reconstruction

protocol (3D-real IR protocol) (16); the lower concentration

of Gd in such sequences enables separate visualization of

endolymph, perilymph, and bone in a single image. The

recently developed “HYDROPS” (HYbriD of the reversed image

of positive endolymph signal and native image of positive

perilymph signal) imaging protocol addresses this limitation by

enabling recognition of the endolymphatic space (17).

Further advances have yielded HYDROPS2, HYDROPS-

Mi2, and HYDROPS2-Mi2, which use MR cisternography for

better contrast in the production of positive perilymph images

(PPIs) and positive endolymph images (PEIs) (18). Combined

with the ratio of the endolymphatic space to the entire lymphatic

space (%EL), the vestibular hydrops ratio (%VH), or the

relative vestibular hydrops ratio (%RVH), these perilymph and

endolymph images have been used in attempts to identify

inner ear MRI findings associated with the clinical parameters

of MD (19, 20). However, most studies have been performed

only on small population of patients with definite MD who

already have severe symptoms. In addition, it can be inferred

that these patients have higher rates of severe EH. Therefore,

the correlation between the clinical characteristics of MD and

EH from MRI findings should be examined depending on the

diagnostic scale of MD (possible, probable, and definite) and

even unaffected subjects, determining the wider correlations

between the severity of EH and clinical characteristics of patients

with MD.

In this study, patients with clinically diagnosed MD defined

according to the diagnostic scale of the 1995 AAO-HNS

guidelines were examined by HYDROPS MRI. The correlations

of EH grades based on HYDROPS MRI (21) with clinical and

laboratory parameters were examined.

Materials and methods

Study setting and patients

HYDROPS MRI was performed in 166 patients with

recurrent vertigo and hearing problems between 1 January 2020

and 31 August 2021. Detailed history taking, neurotological

evaluation, and audiovestibular laboratory tests were performed.

Forty-three patients were excluded due to tumors in the

cerebellopontine angle, internal auditory canal, or inner ear;

superior canal dehiscence syndrome; or recurrent dizziness that

did not meet the diagnostic criteria of MD (1995 AAO-HNS

guidelines). Finally, 123 patients (49 men, 74 women, mean

age of 58.9 years) were included in this study. Based on the

1995 AAO-HNS guidelines, 32 patients had possible MD, 11

had probable MD, and 80 had definite MD. The left side was

involved in 68 patients, while the right side was involved in 49

patients. Of the remaining six patients with bilateral MD, five

had possible MD and one had probable MD. Among the 117

patients with unilateral MD, the contralateral side was clinically

unaffected. Therefore, based on theMD classification, there were
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TABLE 1 Demographic characteristics of 123 patients diagnosed with

Ménière’s disease.

Sex (male:female) 49:74

Age (years) 58.96± 13.63

Affected side (right:left:bilateral) 49:68:6

Unaffected:affected ears 117:129

Disease classification (definite:probable:possible) 80:11:32

117 unaffected ears and 129 affected (37 possible, 12 probable,

and 80 definites) ears (Table 1). This study was approved by the

review board of the Clinical Research Institute at Seoul National

Bundang Hospital and was conducted in accordance with the

Declaration of Helsinki (IRB-B-2111-720-106).

Inner ear MRI

MRI was performed using a 3.0 Tesla machine (Ingenia

CX; Philips, Amsterdam, The Netherlands). MR scanning was

performed 4 h after IV injection of Gadobutrol (Gadovist; Bayer,

Leverkusen, Germany) (0.1 mmol/kg body weight).

Heavily T2-weighted MR cisternography (MRC) was

performed for the anatomical reference of the total lymph

fluid. Heavily T2-weighted-3D-FLAIR (hT2W-3D-FLAIR) scan

with a repetition time (TR) of 16,000ms was performed,

with an inversion time of 2,900ms at 4 h after IV injection

of Gadobutrol in accordance with a previous report (22)

and to distinguish PPI from other images. The hT2W-3D-

FLAIR scan was performed with the same TR and inversion

time of 2,000ms at 4 h after IV injection of Gadobutrol to

distinguish PEI. The perilymph signal is increased in images

with an inversion time of 2,900ms and suppressed in images

with an inversion time of 2,000ms. The endolymph signal is

increased in images with an inversion time of 2,000ms. The

HYDROPS image was obtained by subtracting PEI from PPI

at the scanner console. Negative signal values were allowed for

the subtraction.

Detailed parameters for PPI and PEI were as follows:

FLAIR–volume isotropic turbo spin-echo acquisition sequence;

repetition time, 16,000ms; echo time, 544ms; echo train length,

173; matrix size, 332 × 328mm; slice thickness, 1.6mm; field

of view, 200 × 200mm; sensitivity encoding acceleration factor,

two; number of excitations, two; scan time, 3min 45 s.

Image analysis

Two otorhinolaryngologists blinded to the patient’s clinical

information, including disease site and history, independently

rated the hydrops grade of the cochlea and vestibule using the

grading system proposed by Nakashima et al. (21).

Briefly, in the cochlea, displacement of Reissner’s membrane

was defined as EH. Patients in whom the area of the cochlear

duct exceeded the area of the scala vestibuli were diagnosed

with significant hydrops. If the grade of EH differed between

the basal and upper turns, a higher grade of EH was reported.

In the vestibule, EH was defined as a ratio of the area of

the endolymphatic space to that of the vestibular fluid space

exceeding 1/3. Patients in whom the endolymphatic space was

>50% of the fluid area in the vestibule were diagnosed with

significant hydrops. Grade 0 was defined as no EH, grade 1 as

mild EH, and grade 2 as significant EH (21) (Figure 1).

Interrater reliability analysis was performed between the

two otorhinolaryngologists before reaching a consensus

on the hydrops grading results. Cohen’s kappa value

was 0.870, indicating good agreement between the two

otorhinolaryngologists. Grade rating was different in 6 ears

(cochlea) and 25 ears (vestibule) by 1 grade. The final grade

was determined after repeating the rating of these images by a

third radiologist.

Clinical parameters

The diagnostic scale of the 1995 AAO-HNS guidelines

was used for the analysis of clinical parameters in the

diagnosis of MD. Pure tone audiometry and bithermal

caloric tests were performed; if the tests were not performed

on the day of HYDROPS MRI or their results were

unavailable, the results of tests performed closest to the

date of HYDROPS MRI were used for the analysis. The

disease duration (in months) was calculated from the onset

of the first episode of vertigo to the date of HYDROPS

MRI confirmation.

All 123 patients underwent a hearing test using pure tone

audiometry. Threshold results were obtained at frequencies of

0.25, 0.5, 1, 2, 3, 4, and 8 kHz in a soundproof audio booth. The

pure tone average (PTA) was calculated based on the average of

audiometry thresholds at 0.5, 1, 2, and 3 kHz according to the

2008 American Medical Association method for the estimation

of hearing disability. The low tone average (LTA) was also

calculated based on the average of the audiometry thresholds at

0.25, 0.5, and 1 kHz.

Bithermal caloric test results were available for 107 patients.

The test was performed using a water caloric stimulator

(NCI480; ICS Medical, Schaumburg, IL, USA) with the patient

in the supine position and the head elevated at 30◦. Caloric

irrigation was delivered in the order of right cool (30◦C), left

cool (30◦C), right warm (44◦C), and left warm (44◦C) for 30 s

each, at a flow rate of 300 ml/min. The maximum slow-phase

velocity of nystagmus was calculated after irrigation at each

temperature; CP was determined using Jongkees’ formula (23).
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FIGURE 1

Hydrops grading based on HYDROPS MRI of the left ear. (A) Grade 0 cochlear hydrops with grade 0 vestibular hydrops. (B) Grade 1 cochlear

hydrops with grade 1 vestibular hydrops. (C) Grade 2 cochlear hydrops with grade 2 vestibular hydrops.

Statistical analysis

The associations of hydrops grade with PTA, LTA, CP,

and disease duration were analyzed by one-way ANOVA

with Scheffé’s post-hoc multiple comparison tests and by

Welch’s ANOVA with the Games-Howell’s post-hoc multiple

comparison test. The association between hydrops grade and

MD classification was analyzed using the Fisher’s exact test with

post-hoc analysis consisting of pairwise Fisher’s exact tests. The

data were analyzed using R Studio version 1.4.1717 (R Studio

Team, 2021) and R version 3.5.2 (R Core Team, 2018). In all

analyses, p < 0.05 was taken to indicate statistical significance.

Results

Comparison of hydrops grade based on
the diagnostic scale of MD

Of the total of 246 ears, 42 (17.1%) and 14 (5.7%) ears

showed grade 1 and grade 2 cochlear hydrops, respectively,

and 55 (22.4%) and 41 (16.7%) ears showed grade 1 and grade

2 vestibular hydrops, respectively. There were no hydropic

changes (grade 0) in 190 ears (77.2%) for the cochlea and

in 150 ears (60.9%) for the vestibule. Seven ears (2.8%) had

only cochlear hydrops, and 47 (19.1%) ears had only vestibular

hydrops. Both cochlear and vestibular hydrops were observed in

49 ears (19.9%).

The associations between the diagnostic scale of MD

(unaffected, possible, probable, and definite) and the hydrops

grade in the cochlea and vestibule were examined in 246 ears

of 123 patients (Supplementary Table 1; Figure 2). Among the

cases of definite MD, 46 of 80 ears (57.5%) showed grade

1 or 2 cochlear hydrops, and 64 ears (80%) showed grade

1 or 2 vestibular hydrops. Among the cases of probable

MD, 4 of 12 ears (33%) showed grade 1 cochlear hydrops,

and seven ears (58.3%) showed grade 1 or 2 vestibular

hydrops. Among the cases of possible MD, two of 37

ears (5.4%) showed grade 1 or 2 cochlear hydrops, and

10 ears (27%) showed grade 1 or 2 vestibular hydrops.

Among the 117 unaffected ears, 4 (3.4%) showed grade

1 cochlear hydrops and 15 (12.8%) showed grade 1 or 2

vestibular hydrops. Statistical analyses using Fisher’s exact

test showed that hydrops grade proportions were significantly

different according to the diagnostic scale of MD both in

the cochlea (p < 0.0001) and in the vestibule (p < 0.0001)

(Supplementary Tables 2, 3). The proportions of hydrops grades

1 and 2 increased, while the proportion of hydrops grade

0 decreased as the diagnostic scale of MD increased in the

order unaffected, possible, probable, and definite (Figure 2).

The results of post-hoc analysis suggested that, for cochlear

hydrops grade, the definite and probable MD groups differed

significantly from the unaffected and possible MD groups

(Supplementary Table 2). For the vestibular hydrops grade, the

unaffected group differed significantly from all affected groups,

and the possible group differed significantly from the definite

group (Supplementary Table 3).

Comparison of hearing thresholds
according to hydrops grade detected by
MRI

Audiometry data for all 246 ears were analyzed

(Supplementary Tables 4, 5; Figure 3) by one-way ANOVA

followed by Scheffé’s post-hoc multiple comparison tests;

they were also analyzed using Welch’s ANOVA followed

by Games-Howell’s post-hoc multiple comparison test. PTA

and LTA increased significantly in patients with higher

vestibular hydrops grades (Figures 3B,D). Both PTA and

LTA were significantly lower in patients with grade 0 than

grades 1 and 2 cochlear hydrops (i.e., the values were lower

in ears without cochlear EH than in ears with cochlear

EH) (Figures 3A,C).
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Comparison of hearing thresholds
according to the hydrops grade on MRI in
ears with definite MD

Data from 80 ears with definite MD were analyzed

(Supplementary Tables 6, 7; Figure 4) by one-way ANOVA with

the Scheffé’s post-hoc multiple comparison test. Analysis of

both PTA and LTA values indicated that hearing thresholds

were significantly higher in patients with hydrops grade 2 than

hydrops grade 0 in both the cochlea and the vestibule.

Comparison of CP according to hydrops
grade in MD ears

The association between CP and hydrops grade was

analyzed after excluding six patients with bilateral MD and

10 patients who refused the caloric test. Accordingly, caloric

test results were available for 107 ears. The association

between CP and hydrops grade (0–2) in MD ears was

analyzed by one-way ANOVA followed by the Scheffé’s

post-hoc multiple comparison test. The results are shown

in Supplementary Table 8 and Figure 5. CP was significantly

smaller in ears with grade 0 cochlear hydrops than in

those with grade 1 cochlear hydrops (Supplementary Table 8;

Figure 5A) and was significantly greater in ears with grade 2

vestibular hydrops than in those with grade 0 vestibular hydrops

(Supplementary Table 8; Figure 5B).

Disease duration and hydrops grade

The association between disease duration and hydrops

grade was analyzed in the ears of all 123 patients with

MD (Supplementary Table 9; Supplementary Figures 1A,B). The

results of one-way ANOVA followed by the Scheffé’s post-

hoc multiple comparison test showed no significant association

between disease duration and hydrops grade.

Discussion

In this study, the hydrops grade of the cochlea and the

vestibule was examined in 246 ears of 123 patients. Cochlear

hydrops and vestibular hydrops were detected in 58 and

80% of 80 definite MD ears, respectively, in 33 and 58%

of 12 probable MD ears, and in 5 and 27% of 37 possible

MD ears, respectively. The proportion of a higher hydrops

grade increased significantly with increasing grade of MD

classification (unaffected, possible, probable, and definite). The

higher proportion of positive hydrops in definite MD suggested

that EH is the pathophysiological mechanism of MD.

FIGURE 2

Comparison of hydrops grade according to the diagnosis of

Ménière’s disease (MD). The proportions of hydrops grades 0, 1,

and 2 in una�ected ears and in ears with possible, probable, or

definite MD were evaluated separately in the cochlea (A) and

vestibule (B). Fisher’s exact test with pairwise Fisher’s exact tests

as post-hoc analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001.

However, 3% of the cochleae and 13% of the vestibules of

117 unaffected ears also showed hydrops in this study. This is

not surprising because varied rates of EH in unaffected ears

have been reported in the literature. In a study conducted on

a population of 29 patients with definite unilateral MD, 48 and

55% showed EH in the cochlea and the vestibule, respectively,

in unaffected ears (24). In contrast, Wu et al. reported that

16.7% of 54 patients with unilateral definite MD revealed EH in

the cochlea and/or vestibule (25). The possibility of subclinical

involvement of the contralateral ear in patients with MD was

not only documented in imaging studies using HYDROPS

MRI but also demonstrated in an electrophysiological study.

In a study to test the vestibular-evoked myogenic potential
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FIGURE 3

Analysis of pure tone average (PTA) and low tone average (LTA) according to cochlear and vestibular hydrops grades (0–2) in 246 ears of 123

patients. (A) and (C) One-way ANOVA with Sche�é’s post-hoc multiple comparison test. (B) and (D) Welch’s ANOVA with Games-Howell’s

post-hoc multiple comparison test. *p < 0.05; **p < 0.01; ****p < 0.0001.

FIGURE 4

Analysis of PTA (A,B) and LTA (C,D) according to hydrops grade in the cochlea (A,C) and vestibule (B, D) in 80 ears with definite MD by one-way

ANOVA with Sche�é’s post-hoc multiple comparison test. *p < 0.05; **p < 0.01.
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FIGURE 5

Associations of cochlear (A) and vestibular (B) hydrops grades 0,

1, and 2 with CP in 107 patients with unilateral MD determined

by one-way ANOVA with Sche�é’s post-hoc multiple

comparison test. *p < 0.05; **p < 0.01.

(VEMP) in unilateral patients with MD, unaffected MD ears

also showed a similar pattern to affected MD ears, such as

elevated thresholds and frequency tuning around 1 kHz, unlike

normal controls (26). These observations constitute evidence

of subclinical involvement in the contralateral ear in unilateral

MD. However, the incidence of EH in unaffected ears in our

study was relatively low. This can be explained by the likely

inclusion of patients with possible and probable MD in our

study. As unaffected ears in MD may also have the potential

to develop MD, it would be interesting to determine whether

radiological EH without clinical symptoms (silent EH) precedes

and eventually progresses to clinical EH.

Patients with clinically suspected MD, such as those with

probable and possible MD, showed much lower incidences

of EH. In probable MD, 33% showed cochlear hydrops and

58% showed vestibular hydrops. In possible MD, 5 and 27%

of cases showed cochlear and vestibular hydrops, respectively.

By adopting the 1995 AAO-HNS-defined definite, probable,

and possible MD diagnostic scale (1) instead of the criteria

of the 2015 Barany Society guidelines (27), we could learn

the proportion of the patients having EH depending on the

different diagnostic scales of MD since MD shows a wide

spectrum of clinical presentations. True attacks of MD can

have different visual analog scale (VAS) ranges and various

hearing changes. There are also adjuvant spells of dizziness with

different severities between true attacks of MD. In the 1995

AAO-HNS diagnostic scale (1), definite MD and certain MD

are distinguished, which is now possible by the development

of MRI protocol to visualize the endolymphatic space. It was

interesting that 57 and 80% of definite MD ears showed hydrops

in the cochlea or the vestibule, respectively, and those ears can

be diagnosed as “certain” MD.

Using the 1995 AAO-HNS diagnostic scale (1), we can

diagnose patients with the first attack of MDwith low-frequency

hearing loss, as probable MD, and patients with mild or

moderate sensorineural hearing loss with flat audiometry results,

as definite, probable, or possible MD depending on the pattern

of the vertigo attacks. In this way, we could learn the proportion

and the severity of hydrops in patients with the first attack

of MD and patients with possible MD. In the 2015 Barany

Society guidelines (27), these patients are not considered as

MD even though they have recurrent inner ear symptoms

and EH on MRI. Therefore, the 1995 AAO-HNS diagnostic

scale (1) was more appropriate in our study to understand

the underlying pathophysiology of this disease with a wide

spectrum of clinical presentations. However, there may be some

controversy regarding this point, so our choice of the 1995

AAO-HNS diagnostic scale (1) instead of the criteria of the

2015 Barany Society guidelines (27) as the main guidelines

may represent a limitation of this study. The size of the

study population consisting of 123 (246 ears) in our study

was much larger than the sample sizes in previous studies of

the associations between clinical parameters of MD and EH

visualized by MRI (19, 20, 28–33).

In addition to a history of episodic vertigo with documented

sensorineural hearing loss, inner ear MRI may substitute

for histopathological evaluation by demonstrating EH to

meet the “certain” classification of MD as defined by the

AAO-HNS diagnostic scale. In our study, the endolymphatic

space (as visualized on MRI using the HYDROPS protocol)

was significantly expanded in patients with MD; EH grade

on HYDROPS MRI exhibited associations with disease

classification and clinical laboratory parameters. These results

demonstrated the clinical importance of EH visualization in

patients with MD using the HYDROPS MRI protocol.

Previous histopathological studies in postmortem samples

of the temporal bones showed that, in the early stage of MD,

hydrops predominantly involves the cochlear duct and saccule,

while the utricle, ampulla, and overall endolymphatic system

are affected in later stages (34–36). This sequence may reflect

the mechanical compliance of the labyrinth membrane, which

is higher in the saccule than the utricle (36, 37). In addition,

the thick amorphous material in the ampulla and semicircular

canal endows the labyrinth membrane with greater mechanical

resistance (36). A relationship has been identified between the

histological degree of cochlear involvement and the extent of

hearing loss, which is more consistent than the relationship
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between caloric test responses and histologically confirmed

dilation of the vestibular structure (9, 38). Accordingly, the

degree of hydrops is greater and involves a wider area in patients

with severe MD, consistent with the analysis of the proportions

of hydrops with respect to the MD classification.

Several recent studies analyzed MRI findings of EH and

clinical data (19, 20, 28–31). Two Korean studies calculated the

mean hydrops ratios in study populations of 29 and 16 patients

with unilateral definite MD (19, 20). The mean hydrops ratios

were 0.372 and 0.667 for the cochlea and the vestibule in one

study (19) and 0.725 for the vestibule in the other study (20).

Both studies analyzed correlations between the severity of EH

and laboratory parameters, including audiometry, caloric test,

cervical VEMP, and electrocochleography (ECoG), and showed

that audiometry and caloric test results were correlated with the

hydrops ratio, while VEMP and ECoG were not (19, 20). Other

studies have also examined the correlation of EH with cervical

VEMP in patients with unilateral definite MD (28, 29). In these

studies, EH on MRI was present in 10 of 14 ears (29) and 12

of 20 ears (28), and hydrops grade (28) was correlated with the

amplitude of cervical VEMP. In another study, in a population

of 78 patients with unilateral definite MD, there were 57 cases

of cochlear EH and 60 of vestibular EH, and these were related

to the results of audiometry and caloric tests (30). In a study

in which MRI was performed before the endolymphatic duct

blockage procedure for unilateral definite MD, all affected ears

had cochlear and vestibular EH (31).

MRI assessment of EH severity is usually based on the

hydrops ratio or grade. Assessment based on the hydrops

ratio uses the vestibular endolymphatic ratio, the cochlear

endolymphatic ratio (32), and the cochlear hydrops ratio, along

with the vestibular hydrops ratio (19, 20, 31) and the ratio of the

area of the endolymphatic space to that of the entire lymphatic

space (19). These ratios are obtained by drawing the region of

interest for a specific slice of the MRI data and then calculating

the number of pixels. Although an automated method for

measurement of the hydrops ratio from the MRI findings was

recently reported and showed considerable agreement with the

existing calculation method, this automated measurement is not

easy to set up for general clinical practice (39). Instead, the

classification described by Nakashima et al. (21) can be easily

adapted to determine the EH grade in daily clinical practice

(29, 31–33). The grading systems proposed by Barath et al. (15),

Kahn et al. (40), and Bernaerts et al. (41) have also been adopted

for the analysis of EH in MD (28, 30); in some instances, these

systems cannot be combined with MRI using the HYDROPS

protocol. Therefore, the simplified grading system proposed by

Nakashima et al. (21) was used in this study. Further advantages

of this method include its ease of use for clinicians, as well as

the absence of a requirement for another program or additional

work for calculations. However, this grading system is subjective

because it does not objectively determine the hydrops ratio.

Analysis of 80 ears with definite MD showed that both

PTA and LTA were significantly higher in patients with hydrops

grade 2 than grade 0 in both the cochlea and the vestibule.

CP was significantly higher in patients with grade 2 vestibular

hydrops than in those with grade 0 vestibular hydrops. Disease

duration was not significantly associated with hydrops grade.

These results were comparable with those of many previous

studies. Audiometry results are closely associated with EH

severity, assessed by grade or ratio (19, 29–32). The PTA results

were significantly associated with the presence (19, 29) and

severity (31, 32) of EH on MRI, as were the LTA results (19,

30, 32). In this study, we also examined the associations of

vestibular hydrops grades 0, 1, and 2 with the PTA and LTA

results in ears unaffected by MD, as well as their associations

with possible, probable, and definite MD. Our results showed

that in patients with MD, regardless of the classification, the

presence of hydrops was significantly associated with the PTA

and LTA results in both the cochlea and the vestibule. PTA

and LTA findings seem to predict EH more accurately in

definite MD.

There have been varied results regarding the correlation

between radiological EH and the results of the caloric test, with

some studies failing to show a relationship between radiological

EH and CP (30, 32), while others have reported significant

correlations (19, 20). The CP results were significantly correlated

with the degree of EH in this study. We postulated that the

correlation between cochlear hydrops and CP may be due to the

confounding effect of cochlear hydrops and vestibular hydrops.

The Cramer’s V between cochlear hydrops grade and vestibular

hydrops grade was 0.435 in 107 ears included in the analysis of

CP. Therefore, the correlation between cochlear hydrops and CP

may be affected by the correlation between vestibular hydrops

and CP.

The disease duration and the severity of EH were not

correlated with each other in this study. As the disease duration

is defined as the period from the first occurrence of MD

symptoms to the time of MRI, the severity of cochleovestibular

dysfunction seems to be more closely related to the severity of

EH than disease duration.

Conclusion

In our study, the EH grade, as visualized on HYDROPS

MRI, was significantly associated with the diagnostic scale

of MD according to the 1995 AAO-HNS guideline (1) and

was also associated with the PTA, LTA, and CP results.

However, the EH grade was not associated with disease

duration. These results were obtained in the analysis

of unaffected, possible, probable, and definite MD ears.

Radiological assessment of EH using HYDROPS MRI is

valuable for evaluating the extent and severity of MD,
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as well as the pathophysiological relationship of MD

with EH.
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Objective: This study aims to investigate the e�cacy of botulinum toxin type

A (BTX-A) in the prophylactic management of vestibular migraine (VM) and to

determinewhether this treatmentmodulates intrinsic functional brain network.

Methods: Vestibular migraine patients (n= 20, mean age 45.4 years) whowere

resistant to conventional prophylactic therapies had BTX-A injection and rs-

fMRI before and 2 months after the injection. We also measured the changes

in the frequency of vertigo and migraine attacks, symptomatic functional

disability scores, and neuropsychiatric inventories.

Results: After BTX-A injection, the mean monthly frequencies of migraine and

vertigo episodes decreased significantly compared with the baseline (p < 0.01,

paired t-test). The Headache Impact Test-6 score and the Migraine Disability

Assessment, and the vertigo parameters, measured by the Dizziness Handicap

Inventory and the Vertigo Symptom Scale, showed an improvement, as did

the anxiety and depression scores 2 months after BTX-A treatment. The low-

frequency fluctuation analysis of the rs-fMRI data found significant changes in

the functional connectivity of the right superior temporal gyrus. Adoption of

this cluster as the seed region increased the functional connectivity with the

left post-central gyrus, right supramarginal gyrus, and right middle temporal

gyrus after BTX-A treatment.

Conclusion: This prospective study suggests that BTX-A treatment is e�ective

at ameliorating migraine and vertigo symptoms in VM patients who were

resistant to conventional therapies. Along with symptomatic improvements,

changes in the functional connectivity within the multisensory vestibular and

pain networks suggest a dysmodulation of multimodal sensory integration and

abnormal cortical processing of the vestibular and pain signals in VM patients.
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TABLE 1 Diagnostic criteria for vestibular migraine (1).

A. At least five episodes with vestibular symptoms of moderate or severe

intensity a lasting 5min to 72 h

B. Current or previous history of migraine with or without aura according

to the ICHD-3

C. One or more migraine features with at least 50% vestibular episodes:

a) headache with at least two of the following characteristics:

- unilateral location

- pulsating quality

- moderate or severe intensity

- aggravation by routine physical activity

b) photophobia and phonophobia

c) visual aura

D. Not better explained by another vestibular or ICHD diagnosis

aVestibular symptoms are moderate when they interfere with but do not prevent daily

activities and severe when they prevent such activities.

Introduction

The Bárány Society and the International Headache Society

jointly proposed diagnostic consensus criteria for vestibular

migraine (VM) included in the International Classification of

Headache Disorders (ICHD-3) (Table 1) (1). VM is the most

common cause of episodic vertigo in both adults and children,

with a lifetime prevalence of 1% and a 1-year prevalence of

0.9% in the general population with a female preponderance

(2). The underlying pathophysiology of VM is still unclear;

however, possible mechanisms involve hyperactivity within

the trigeminovascular system (TVS) and nociceptive brain

stem centers, as well as an abnormal sensory modulation or

integration in both pain and vestibular processing areas (3). Due

to the absence of large, systematic, controlled clinical studies that

specifically address VM, most therapeutic recommendations for

VM are extrapolated from clinical trials on migraine with and

without aura.

Botulinum toxin type A (BTX-A) has been used to treat

different types of headache by blocking peripheral signals to

the central nervous system, which inhibits central sensitization.

The clinical efficacy of BTX-A in treating chronic migraine was

previously demonstrated in the PREEMPT (Phase III Research

Evaluating Migraine Prophylaxis Therapy) randomized clinical

trial (4). BTX-A has also been used for other types of headaches,

such as episodic migraine (<15 headache days per month)

(5), chronic daily headache (>15 headache days per month)

(6), and chronic tension-type headache, in a systematic series

of exploratory controlled trials (7). In patients with frequent

migraine headaches or vertigo attacks (15 days per month for

more than 3 months), a trial of BTX-A might be reasonable;

however, to date, there are no data on the management

of chronic migraine headache or vertigo attacks in patients

with VM.

Resting-state functional connectivity analysis in magnetic

resonance imaging (rs-FC MRI) can visualize and measure

the brain’s intrinsic functional architecture, which aids

in understanding the underlying mechanisms of various

neurological disorders (8). The amplitude of low-frequency

fluctuation (ALFF) changes in rs-FC MRI data is thought

to be associated with local neuronal activity, and an ALFF

analysis is effective for detecting fluctuations in spontaneous

low-frequency oscillations.

The aim of this study was to evaluate the efficacy of

BTX-A injection for the prophylactic treatment of VM. We

hypothesized that a symptomatic improvement after BTX-A

treatment would be reflected in changes in brain connectivity

in areas that process and store vestibular and pain information.

Therefore, rs-FC MRI data acquired pre- and post-BTX-A

treatment were analyzed by comparing ALFF and seed-based rs-

FC to detect changes in spontaneous brain activity in patients

with VM.

Subjects and methods

Study design and participants

Patients at a dizziness clinic of Jeonbuk National University

Hospital, Korea, who were diagnosed with VM using the criteria

of the Headache Classification Committee of the International

Headache Society (ICHD-3, appendix) and the Committee

for the International Classification of Vestibular Disorders of

the Bárány Society (9) were considered for inclusion in this

study between May 2020 and January 2021 (Table 1). Twenty

right-handed VM patients were included who suffered from

moderate-to-severe vertigo attacks with migraine headache,

with moderate impairment in daily life, despite treatment

with several preventive drugs for at least 5 months. The use

of migraine prophylactics was permitted if no changes in

medications or dosages were made within the 2 months of

study participation. Two or more categories of prophylactic

medication were used prior to BTX-A injections in 75% (15/20)

of patients. A calcium channel blocker (Nimodipine R©) and

topiramate were the two drugs most commonly prescribed in

our patients; other preventive drugs used were cinnarizine,

propranolol, valproate, and venlafaxine (antidepressant).

Patients were excluded if they had histories of medication

overuse for headache or any medical condition or exposure

to any agent that might have contraindicated the use of

the BTX-A formulation, or if they had an infection or skin

problem at any of the injection sites. Patients were also

excluded if they had contraindications toMRI or had neurologic,

psychiatric, audiovestibular, or systemic disorders or a history

of complicated migraine attacks such as migrainous infarction

or basilar migraine. Every patient underwent neurotological

evaluations: video-oculography, video head impulse test, and
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cervical and ocular vestibular-evoked myogenic potentials.

The structural and resting-state functional MRI scans were

performed during interictal periods before (baseline) and 2

months after BTX-A injection therapy. Patients were treated

with BTX-A (BOTOX R©, Allergan, Inc., Irvine, CA, USA)

injections based on the PREEMPT injection paradigm of fixed-

site and fix-dose injections; a total of 155Uwas injected (5U each

into 31 designated sites corresponding to seven muscles of the

head and neck areas) (10).

This study was approved by the Ethics Committee of

Jeonbuk National University Hospital (IRB File No. 2020-

10-033-001), and all participants voluntarily signed written

informed consent forms before entering the study.

E�cacy measures

The primary efficacy measure was changes in the mean

monthly frequency of vertigo and migraine headache episodes

between the periods before and 2 months after the BTX-A

injection. Headache or vertigo frequency was defined as calendar

days on which a patient reported moderate to severe symptom

episodes. The baseline for the efficacy measures was defined as

the mean monthly frequency of vertigo or migraine episodes

during the period of 2 months before the BTX-A injection.

We administered the following self-reported questionnaires

before and after the treatment to gather data for our pre-

specified secondary measure variables, which reflected mean

monthly changes in the impact of headaches and vertigo

on patient disability and psychiatric comorbidities: headache

severity with visual analog scale (VAS), Headache Impact

Test-6 (HIT-6), Migraine Disability Assessment (MIDAS) (11),

Migraine-specific Quality of Life (MSQ), Vertigo Symptom

Scale (VSS) (12), Dizziness Handicap Inventory (DHI) (13),

Beck Depression Inventory (BDI), and Beck’s Anxiety Inventory

(BAI) (14).

Imaging data acquisition and analysis

Structural and functional MRI

Structural and functional images were acquired on a 3T

MRI system (Magnetom Verio, Siemens Healthcare, Erlangen,

Germany) with a 12-channel head coil. In a single session,

195 volumes (60 contiguous, axial, 2.5-mm-thick slices; 1-mm

gap) were acquired with a gradient echo, echo-planar imaging

(EPI) T2∗-sensitive sequence (repetition time: 2,000ms; echo

time: 30ms; flip angle: 90◦; matrix: 64 × 64; field of view:

192 × 192mm). Anatomical images included a T1-weighted

magnetization-prepared rapid gradient echo sequence with a

256-mm field of view and 1.0 × 1.0 × 1.0 mm3 isotropic spatial

resolution (TE, 4.37ms; TR, 2,100ms; 160 slices). Resting-

state fMRI data were preprocessed using SPM12 software

(http://www.fil.ion.ucl.ac.uk/spm; Wellcome Trust Center for

Neuroimaging, London, UK) implemented in Matlab R© 2020A

(MathWorks R©, Natick, MA). We performed slice timing

correction using the standard SPM procedure, and for

subsequent processing, we used the DPARSFA toolbox (data

processing assistant for resting-state fMRI, version 5.1; https://

www.nitrc.org/projects/dparsf) (15) together with the SPM

software. A detailed methodology was described in the previous

reports (16).

Amplitude of low-frequency fluctuations
analysis

The ALFF analysis was performed using the DPARSF

software. After the preprocessing described above, the fMRI

data were temporally band-pass filtered (0.009 < f < 0.1Hz) to

reduce low-frequency drift and high-frequency respiratory and

cardiac noise. The time series of each voxel was transformed into

the frequency domain, and the power spectrum was obtained.

Because the power of a given frequency is proportional to the

square of the amplitude of that frequency component, the square

root was calculated at each frequency of the power spectrum,

and the average square root was then obtained across 0.009–

0.1Hz at each voxel. This average square root was taken as the

ALFF, which was assumed to reflect the absolute intensity of

spontaneous brain activity (17).

Defining regions of interest (ROIs) and the
seed-based functional connectivity analysis

To investigate functional alterations in the VM patients,

we performed a seed-based FC analysis. Significant pre- and

post-treatment ALFF changes were demonstrated in the right

superior temporal gyrus (STG) region; therefore, that right STG

cluster was used as the seed for the FC analysis. The MNI

coordinates of the center of the 5-mm spherical ROI were

determined using the peak t-score detected at the right STG. For

the FC analysis, the mean time series was extracted from the seed

region and correlated with the time series of each voxel in the

whole brain for each subject. The correlation coefficients were

transformed into z values using Fisher’s r-to-z transformation to

improve normality. An entire brain z-score map was created for

each subject.

Statistical analyses

For each primary and secondary variable, the comparison

between pre- and post-BTX-A treatment values was measured

by an analysis of covariance in the change from baseline and

the main effects of treatment. For all measures considered in

this study, the data showed a normal distribution (Kolmogorov-

Smirnov test, p>0.05). Paired t-tests were used to compare

Frontiers inNeurology frontiersin.org

219

https://doi.org/10.3389/fneur.2022.955158
http://www.fil.ion.ucl.ac.uk/spm
https://www.nitrc.org/projects/dparsf
https://www.nitrc.org/projects/dparsf
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Oh et al. 10.3389/fneur.2022.955158

the baseline (pre-BTX-A treatment) values with the results

obtained 2 months after the BTX-A treatment. The significance

level was set to p<0.05, and the Statistical Package for Social

Sciences software (SPSS, Inc., Chicago, IL, USA) was used for

all data analyses.

To examine differences in the ALFF and FC between the

baseline and follow-up scans, a paired t-test of the ALFF maps

and z-score maps, respectively, was performed with age as

a covariate. Statistical images were assessed for cluster-wise

significance using a cluster-defining threshold of p < 0.05

with family-wise error (FWE) and false discovery rate (FDR)

correction for multiple testing unless otherwise stated.

Results

Demographic and clinical characteristics

The demographic and clinical characteristics of the patient

population are listed in Table 2. Twenty patients were enrolled;

they were all women and right-handers with a mean age of 45

years (range from 20 to 69 years). The mean disease duration

was 7.6± 4.8 years (range, 0.5–20 years), and the mean monthly

frequency of migraine episodes at baseline was 17.2 ± 0.5,

with a mean headache severity of 5.9 ± 1.3 (VAS). Patients

had a mean frequency of 14.0 ± 5.0 episodes of vertigo per

month. The vestibular symptoms lasted at least 1 h and had a

mean duration of 11.3 h. Every patient experienced vestibular

symptoms corresponding to a score of 4 or higher; the mean

vertigo intensity was 6.0, and 7 patients had severe symptoms

that interfered with their daily lives. Most subjects (16/20, 80%)

had recurrent, spontaneous vertigo; they described a sensation

of movement when no motion was taking place or an altered

sensation without any provoking movements. In our patients’

group, four patients complained of additional ear symptoms

such as tinnitus (n = 3) and aural fullness (n = 1), which

were not correlated temporally with symptoms of vertigo or

headache. We believe that an overlapping syndrome of VM

and Meniere disease in our case series was not included. Most

participants revealed normal vestibular function tests, except

one subject who revealed caloric weakness (39%) and decreased

amplitude of cervical vestibular-evoked myogenic potentials on

the right side, but other findings, including the head-impulse test

and oculography, were unremarkable. Another patient showed

subtle spontaneous nystagmus on interictal VOG recordings

(about 3◦/s) without caloric paresis or abnormal vHIT, which

was resolved a month after the BTX injection.

E�cacy measures after BTX-A treatment

There was an overall reduction in the mean monthly

frequency of headache and vertigo episodes 2 months after

TABLE 2 Demographic and clinical characteristics of patients with

vestibular migraine (n = 20).

Patients (n= 20)

Demographics

Sex (female) 20 (100%)

Age (mean± SD, range, years) 45.4± 12.8, 20–69

Right handedness 20 (100%)

Migraine characteristics

Disease duration (mean± SD, range, years) 7.6± 4.8, 0.5–20

Frequency (mean± SD, range, days/month) 17.2± 9.5, 3–30

Severity of headache (VAS, 0–10) (mean±

SD, range)

6.8± 1.3, 4–8

Episode duration (mean± SD, range, h) 17.3± 19.0, 1–72

MwoA / MwA / Visual aura 13 (65%) / 7 (35%) / 7 (35%)

Headache side: right / Left / Bilateral 1 (5%) / 6 (30%) / 13 (65%)

Pulsating quality 7 (35%)

Photophobia / Phonophobia 2 (10%) / 4 (20%)

Vestibular symptoms

Frequency (mean± SD, range, days/month) 14.0± 5.0, 2–21

Duration (mean± SD, range, h) 11.35± 16.9, 1–72

Intensity of vertigo (VAS-D, 0–10) (mean±

SD, range)a

6.0± 2.8, 4–10

Recurrent spontaneous / positional / visually

induced vertigo

16 (80%) / 9 (45%) / 3 (15%)

Nausea or vomiting 14 (70%)

History of motion sickness 12 (60%)

Frequency of acute headache/vertigo

treatment use (days/month)

15.0± 10.7

Prophylactic medications 20 (100%)

Use of two or more drugs 15 (75%)

Vestibular function tests

Spontaneous nystagmus (VOG) 1 (5%)

vHIT (hVOR mean gain, R/L) 0.97± 0.05 / 0.98± 0.06

Abnormal vHIT hVOR gain / Presence of

corrective saccades

0 / 0

VEMP (cVEMP, oVEMP)

cVEMP p13 amplitude AR ≥ 40% 1 (5%)

cVEMP p13 amplitude AR (%) 20.19± 12.40

cVEMP p13 mean latency (ms, R/L) 13.17± 0.4/12.91± 0.5

oVEMP n10 amplitude AR ≥ 40% 0

oVEMP n10 amplitude AR (%) 18.42± 11.70

oVEMP n10 mean latency (ms, R/L) 10.11± 0.7/10.39± 0.5

Mean caloric response (◦/s, R/L) 28.6± 15.4/26.4± 12.3

Caloric response AR 15.61± 21.9

Caloric response AR ≥ 35% 1/7 (14.3%)

AR, asymmetry ratio; vHIT, video head-impulse test; VOG, video oculography; VOR,

video ocular reflex; VAS, Visual Analog Scale; VAS-D, Visual Analog Scale-Dizziness; R,

right; L, left.
aTo evaluate the intensity of vestibular symptoms, we used a scale similar to the numeric

rating scale, with 0 set as none, 1–3 as mild (uninterrupted), 4–6 as moderate (disturbed

but able to maintain daily activities), and more than 7 as severe (daily activities cannot

be continued).
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BTX-A treatment compared with baseline (Table 3). During the

prospective baseline phase, VM patients had a mean monthly

frequency of 17 migraine headaches and 14 vertigo episodes,

which were significantly reduced to mean monthly frequencies

of 9.5 (−8.3 days, p = 0.001, paired t-test) and 8.5 (−5.5 days,

p < 0.001), respectively, 2 months after BTX-A injection. Some

patients, however, did not show the effect of BTX-A treatment as

<30% reduction (n = 3), no change (n = 2), or increase (n= 2)

in the headache days per month.

Both the headache and vertigo profiles of our VM patients

showed marked improvement after the BTX-A treatment

(Table 3, Figure 1). The HIT−6 (−9.5, 95% CI, −13.1 to −5.9,

p < 0.001, paired t–test), the MIDAS (−25.2, 95% CI, −38.0

to −14.2, p = 0.001), and the MSQ scores (+36.2, 95% CI,

20.6–53.2, p<0.001) were significantly improved after the BTX–

A treatment. In the vertigo profiles, the VSS (−12.6, 95% CI,

−18.1 to −8.0, p < 0.001, paired t–test) and the DHI (−20.1,

95% CI,−27.1 to−13.1, p< 0.001) were also improved after the

injection. The mean scores of the BDI (−6.9, 95% CI, −10.3 to

−3.5, p < 0.001) and BAI (−9.1, 95% CI, −14.0 to −4.5, p =

0.001) were improved 2 months after the BTX-A injection.

Resting-state ALFF values after BTX-A
treatment

Compared with the baseline, the ALFF values were

significantly higher in the right STG after BTX-A treatment

(p < 0.001, FDR and FWE corrected, Table 4 and Figure 2A).

Seed-based functional connectivity

To further explore the role of the right STG in VM

management using BTX-A injection, we applied an FC analysis

using the peak of the overlapped cluster at the right STG

(57, −36, 3, 5mm) as the seed. After BTX-A treatment, the

following FC values were increased between the right STG and

(i) right supramarginal gyrus (SMG); (ii) left postcentral gyrus

(PCG); (iii) right middle temporal gyrus (MTG) (Figure 2B,

Table 5). Subanalyses revealed a significant negative correlation

between the FC of the right STG–SMG and the migraine

disability MIDAS (r = −0.562, p = 0.019, Pearson’s correlation

analysis) (Figure 3), and no other relevant subanalysis showed

significant correlations.

Discussion

In this study, 155U BTX-A injections significantly reduced

both vertigo attacks and migraine headache compared with

TABLE 3 E�cacy of botulinum toxin type A injection.

Parameters Baseline After treatment p-valuea

Headache profile

Frequency (days/month) 17.8± 9.9 9.5± 10.1 0.001

Severity (VAS, 1–10) 6.8± 1.3 5.0± 2.6 <0.001

HIT-6 (6 questions, 78

points)

65.0± 7.4 55.2± 8.8 <0.001

Severe headache (HIT-6

≥ 60 points)

17 (85%) 7 (35%) 0.002b

MIDAS (5 questions,

days/3 month)

53.3± 29.4 28.3± 30.3 0.001

grade 1 (MIDAS score

0–5)

0 (0%) 8 (40%) 0.002b

grade 2 (MIDAS score

6–10)

0 (0%) 2 (10%)

grade 3 (MIDAS score

11–20)

3 (15%) 0 (0%)

grade 4 (MIDAS score

≥21)

17 (85%) 10 (50%)

MSQ (14 questions, 100

points)

68.8± 47.1 105.0± 40.3 <0.001

MSQ_RR (7 questions) 23.9± 15.0 36.1± 13.7 0.001

MSQ_RP (4 questions) 24.3± 15.8 34.5± 14.4 0.003

MSQ_EF (3 questions) 20.7± 18.1 34.3± 16.8 0.001

Vestibular symptom

profiles

Frequency (days/month) 14.0± 5.0 8.5± 5.4 <0.001

Intensity (VAS-D, 0–10) 6.0± 2.8 3.7± 2.7 0.001

VSS (15 questions, 60

points)

30.1± 10.5 18.2± 11.3 <0.001

DHI (25 questions, 100

points)

52.4± 27.8 31.6± 22.9 <0.001

Physical (7 questions, 28

points)

11.6± 6.6 7.9± 5.2 0.001

Functional (9 questions,

36 points)

20.1± 11.9 13.8± 10.5 0.015

Emotional (9 questions,

36 points)

19.2± 10.0 10.1± 9.0 <0.001

Depression and anxiety

profile

BDI (21 questions, 63

points)

23.9± 15.6 16.0± 11.0 <0.001

BAI (21 questions, 63

points)

26.6± 14.7 16.7± 13.0 0.001

VAS, visual analog scale; HIT-6, Headache Impact Test-6; MIDAS, Migraine Disability

Assessment; MSQ, Migraine Specific Quality of Life; RR, Role-function Restrictive;

RP, Role-function Preventive; EF, Emotional Function; VAS-D, Visual Analog Scale-

Dizziness; VSS, Vertigo Symptom Scale-short form; DHI, Dizziness Handicap Inventory;

BDI, Beck Depression Inventory; BAI, Beck Anxiety Inventory.
aPaired t-test; bPearson’s chi-square test.
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FIGURE 1

Comparison of symptomatic functional disability scores before (baseline) and after BTX-A treatment. *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 4 Brain regions with significant amplitude of low frequency

fluctuation (ALFF) di�erences between pre- and post-BTX-A injection

in vestibular migraine patients.

Cluster Brain region Cluster size x y z t value

Cluster 1 Right superior temporal gyrus 67 57 −36 3 5.94

54 −21 3 5.61

63 −24 −3 5.39

ALFF for contrast post-treatment > pre-treatment (FDR and FWE p < 0.05 corrected).

baseline in our 20 patients with VM. The patients also

reported significant improvements in their functionality and the

tolerability of migraine headache and vestibular symptoms after

BTX-A treatment.

Although various mechanisms have been put forward

to explain VM symptoms, interactions between nociceptive

and vestibular pathways are broadly considered to represent

the underlying pathophysiology of VM. The reciprocal

connections between the vestibular nuclei and other brainstem

structures, such as the raphe nuclei, the parabrachial nucleus,

and the locus coeruleus, could modulate the sensitivity of

the trigeminovascular system (TVS) and pain pathways

(18), which could explain vestibular symptoms in VM.

Altered neural activity within the TVS is considered to be

the primary mechanism for migraine headache (19). Thus,

TVS neuropeptides such as substance P and calcitonin

gene-related peptide (CGRP), which cause vasodilation and

neurogenic inflammation, might lead to throbbing pain

and central sensitization (20). The TVS also innervates the

inner ear, and some neurotransmitters, such as CGRP and

serotonin, are expressed in the vestibular and cochlear systems

and might also be involved in VM pathophysiology (21).

Animal studies have shown increased CGRP expression

in a rotational model of motion sickness (22), and CGRP

null mice have a reduced vestibulo-ocular reflex (23), which

gives more evidence that CGRP is expressed throughout

various vestibular nuclei (24). These findings highlight the

potential role of elevated CGRP signaling as an underlying

mechanism in the association between migraine and vertigo

(25). Parallel activation of the vestibular and nociceptive

pathways, such as the periaqueductal gray and hypothalamic

areas, has been proposed, and reciprocal connections between

these systems could modulate neural activity within the TVS

and vestibular system (26, 27). Furthermore, the response

of both headache and vertigo symptoms to migraine

prophylactic medications suggests that migraine headache
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FIGURE 2

(A) The significantly altered amplitude of the low-frequency fluctuation (ALFF) map of the right superior temporal gyrus (STG) in vestibular

migraine patients after BTX-A treatment (FDR and FWE p < 0.05 corrected). The color bar denotes the t-value. (B) Functional connectivity (FC)

analysis using the peak of the overlapped cluster at the right STG (5-mm green sphere; 57, −36, 3) as the seed. Positive (hot color) t-value

indicates increased FC (i) between the right STG and right supramarginal gyrus (SMG); (ii) between the right STG and left postcentral gyrus (PSG);

and (iii) between the right STG and right middle temporal gyrus (MTG) (FDR and FWE p < 0.05 corrected).

and vertigo could share a common pathophysiology in the VM

population (26).

Although the exact mechanism of action of BTX-A in VM

is still a matter of speculation, animal studies suggest that

BTX-A can block the release of nociceptive mediators such as

substance P, glutamate, and CGRP, which reduces nociceptive

input into the central nervous system from the periphery (28).

Correspondingly, it has been shown that CGRP levels in chronic

migraine patients strongly correlate with their response to BTX-

A therapy (29), and CGRP levels after BTX-A treatment were

significantly lower than before BTX-A treatment (median, 51.89

vs. 74.09 pg/ml, p<0.001) in patients with chronic migraine

(30). Therefore, the activation of the TVS and vestibular

system and the release of pain-producing molecules, especially

CGRP, could be a potential therapeutic intervention during

chronic migraine and VM attacks. Injections of BTX-A at the

designated pericranial sites inhibit the release of CGRP, which

would otherwise facilitate nociceptive transmission, contribute

to the development of peripheral and central sensitization

and possibly also contribute to pain processing and vestibular

system modulation (20). Therefore, the primary mechanism of

action for BTX-A in VM might be reversing peripheral and

central sensitization by inhibiting the release of CGRP and

(to a lesser degree) other pain-producing molecules from TVS

neurons (31). In addition, it was suggested that BTX-A-mediated

blockage of excitatory synapses might indirectly enhance

inhibitory neurotransmission through an as yet unknown

mechanism. Recently, it was reported that such a mechanism

might be connected with the opioid and GABA-ergic systems

in the central nervous system (32). Therefore, we speculate

that the primary mechanism of BTX-A in patients with VM

might involve the inhibition of TVS neuropeptide release such
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as CGRP and the enhancement of endogenous opioidergic and

GABA-ergic transmissions, which can modulate neural activity

within both the TVS and the vestibular system. Supportively,

BTX-A has been shown to be less effective in chronic tension-

type headache, a condition in which CGRP levels have been

shown to be normal (33).

TABLE 5 Results from the seed-based functional connectivity analysis

showing altered right superior temporal gyrus (STG) functional

connectivity (FC) pre- and post-treatment across patients.

Cluster Brain region Cluster size x y z t value

Cluster 1 Right supramarginal

gyrus (SMG)

62 63 −24 30 5.9

57 −21 36 4.96

66 −6 21 4.87

Cluster 2 Left postcentral gyrus

(PCG)

51 −57 −18 21 6.08

Cluster 3 Right middle temporal

gyrus (MTG)

33 51 −57 −3 5.38

36 −60 −6 4.72

48 −57 6 4.67

FC with right STG for contrast post-treatment > pretreatment (FDR and FWE

p < 0.05 corrected).

Cortical areas involved in processing vestibular information

include the insular and retroinsular cortex, the parietal

operculum, the STG, the temporo-parietal junction and

posterior parietal cortex, the postcentral gyrus, the cingulum,

the hippocampus, and the frontal cortices (34). These regions

are multisensory areas in which the inputs of several sensory

modalities, i.e., auditory, somatosensory, and visual, converge

with vestibular information. Similarly, pain is a complex,

multifactorial subjective experience, and a large distributed

brain network is involved in nociceptive processing (35).

Nociceptive-specific cortical and subcortical brain regions

that are commonly activated by pain stimulation include the

anterior cingulate cortex, insula cortex, frontal and pre-frontal

cortices, primary and secondary somatosensory cortices,

thalamus, basal ganglia, cerebellum, amygdala, hippocampus,

and regions within the parietal and temporal cortices (36).

The somatosensory and nociceptive cortical projections

strongly overlap with the vestibular cortical projections, giving

rise to vestibular-somatosensory and vestibular-nociceptive

interactions, whose occurrence has been demonstrated by

caloric and galvanic vestibular stimulation in humans (37).

Therefore, it has been suggested that vestibular input could

influence the processing of other tactile and nociception inputs.

In this study, alterations in spontaneous brain activity in VM

patients were evaluated before and after BTX-A treatment using

FIGURE 3

A correlation analysis showed a significant negative correlation between the functional connectivity of the right superior temporal gyrus (STG)

with the supramarginal gyrus (SMG) and the MIDAS score (r = −0.56, p = 0.001).
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two different sequential data-driven analyses, namely, ALFF and

a seed-based functional connectivity (FC) analysis. Increased

spontaneous activity was indicated by significantly higher ALFF

values in the right temporal lobe (STG) after BTX-A treatment

compared with the baseline. FC between the right STG and

left PSG, right SMG, and right MTG was also increased

after treatment. The enhanced regional functional activity after

BTX-A treatment, mainly in the right temporal lobe, which

contains the vestibular cortical core regions and participating

pain processing regions, suggests that BTX-A injection can

modulate the functional connectivity of the vestibular and pain

cortices. The STG is an important area within the vestibular

network and is closely connected to other multisensory brain

regions. The posterior STG is consistently described as a

core region for central vestibular processing, along with the

posterior insula and parietal operculum, and as a secondary

processing region for coordination of the eyes and head and

spatial orientation. Structural and functional abnormalities of

the STG have previously been demonstrated in both migraine

patients (38) and patients with vestibular disorders (39). In

chronic migraine, hypometabolism was reported in the bilateral

temporal regions compared with healthy controls (38). On

the contrary, hypermetabolism in the temporal lobe regions,

including the temporal pole and STG, has been found in

response to painful stimuli (40). In VM patients, an increased

metabolism in the temporal areas was reported during a

migraine attack (41). During the attack-free interval of VM

patients, voxel-based morphometry in MRI showed a decrease

in GM volume bilaterally in the inferior and middle temporal

gyri, the cingulate cortex, and the posterior insula, as well as

in the STG, supramarginal gyrus, dorsolateral prefrontal cortex,

and inferior occipital gyrus (39). In this study, alterations in

the ALFF values were observed only at the right side STG

after treatment, which reflects the right-hemispheric dominance

of the vestibular cortical network in right-handers in our VM

patients (42).

The FC between the right STG and the right SMG increased

after BTX-A treatment, and interestingly, the correlation

analysis showed a negative correlation with the headache-related

disability in the MIDAS score. The SMG and angular gyrus

within the inferior parietal lobule (IPL) have been shown to be

activated by vestibular stimulation (43). The IPL is also part

of somatosensory processing, functions in the pain response

and the sensing of temperature and pressure. In patients with

migraine with or without aura, structural abnormalities of the

SMG have been demonstrated (44). VM patients also have

decreased GM volume in the SMG, the prefrontal cortex, and

the posterior insula–operculum regions compared with healthy

controls. Increased FC between the right STG and SMG and

the negative correlation with the MIDAS score indicate that

migrainous headaches improved after BTX-A treatment over

time in parallel with the increased FC between the STG and

SMG. We also found increased FC between the right STG

and the PCG and MTG. These brain regions belong to the

multisensory vestibular network, and the areas are activated by

exposure to magnetic vestibular stimulation (45). The MTG in

particular is considered to be functionally relevant to vestibular

compensatory mechanisms and is strongly interconnected with

other multisensory cortical areas that form a multisensory-

integrative network (39). The increase in FC between the

STG and regions of the MTG and PCG thus allows for two

interpretations: first, it contributes to vestibular compensation

during the recovery phases after BTX-A treatment, and second,

the inclusion of somatosensory processing might reflect the

integration between the vestibular and nociceptive systems.

This study has several limitations. First, the number of

VM patients is relatively small in this longitudinal approach.

Second, we choose a controlled before-after study which is a

non-randomized design in that outcomes are measured before

and after BTX-A treatment, both in a group that receives the

treatment and in another comparison group. Typically this

design could have a high risk of bias because of other differences

between the groups that are being compared (confounders), and

the placebo effect cannot be excluded. Third, it is difficult to

assert that the change in the resting-state brain connectivity

is a VM-specific finding because the comparative analysis was

not conducted with a group of patients with migraine other

than VM. Fourth, even though we did not change the use

of preventive medications, we cannot exclude the possibility

that the use of preventive therapies might have influenced

the resting state of the brain and led to functional changes.

Lastly, the follow-up of the patients for 2 months after the

treatment might be too short; longer longitudinal studies are

needed to evaluate the long-term effects of BTX-A in patients

with VM.

In conclusion, our novel findings that BTX-A is effective in

improving vertigo and migraine attacks in patients with VM

and improved functional brain activity and connectivity in the

vestibular and somatosensory (pain) processing regions after

BTX-A treatment are intriguing and promising to expand our

understanding of the pathophysiology of VM. With respect to

the therapeutic mechanisms, botulinum toxin might enhance

intrinsic vestibular, nociceptive, and cross-modal interactions

within the multisensory vestibular cortical network in patients

with VM. The findings suggest a disease-related dysfunction of

multisensory (nociceptive, somatosensory, vestibular) cortical

networks in VM patients.
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cutaneous perception and
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Objectives: In this study, the specific threshold intensities and response

characteristics of galvanic vestibular stimulation (GVS) on vestibular

(conscious) and cutaneous (detrimental) perception as well as oculomotor

nystagmus (reflex) were determined.

Methods: The threshold intensities for vestibular and cutaneous perception

and oculomotor response induced by GVS were determined in 25

right-handed healthy subjects (32.6 ± 7.2 years of age; 56% female).

The subjects were seated upright, and eye movements were recorded while

a direct GVS current was applied with paradigms of cathode on the right

and anode on the left (CRAL) and also cathode on the left and anode on the

right (CLAR).

Results: Subjects experienced dizziness, sense of spinning, or fall tendency,

which was more frequently directed to the cathode (76%) than the anode

(24%, p < 0.001, chi-square one-variable test) at mean current greater

than 0.98 ± 0.29mA (mean vestibular threshold). The current also triggered

a more frequent mild tingling sensation at the cathode (56%) than the

anode (30%) or on both sides (14%; p = 0.001, chi-square one-variable

test) when above the mean cutaneous threshold of 0.9 ± 0.29mA. Above

the mean oculomotor threshold of 1.61 ± 0.35mA, combined horizontal

and torsional nystagmus was more frequent toward the cathode (86%) than

toward the anode (p < 0.001, chi-square one-variable test). The mean

oculomotor threshold was significantly higher than both the vestibular (p <

0.001, Mann–Whitney U-test) and cutaneous (p < 0.001, Mann–Whitney U-

test) thresholds, which were comparable (p = 0.317, Mann–Whitney U-test).

There was no significant disparity in these specific thresholds between

the two GVS paradigms. The vestibular threshold was significantly higher

in males than in females [1 (0.5–1.25) mA vs. 0.75 (0.625–1.125) mA,

Z = −2.241, p = 0.025, Mann–Whitney U-test]. However, the thresholds

of cutaneous perception and oculomotor response did not di�er by sex.
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Conclusion: The findings indicate that thresholds for vestibular and

somatosensory perception are lower than the oculomotor threshold.

Therefore, a strategy to reduce GVS current intensity to the level of vestibular

or somatosensory perception threshold could elicit beneficial vestibular e�ects

while avoiding undesirable e�ects such as oculomotor consequences.

KEYWORDS

galvanic vestibular stimulation (GVS), vestibular perception threshold, cutaneous

threshold, nystagmus, vertigo

Introduction

Vestibular afferents are sensitive to motion acceleration

when the head translates and rotates in space, creating rapid

and accurate reflexive responses to unpredictable and high

acceleration. This function is critical in maintaining balance

and visual stability (1, 2). The afferents provide continuous

data for exploring and comprehending a vast range of physical

motions encountered in daily life, acting as an inertial sensor

and significantly contributing to spatial navigation (1).

Notably, the vestibular system is multimodal and integrative

(1, 3, 4), involving the fusion of otolith- and canal-derived

signals at the level of vestibular nuclei and multisensory

integration and convergence (such as vestibular-visual,

vestibular-somatosensory, and vestibular-visual-somatosensory

interactions) at the vestibular nuclei, thalamus, and cerebral

cortices (1, 3, 4). The coherence integration of three systems

(i.e., vestibular, visual, and somatosensory) imparts the ability

to determine an internal representation of space and spatial

perception and navigation in three-dimensional coordinates,

using both egocentric and exocentric strategies (5, 6). The

interaction between body and environmental space via

navigation continuously occurs based on data from the

navigable space (optic flow and visual cues) and the perception

of self-motion (vestibular and somatosensory) (5, 6).

Over the past century, transcutaneous delivery of electric

currents to the vestibular afferents, commonly referred to as

galvanic vestibular stimulation (GVS), has been used to study

and understand the function of the vestibular system (7). GVS

is a technique that can stimulate the spike trigger zone of

primary vestibular afferents associated with both semicircular

canals (SCCs) and otolith organs (8, 9), allowing perception of

vestibular sensations with excellent temporal control (10, 11).

Firing rates of peripheral vestibular afferents are increased by

galvanic currents at the cathode and decreased at the anode (9,

12, 13). The adaptive capacity of two types of vestibular afferent

fibers to each GVS waveform is strikingly different that irregular

fibers are sensitive to small-amplitude, highly dynamic currents

(alternating current, AC), but fail to sustain tonic firing rates

with constant currents (direct current, DC), whereas regular

fibers are the opposite (14). GVS has also been used in functional

neuroimaging studies to investigate the vestibular system (15)

and in a variety of behavioral experiments on the effects of

vestibular stimulation on locomotion and cognitive processes

(16). In the framework of clinical therapeutic studies, favorable

advantages of GVS have been shown in the improvement of

postural stability (17–19), gait performance (20), functional

mobility (21, 22), sensory perception (23–25), and cognition

(26, 27).

Due to an increasing interest in GVS applications in

clinical neuropsychiatry and rehabilitation, it is important

to determine the stimulus parameters of waveforms (DC,

sinusoidal or noisy), intensity, frequency, polarity, duration, and

timing of stimulation, as well as electrode size and positioning

(14). When altering these parameters, different amounts of

electric current can be elicited, and diverse physiologic and

adverse effects induced (14). In addition to the assessment of

efficacy, electrical safety is crucial for the clinical application of

GVS and must be considered in the intervention. Frequently

reported detrimental effects of GVS include itching, tingling,

and burning at the stimulation site. In addition, high GVS

amplitude leads to significantly decreased performance in

short-term spatial memory or egocentric mental rotation,

supported by a significant decrease in cell proliferation in

the hippocampus (28), induced postural instability (29), and

decreased dynamic visual acuity (30). To achieve the optimal

effect and simultaneously reduce detrimental effects, it is

necessary to determine the GVS threshold defined by the

lowest level of stimulus required to evoke vestibular responses.

GVS currents also activate other sensory inputs including

those of the cutaneous, visual, and auditory systems as well

as the vestibular system, which encompasses somatosensory,

oculomotor, and vestibular responses during an intervention

(14). Therefore, investigating the thresholds for specific points

of each sensory perspective, cutaneous and vestibular perception

as well as oculomotor response, is necessary. Because precise

sensory feedback from the visual, vestibular, and cutaneous

systems is critical for maintaining balance and motor control,

determining the appropriate individualized GVS threshold will

maximize the therapeutic effects of GVS intervention while
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minimizing the associated unpleasant sensations. In particular,

due to increased clinical application of GVS, the threshold

should be determined prior to the experimental session (31–

33). Previous research has determined GVS threshold based

on mostly vestibular perception, occasionally cutaneous feeling,

and rarely oculomotor activity. To the best of our knowledge,

no study has previously assessed these specific GVS thresholds

concurrently. Thus, the most appropriate method to determine

GVS threshold remains unclear. In this study, specific threshold

intensities and response characteristics of GVS on vestibular

and cutaneous perception as well as oculomotor response

were determined.

Materials and methods

Participants

This study included 25 healthy subjects (32.6 ± 7.2 years;

range 23–53 years; 11 males, 14 females, Table 1) recruited at

Jeonbuk National University Hospital from July to September

2021. According to the Edinburgh Handedness Inventory (34),

all participants were right-handed. Participants did not have any

history of neurologic or neuro-otologic diseases and were not

taking any medication. The subjects underwent neurotological

evaluations including video oculography and head-impulse test

and vestibular-evoked myogenic potential tests to screen for

any vestibular impairment. They showed no abnormalities on

examinations. The subjects provided written informed consent

to participate in the study following an explanation of the

study protocol. All experiments were reviewed and approved by

the Institutional Review Board at Jeonbuk National University

Hospital (No. 2021-07-013-007).

Experimental design and GVS procedure

Data from each participant were collected in two randomly

ordered sessions of DC-GVS paradigms of cathode on the

right and anode on the left (CRAL) or cathode on the left

and anode on the right (CLAR; Tables 1, 2). The experimental

design using “CLAR and CRAL” in right-handed participants

is required in the context of handedness-dependent vestibular

lateralization, in which the vestibular input and signaling

pathways from the dominant side are more predominant than

those from the non-dominant side (35, 36). This allowed the

detection of any difference in the GVS threshold between

CLAR and CRAL models. At the beginning of the sessions,

participants received verbal and written instructions regarding

the tasks. A CE-certified battery-driven constant current

stimulator (neuroConn DC-Stimulator Plus; neuroConn,

Ilmenau, Germany) was used to deliver the DC to subjects

sitting upright in a chair via a pair of 35 cm2 (5 × 7 cm)

(37–39) rectangular conductive rubber electrodes (neuroConn)

coated with electrode gel and placed binaurally over both

mastoids. The maximum current density in this study was

estimated to be 57.14 µA/cm2 (corresponding to a charge

density of 1.71 Coloumb/cm2) at the skin surface, similar

to previous studies (37, 38), and well below the safety limit

for tissue damage (40–42). The electrodes were positioned

on the mastoid, supplemented with a conductive gel prior to

testing to reduce skin impedance, and secured in place by a

rubber head strap. Participants were seated in a comfortable

chair in front of a target bar of the three-dimensional video

oculography instrument (3D-VOG, SMI, the Netherlands,

sampling rate of 60Hz) and wore goggles that tracked

their ocular movements under the supervision of a senior

neurotologist (S.Y. Oh). Threshold testing started with a

low current (0.5mA), gradually increasing by 0.25mA for

a 3-s period over a 5-min inter-step interval. In the inter-

step interval, the subjects were asked to describe whether

they experienced any tingling/pain (cutaneous perception

threshold) or dizziness/unsteadiness (vestibular perception

threshold) during GVS application. The senior neurotologist

also monitored for the appearance of nystagmus when recording

with the VOG (oculomotor threshold). These iterations were

continued with a steady increase in current until the participant

concurrently expressed tingling/pain, dizziness/unsteadiness,

and nystagmus. To confirm the specific thresholds, the

stimulus intensity was gradually decreased by 0.25mA from

2mA to the level at which the tingling/pain (cutaneous

threshold), dizziness/unsteadiness (vestibular threshold),

and ocular responses (oculomotor threshold) disappeared

(Figure 1). The procedure was repeated two times to confirm

the cutaneous, vestibular, and oculomotor thresholds (43–45).

When thresholds differed between sessions, the mean value was

used for analysis.

Thresholds for vestibular and cutaneous
perception and oculomotor response

A verbal warning preceded each stimulus, and subjects

were instructed to say “yes” when perceiving tingling, pain,

or any other sensation at the electrodes. Subjects were asked

to describe the sensory feelings and indicate the location of

occurrence. Subjects were also instructed to focus on vestibular

perception and asked to report any sense of dizziness with

spinning or non-spinning and disequilibrium or any sense of

motion. Each report was followed by feedback confirming the

perceptions such as motion direction, and the current intensity

was increased in the next step. Eye position and movement

were binocularly recorded using the 3D-VOG during the entire

experiment. Digitized data were analyzed using the MATLAB

software (MathWorks, Natick, MA, USA). All data pertaining
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TABLE 1 Thresholds for somatosensory and vestibular perception and oculomotor response and their characteristics in response to GVS with the cathode on the right and the anode on the left (CRAL).

Pts./sex/age Handedness Cutaneous perception Vestibular perception Oculomotor response

Threshold (mA) Sensing site Threshold (mA) Description Threshold (mA) Degree (◦/s) Duration (s) Direction

1/F/48 Rt. 0.5 Cathode (Rt.) 0.5 Rt. tilting and CW rotation, vertigo 1 2.1 5 RBN

2/F/36 Rt. 1 Cathode (Rt.) 1 Rt. tilting and CW rotation, vertigo 0.5 2.1 4.9 LBN

3/M/34 Rt. 0.5 Both 1 Rt. tilting and CW rotation, 1 2.5 5.4 RBN

4/M/33 Rt. 1 Cathode (Rt.) 1.5 Rt. tilting and CW rotation, vertigo 1.5 2 4.1 RBN

5/F/32 Rt. 0.5 Cathode (Rt.) 0.5 Rt. tilting and CW rotation, vertigo 2 1.8 4.3 RBN

6/M/34 Rt. 1 Cathode (Rt.) 2 CCW rotation 1.5 1.7 3.4 LBN

7/F/29 Rt. 1.5 Cathode (Rt.) 0.5 Rt. tilting and CW rotation 2 1.6 3.9 RBN

8/M/29 Rt. 1 Cathode (Rt.) 1 Lt. tilting and CCW rotation, vertigo 2 2.4 4.4 CW

9/M31 Rt. 0.5 Cathode (Rt.) 1 CW rotation 1 1.7 5.1 RBN

10/F/30 Rt. 1.5 Cathode (Rt.) 1 Lt. tilting and CCW rotation, vertigo 0.5 1.9 5 RBN

11/F/23 Rt. 1 Anode (Lt.) 0.5 Rt. tilting and CW rotation, vertigo 1.75 1.9 4.4 RBN

12/F/26 Rt. 1.5 Cathode (Rt.) 0.5 Rt. tilting and CW rotation, vertigo 1 2.5 5 CCW

13/F/25 Rt. 0.5 Both 0.5 CCW rotation 0.5 2.4 5.2 RBN

14/F/38 Rt. 0.5 Anode (Lt.) 0.5 Lt. tilting and CCW rotation, vertigo 1.5 1.8 4.5 CCW

15/F/44 Rt. 0.5 Both 0.5 Rt. tilting and CW rotation, vertigo 2 2.5 4.9 RBN

16/M/53 Rt. 1.25 Anode (Lt.) 1.5 Lt. tilting feeling 2 1.8 6 RBN

17/M/35 Rt. 0.5 Anode (Lt.) 1 CW rotation and vertigo 2 2.1 3.8 RBN

18/F/31 Rt. 0.5 Anode (Lt.) 0.75 Rt. tilting and CW rotation 1 2.3 8.7 RBN

19/F/26 Rt. 0.5 Cathode (Rt.) 0.75 Rt. tilting and CW rotation 2 1.7 5 LBN

20/F/28 Rt. 2 Cathode (Rt.) 2 Rt. tilting and CW rotation 2 1.6 4.2 RBN

21/M/25 Rt. 1.5 Cathode (Rt.) 1.75 CCW rotation 2 1.9 6.3 RBN

22/M/36 Rt. 1.25 Anode (Lt.) 1.25 Rt. tilting and CW rotation 2 2.2 5.8 RBN

23/M/33 Rt. 2 Cathode (Rt.) 2 Rt. tilting and vertigo 2 1.8 3.7 RBN

24/F/29 Rt. 1.25 Anode (Lt.) 1.25 Rt. tilting and CW rotation 1.75 1.7 4.3 RBN

25/M/27 Rt. 0.5 Anode (Lt.) 1 Rt. tilting and CW rotation 1.5 2.7 8 RBN, UBN

GVS, galvanic vestibular stimulation; Pts, participants; M, male; F, female; Rt., right; Lt., left; CW, clockwise; CCW, counter-clockwise; RBN, right-beating nystagmus; LBN, left-beating nystagmus.

F
ro
n
tie

rs
in

N
e
u
ro
lo
g
y

fro
n
tie

rsin
.o
rg

231

https://doi.org/10.3389/fneur.2022.955088
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


N
g
u
y
e
n
e
t
a
l.

1
0
.3
3
8
9
/fn

e
u
r.2

0
2
2
.9
5
5
0
8
8

TABLE 2 Thresholds for somatosensory and vestibular perception and oculomotor response and their characteristics in response to GVS with the cathode on the left and the anode on the right (CLAR).

Pts./sex/age Handedness Cutaneous perception Vestibular perception Oculomotor response

Threshold (mA) Sensing site Threshold (mA) Description Threshold (mA) Degree (◦/s) Duration (s) Direction

1/F/48 Rt. 0.5 Cathode (Lt.) 0.5 Lt. tilting and CCW rotation 1.5 2.2 5.1 LBN

2/F/36 Rt. 0.5 Cathode (Lt.) 0.75 Lt. tilting and CCW rotation 1 2.7 5.7 LBN

3/M/34 Rt. 0.5 Cathode (Lt.) 0.5 Lt. tilting and CCW rotation, vertigo 1.5 1.5 4.9 LBN

4/M/33 Rt. 1 Anode (Rt.) 0.75 Lt. tilting and CCW rotation, vertigo 1.75 1.9 4.6 LBN

5/F/32 Rt. 1.25 Cathode (Lt.) 1.25 Lt. tilting and CCW rotation 2 1.8 3.8 LBN

6/M/34 Rt. 1.5 Both 1.25 Rt. tilting and CW rotation 1.5 2.1 4.5 RBN

7/F/29 Rt. 0.5 Cathode (Lt.) 0.5 Lt. tilting and CCW rotation 1.5 2.3 5 LBN

8/M/29 Rt. 0.75 Cathode (Lt.) 0.75 Lt. tilting and CCW rotation 1.75 2.4 4 LBN

9/M31 Rt. 1 Anode (Rt.) 1.25 Lt. tilting and CCW rotation 2 1.4 6 LBN

10/F/30 Rt. 1 Anode (Rt.) 1 Rt. tilting and CW rotation 1.5 1.8 4.4 LBN

11/F/23 Rt. 0.5 Cathode (Lt.) 1 Lt. tilting and CCW rotation 1.5 2.2 5 LBN

12/F/26 Rt. 1.25 Cathode (Lt.) 1.5 Rt. tilting and CW rotation, vertigo 2 2.6 4.8 LBN

13/F/25 Rt. 1 Cathode (Lt.) 1 Lt. tilting and CCW rotation 1.5 2 5.9 LBN

14/F/38 Rt. 0.75 Cathode (Lt.) 0.75 Lt. tilting and CCW rotation 2 2.7 6 LBN

15/F/44 Rt. 1 Both 1 Lt. tilting and CCW rotation, vertigo 2 2 4.5 LBN, DBN, CCW

16/M/53 Rt. 0.75 Cathode (Lt.) 0.75 CCW rotation 1.5 1.1 4.7 LBN

17/M/35 Rt. 0.5 Anode (Rt.) 1 Lt. tilting and vertigo 2 1.8 3 LBN, DBN

18/F/31 Rt. 0.5 Cathode (Lt.) 0.75 Lt. tilting and CCW rotation 1.5 2.3 6 LBN

19/F/26 Rt. 1 Anode (Rt.) 1.25 Rt. tilting and CW rotation 1.5 1.8 5 LBN

20/F/28 Rt. 0.5 Both 0.5 Lt. tilting and CCW rotation, vertigo 2 1.7 4 LBN

21/M/25 Rt. 1 Cathode (Lt.) 1 Lt. tilting and CCW rotation 1.5 1.2 6.1 LBN

22/M/36 Rt. 1.75 Cathode (Lt.) 1.75 Lt. tilting and CCW rotation 2 2 6.2 LBN

23/M/33 Rt. 0.5 Both 0.75 Lt. tilting and CCW rotation 2 2.6 5.3 LBN

24/F/29 Rt. 1 Anode (Rt.) 1.25 Lt. tilting and CCW rotation 1.5 2.1 7.7 RBN

25/M/27 Rt. 0.75 Anode (Rt.) 0.5 Rt. tilting and CW rotation 2 1.8 4.5 LBN
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FIGURE 1

Experimental design flowchart. Representations of ocular movements during GVS application (in the boxes). The two-step approach to

determining GVS thresholds. GVS, galvanic vestibular stimulation; DC, direct current; L, left eye (blue); R, right eye (red).

to the results reported in this article (text and figures) will

be shared.

Statistical analysis

All data were analyzed using SPSS Statistics version

23.0 (IBM Corp., Armonk, NY, USA). For each parameter,

the normality of the distribution was assessed using the

Shapiro-Wilk test. The variables were presented as mean

± standard deviation. The non-parametric variables were

indicated as median (95% confidence interval), and the

significant difference was determined using the Kruskal-Wallis

test (between group comparison) and the Mann-WhitneyU-test

(pairwise comparisons). The chi-square one-variable test was

used to compare the difference between variables in multiple

categories. The Spearman’s correlation coefficient was used to

assess the correlations between age and the vestibular, cutaneous,

and oculomotor thresholds. Statistical significance was set at a

0.05 level.

Results

Although GVS is mildly unpleasant, no participant reported

particular discomfort or withdrew from the study. All

participants perceived cutaneous and vestibular sensations and

showed oculomotor responses confirmed by VOG recordings

(Figure 1).

Thresholds for cutaneous and vestibular
perceptions and oculomotor response

Subjects experienced mild cutaneous tingling or stinging

sensations above the mean stimulation intensity of 0.9 ±

0.29mA (cutaneous threshold, 0.85 ± 0.35mA on CLAR, and

0.97 ± 0.50mA on CRAL; Figure 2). These somatosensory

perceptions were more frequent on the cathode (56%) than

the anode (30%) or both sides (14%; p = 0.001, chi-square

one-variable test; Figure 3A). Subjects also experienced various

vestibular sensations evoked by GVS, as described in the

subject’s self-report. Some participants experienced dizziness

and vertigo, likely the manifestation of whole-body angular

rotation or a sense of rotation of the environment as if the objects

around them were spinning. Other participants described the

feeling of change in gravity. These sensations persisted for

several seconds even after cessation of the stimulation above

the mean stimulation intensity of 0.98 ± 0.29mA (vestibular

threshold, 0.93 ± 0.33mA on CLAR, and 1.03 ± 0.52mA

on CRAL; Figure 2). Rotating and falling sensations were

more frequently experienced toward the cathode (76%) than

the anode (24%, p < 0.001, chi-square one-variable test;
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FIGURE 2

Galvanic vestibular stimulation (GVS) thresholds are presented separately: cutaneous and vestibular perceptions and oculomotor response using

two stimulating paradigms of the cathode on the left and anode on the right (CLAR) (A) and the cathode on the right and anode on the left

(CRAL) (B). In the CLAR paradigm, the oculomotor threshold (1.7 ± 0.28mA) was significantly higher than the vestibular perception threshold

(0.93 ± 0.33 mA, p < 0.001, Bonferroni test) and cutaneous perception threshold (0.85 ± 0.35mA, p < 0.001, Bonferroni test) (A). In the CRAL

paradigm, the oculomotor threshold (1.52 ± 0.54mA) was also significantly higher than the vestibular perception threshold (1.03 ± 0.52mA, p <

0.001, Bonferroni test) and cutaneous perception threshold (0.97 ± 0.5mA, p < 0.001, Bonferroni test) (B). GVS threshold values are presented

as mean ± standard deviation (mA).

FIGURE 3

Characteristics of galvanic vestibular stimulation (GVS)-induced cutaneous and vestibular perception and oculomotor responses depending on

the stimulating paradigms; the cathode on the left and the anode on the right (CLAR, inside annulus) and the cathode on the right and the

anode on the left (CRAL, outside annulus). Cutaneous perceptions were more frequent on the cathode side (56%) than the anode (30%) or both

sides (14%; p = 0.001, chi-square one-variable test) (A). Rotating and falling sensations were more frequently experienced toward the cathode

(76%) than the anode (24%, p< 0.001, chi-square one-variable test) direction (B). Nystagmoid ocular movements were observed more frequently

with horizontal and torsional nystagmus toward the cathode (86%) than toward the anode (14%, p< 0.001, chi-square one-variable test) (C).

Values are presented as percentages.

Figure 3B). The vestibular threshold in males was significantly

higher than in females [1 (0.5–1.25) mA vs. 0.75 (0.625–

1.125) mA, Z = −2.241, p = 0.025, Mann–Whitney U-

test]. However, significant differences were not observed in

cutaneous perception and oculomotor response between the

sexes. Correlations were not found between age and vestibular,

cutaneous, and oculomotor thresholds.

Short-latency eye movements were also observed above the

mean stimulation intensity of 1.61 ± 0.35mA (oculomotor

threshold, 1.70 ± 0.28mA on CLAR, and 1.52 ± 0.54mA on

CRAL; Figure 2). Nystagmoid ocular movements were observed

more frequently with horizontal and torsional nystagmus

toward the cathode (86%) than toward the anode (14%,

p < 0.001, chi-square one-variable test; Figure 3C). The

mean amplitude and the mean duration of nystagmus were,

respectively, 2.03 ± 0.33◦/s and 5.01 ± 1.23 s for CRAL and

2 ± 0.43◦/s and 5.07 ± 0.98 s for CLAR (Table 3). Notably,

the oculomotor threshold [1.75 (1.5–1.75) mA] was significantly

higher than the vestibular perception threshold [1 (0.75–1.125)

mA, Z = −4.866, p < 0.001, Mann–Whitney U-test] and

the cutaneous perception threshold [0.875 (0.75–1.125) mA, Z

= −5.184, p < 0.001, Mann–Whitney U-test; χ
2 = 34.488,

p < 0.001, Kruskal-Wallis test, Figure 2]. A comparison of

the properties of cutaneous and vestibular perception and

oculomotor responses between the CRAL and CLAR paradigms

revealed no significant differences between them (Table 3).

Frontiers inNeurology frontiersin.org

234

https://doi.org/10.3389/fneur.2022.955088
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Nguyen et al. 10.3389/fneur.2022.955088

TABLE 3 Comparison of the properties of cutaneous and vestibular

perception and oculomotor response depending on the CRAL and

CLAR GVS paradigms.

Participants (n = 25) P-value

CRAL CLAR

Cutaneous perception

Threshold, median (IQR) (mA) 1 (0.5–1.38) 0.75 (0.5–1) 0.542

Intensity, median (IQR) (1–10) 1 (1–2) 1 (1–1.5) 0.176

Nature 1.000

Neutral sensation, n (%) 23 (92) 24 (96)

Painful sensation, n (%) 2 (8) 1 (4)

Site 0.901

Cathode side, n (%) 14 (56) 14 (56)

Anode side, n (%) 8 (32) 7 (28)

Both, n (%) 3 (12) 4 (16)

Vestibular perception

Threshold, median (IQR) (mA) 1 (0.5–1.38) 1 (0.75–1.25) 0.441

Intensity, median (IQR) (1–10) 1 (1–2) 1 (1–2) 0.371

Nature 0.742

Tilting and rotation toward the

cathode, n (%)

18 (72) 20 (80)

Tilting and rotation toward the

anode, n (%)

7 (28) 5 (20)

Oculomotor response

Threshold, median (IQR) (mA) 1.75 (1–2) 1.5 (1.5–2) 0.075

Degree, median (IQR) (◦/s, Rt.

eye)

1.9 (1.75–2.35) 2 (1.8–2.3) 0.794

Duration, median (IQR) (s) 4.9 (4.25–5.3) 5 (4.5–5.95) 0.567

Direction 0.417

Horizontal or torsional

nystagmus toward the cathode, n

(%)

20 (80) 23 (92)

Horizontal or torsional

nystagmus toward the anode, n (%)

5 (20) 2 (8)

CRAL, the cathode on the right and the anode on the left; CLAR, the cathode on the left

and the anode on the right; IQR, interquartile range.

Discussion

Vestibular and cutaneous perception and oculomotor

response thresholds were measured in 25 healthy young subjects

during DC GVS with both CRAL and CLAR paradigms, using

a two-step approach with gradual increase and decrease in

intensities. Vestibular and somatosensory perception thresholds

were lower than the oculomotor threshold, indicating the

use of the vestibular or somatosensory perception threshold

to determine the GVS thresholds in the majority of human

trials due to its sensitivity with minimal oculomotor responses.

Theoretically, the vestibular threshold might reflect the

vestibular function more directly and precisely than other

motor response thresholds such as the vestibulo-ocular reflex

(VOR) and the vestibulo-spinal reflex (VSR), which may be

involved in central adaptation (1, 2, 14, 46, 47). Furthermore,

the vestibular threshold could provide a comprehensive assay

of peripheral vestibular function including the SSCs or otoliths

(48, 49).

A previous study with a similar model reported a vestibular

perception threshold of DC of 1.0 ± 0.2mA, which is

very similar to the results of our study (45). Recently, the

vestibular threshold was shown to significantly increase after

the age of 40 years (49), which has been considered a central

gain enhancement for compensating the reduced peripheral

vestibular input due to age-related degeneration of vestibular

hair cells and afferents (50–52). In particular, prior studies have

demonstrated that the aging-related degeneration of vestibular

irregular afferent fibers, which are six times more sensitive to

GVS than regular fibers, was faster and more potent than those

in regular fibers (51, 53). Significant changes, however, have not

been observed in the GVS threshold dependent on temporal

effects, polarity effects, or body positions (10). Additionally, this

study confirmed that there were no significant differences in the

specific thresholds between the CRAL and CLAR configurations.

Notably, a substantial difference associated with sex was found

in vestibular perception but did not occur in cutaneous and

oculomotor response thresholds, consistent with a recent trial

(54). These sex-related threshold differences were most likely

because they have a substantially different size of vestibular

apparatus and numbers of vestibular afferent fibers (55, 56). In

particular, the total number of myelinated axons in vestibular

nuclei is significantly lower in females than in males (55).

Regarding the otolith organs, the surface areas of the utricular

and saccular maculae, the width of the utricular macula, and

the length of the saccular macula are significantly greater in

males than in females (56). In addition, diameters of the

three SCCs are larger in males than in females, and the

difference was statistically significant for the superior SCC (56).

These anatomical distinctions might cause vestibular-related

behavioral differences. For example, the GVS-induced ocular

vestibular-evoked myogenic potential (oVEMP) amplitude was

reported higher in males than in females (57). Males were shown

to normally perform better in vestibular function-related tasks,

in particular, visuospatial cognition such as 3D figures, spatial

orientation, and maze navigation (58, 59).

Cutaneous sensations underneath and around the stimulus

electrodes, such as burning, tingling, itching, and pain, mostly

depend on the stimulus amplitude (14, 33) and have commonly

been described as minor adverse effects of GVS intervention.

The use of large surface electrodes on the mastoid, covering with

electrode gel or topical anesthesia, or controlling the current

amplitude helps to minimize the risk of skin irritations, burns,

and patient discomfort (14, 60). The cutaneous threshold, also

known as the nociceptive threshold, was determined to help

manage these disruptions and enhance treatment compliance
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(17, 26, 61, 62). The cutaneous threshold was determined to be

0.9mA in this study, with tingling sensation occurring mostly

at the cathode side (Figure 3A). The findings were in agreement

with a previous study conducted on healthy volunteers utilizing

the staircase approach to assess the cutaneous threshold in

which a mean value of 0.8mA was reported (63). Although

several previous studies have revealed that a threshold of∼1mA

produced no significant difference in somatosensory sensations

between the anode and cathode sides (64–68), the sensory

ratings were consistently higher at the cathode than at the

anode for pain, tingling, piercing, electrifying, tugging, and

pinching senses in other recent studies (Figure 3A) (68, 69).

The tingling and itching sensations under the electrodes were

usually short lasting and disappeared after a few seconds, similar

to our findings. However, in some studies, the sensations were

reportedly prolonged (64, 65, 70).

Regarding the characteristics of the vestibular responses to

bipolar GVS, rotation and tilt were more frequently experienced

toward the cathode (76%) than toward the anode (Figure 3B).

Our present findings were in agreement with results from

previous studies showing that DC-form GVS induces a tilt

of subjective vertical toward the anode and simultaneously

induces some illusion of self-tilt or spin toward the cathodal

side (8, 71, 72). This dissociation between subjective vertical

and body orientation elicited by GVS is mainly determined

by central multisensory integration processes involved in the

estimation of sensory cue reliability (72). Interestingly, the

direction of tilt illusion was associated with posture only when

the duration of the GVS was longer than 5 s, and it was toward

the anode in freestanding posture, and toward the cathode

in an immobilized posture (71). GVS-induced perception of

motion is as context-dependent as oculomotor and postural

responses, which are specified by the anatomic orientation

of the SCC (SCC-driven signals) and the macular surfaces

in the otolith organs (otolith-driven signals) (8). Cathodal

GVS increases the firing rate of all responsive afferents, and

anodal GVS decreases the firing rate of all responsive afferents;

consequently, their effects at a canal are represented by a sum

of geometric rotational stimuli (9, 40, 73). After calculating

both the position of the canals in the plane of the head during

upright standing and the incomplete orthogonal of SCCs, the

summing vector representing the synergistic effects of SCC

afferent activation evoked by GVS from both sides will be

a signal roll with a yaw component, both directed toward

the cathode, and a perceived visual tilt toward the anode

(8, 11, 73). Furthermore, bilateral bipolar GVS produces a

utricular firing pattern consistent with a natural stimulus of

linear acceleration toward the cathodal side or visual tilt toward

the anodal side (8, 11). However, in some psychophysical

studies, the otolith contributions to GVS-induced postural

responses were negligible compared with the canal

input (74, 75).

As GVS can elicit ocular movement in the absence

of head movement, it is frequently used to characterize

potential pathologies in peripheral and central vestibular signal

transmission (14). GVS activates both afferent fibers, including

regular and irregular afferents, from all three SCCs to generate

a horizontal-torsional nystagmus as a summative effect (14,

76). Regarding the time-related eye movements evoked by the

application of a constant current application (DC-GVS) in this

study, horizontal nystagmus frequently appeared at the onset

of stimuli and immediately subsided, which was consistent

with rapid activation but prompt adaptation characterized by

thick, irregular fibers. However, non-adapting ocular torsion

prevailed for the duration of the stimulus, which was the result

of regular SCC fiber activation (14). Due to the oculomotor

response threshold as the only method for estimating the GVS

threshold in animal trials, it was often used as a control GVS

(16, 77). In humans, however, due to discomforts such as

oscillopsia and blurred vision caused by ocular movements,

measurement of oculomotor threshold is less widely used to

trigger vestibular stimulation with GVS. In previous studies

with vestibular dysfunction patients, the GVS-induced eye

movements were used to evaluate the reduction or absence

of oculomotor contribution from the vestibular end organs

(60, 78–80). Patients with bilateral vestibular nerve dissection or

other pathological disorders affecting both vestibular nerves did

not reveal GVS-induced oculomotor responses; therefore, these

GVS-induced eye movements are considered a strong predictor

of the residual function of the injured vestibular nerve (81–

83). In this study, the oculomotor threshold was significantly

higher than the vestibular and cutaneous perception thresholds

(1.61mA vs. 0.98mA and 0.9mA, Figure 2). Some previous

studies have investigated GVS-induced nystagmus in normal

subjects (80, 84), in which the oculomotor response appeared

with intensities above 1.5mA, similar to this study (80).

Because the entire populations of both SCCs and otolith

afferents are susceptible to GVS (76), GVS-induced oculomotor

responses are likely to be exceedingly diversified, including

the roll, yaw, and pitch components (76). In this study, the

most prevalent components were horizontal and torsional

nystagmus, primarily beating toward the cathode, compatible

with vectored activation of afferent fibers from all three SCCs

on one side (51, 76). Other studies have reported obvious

GVS-induced oculomotor response of mainly conjugate ocular

torsion with the upper pole of both eyes rotating toward

the side of the anode, slight skew deviation with hypertropia

of the eye ipsilateral to the cathode and hypotropia with

the eye of the anode, and small conjugate horizontal eye

movements toward the anode (80). Amplitudes of GVS-induced

eye movements apparently depend on the stimulating current

level or the group of vestibular afferents engaged with regular

or irregular firing rates (76, 80, 85). Furthermore, GVS-induced

nystagmus was suppressed by visual fixation in light (60,
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79, 85), and horizontal nystagmus was mainly observed at

the onset and offset of the current step, with ocular torsion

prevailing for the entire duration of the stimulus up to several

minutes (79).

The DC-GVS is useful for rescuing vestibular function in

unilateral vestibular disorders by rebalancing the vestibular

deafferentation effect proved in previous studies (77, 86).

Therefore, in this study, we investigated only the GVS

thresholds using DC. Based on the components of tonic

or phasic vestibular fibers that are likely to be recruited

for the GVS response, we surmise threshold differences

between DC and AC stimulation. Thus, further research

is needed to determine the GVS thresholds for the AC

(sinusoidal, noisy). Regarding the statistically non-significant

results in our study such as age-related GVS threshold,

it could be due to a type 2 error related to the small

sample size.

In conclusion, GVS is a safe stimulation method when

certain standard procedures are followed. Due to the

variables influencing GVS-induced cortical excitability,

the same quantity of current is likely to have non-

uniform effects in each subject with different conditions.

Individual factors are a source of heterogeneity in clinical

research, which is a significant obstacle for routine use in

clinical settings. Therefore, the patient-specific customized

threshold should be determined rather than population

thresholds. The results of this study show more sensitive

vestibular and somatosensory perception thresholds than

the oculomotor threshold, which allows the selection of the

appropriate current that induces the vestibular effect while

simultaneously preventing disturbing ocular movements during

the intervention.
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Over the last two decades, evidence has accumulated to demonstrate that

the vestibular system has extensive connections with areas of the brain

related to spatial memory, such as the hippocampus, and also that it has

significant interactions with areas associated with voluntary motor control,

such as the striatum in the basal ganglia. In fact, these functions are far

from separate and it is believed that interactions between the striatum and

hippocampus are important for memory processing. The data relating to

vestibular-hippocampal-striatal interactions have considerable implications

for the understanding and treatment of Alzheimer’s Disease and Parkinson’s

Disease, in addition to other neurological disorders. However, evidence is

accumulating rapidly, and it is di�cult to keep up with the latest developments

in these and related areas. The aim of this review is to summarize and critically

evaluate the relevant evidence that has been published over the last 2 years

(i.e., since 2021), in order to identify emerging themes in this research area.

KEYWORDS

vestibular system, memory, hippocampus, Alzheimer’s disease, striatum, Parkinson’s

disease

Introduction

The last two decades have seen significant advances in our understanding of the

contributions of the vestibular system to functions beyond the vestibulo-ocular and

vestibulo-spinal reflexes, such as higher cognitive functions [see (1) for a recent review].

This evidence has obvious implications for the etiology and treatment of dementia,

such as Alzheimer’s Disease (AD) [see (2) for a review]. To a lesser extent, evidence

has been gradually accumulating to suggest that the vestibular system has a significant

impact on voluntary motor control, though connections with the striatum, a part

of the basal ganglia that is also important for memory [see (3) for a review]. This

evidence has important implications for our understanding and treatment of Parkinson’s

Disease (PD) as well as other disorders of the basal ganglia. In the last 2 years,
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many studies in these two areas have been published,

consolidating existing hypotheses and advancing new ones. The

aim of this review is to summarize and critically evaluate what I

consider to be the most important of these studies, with a view

to delineating some of the next steps in these research areas.

Since this Special Topic concerns “Insights in Neuro-Otology:

2021”, papers published prior to 2021will not be included, unless

they are directly relevant to the topic under discussion, and no

attempt will be made to be exhaustive.

The vestibular system and cognitive
function

Spatial memory in humans

Although studies of the relationship between the vestibular

system and cognition date back to the 1960’s and 1970’s, by

the 2000’s, systematic, well-controlled behavioral studies were

reported which demonstrated the importance of the vestibular

system for spatial memory, in particular [see (1) for a recent

review]. These studies were initially mostly animal studies, but

since then many studies have been published that support the

hypothesis that vestibular loss can cause varying degrees of

cognitive impairment in patients with vestibular disorders (1).

At the same time, animal studies have revealed that vestibular

loss is associated with the dysfunction of various spatially-

responsive neurons in the brain, such thalamic head direction

cells, hippocampal place cells and entorhinal grid cells (1). Even

in just the last 2 years, many studies have been published which

support and extend the view that the vestibular system makes

important contributions to memory, especially spatial memory.

Xie et al. (4) studied cognitive function in 126 neuro-otology

clinic outpatients, using interviews and cognitive questionnaire

scores. Sixty percent of the patients reported experiencing

cognitive problems. Using linear regression, they found that

the patients, compared to non-vertiginous controls, scored

significantly worse on the total Neuropsychological Vertigo

Inventory (NVI, which measures cognitive, emotional, visual,

and motor symptoms), and the NVI cognitive composite

and 3 individual NVI cognition subscales (i.e., Attention,

Space Perception, and Time Perception), but not the Everyday

Memory Questionnaire (EMQ; tests general memory ability).

The cognitive questionnaire scores were also positively

correlated with the overall Depression, Anxiety and Stress

Scale (DASS) scores, suggesting a relationship with emotional

symptoms. The patients exhibited a heterogeneous range of

vestibular disorders (e.g., vestibular migraine, Meniere’s Disease,

Benign Paroxsymal Positional Vertigo) and their hearing status

was not clear. This is an important issue in terms of separating

the contributions of vestibular vs. auditory deficits to cognitive

dysfunction [see (5) for a discussion].

Schöberl et al. (6) studied 14 patients with either complete or

incomplete bilateral vestibulopathy (BVP) and compared their

performance with age-matched healthy controls in a navigation

task requiring the retracing of familiar spatial routes and the

combination of novel routes in order to locate objects in real

space. [18F]-Fluorodeoxyglucose PET was used to describe their

brain activation during the task and the subjects also wore a

gaze-controlled, head fixed camera in order to quantify visual

search behavior. Although the performance of the patients was

not significantly different from the controls when retracing

familiar routes, they performed significantly worse when having

to combine novel routes, which was correlated with the degree

of the BVP. At the same time, the right hippocampus and

entorhinal cortex exhibited lower activity and the bilateral

parahippocampal areas more activity in the patients during

the navigation process. The results of this study suggest that

vestibular loss may specifically affect the neural representation

of novel spatial information.

Gammeri et al. (7) studied the navigation strategies of

patients with vestibular loss using a virtual reality reverse T-maze

to distinguish “allocentric” (a spatial strategy based on external

landmarks) and “egocentric” (response, e.g., left vs. right turn)

strategies. They compared 23 patients with unilateral vestibular

loss (UVL) to 23 with bilateral vestibular loss (BVL) and 23

healthy controlsmatched for age, sex and education. The authors

reported that for both the UVL and BVL groups, the odds of

using a specific egocentric or allocentric strategy in the T maze

were reduced. They observed that only a right UVL appeared

to reduce the odds of adopting an allocentric spatial strategy.

For those patients who used a specific strategy to navigate, the

chances of using an allocentric strategy were reduced for the BVL

patients, whereas the chances of using an egocentric strategy

were reduced for the UVL patients. The authors acknowledged

that hearing loss was a possible confounding factor in the study.

Bosmans et al. (8) studied cognitive function in 34

patients with bilateral vestibulopathy (BVP) compared to

34 controls, matched for age, sex and hearing status. BVP

patients performed worse on the Repeatable Battery for

the Assessment of Neuropsychological Status (RBANS-H)

relative to the controls on all subscales, but with a medium

statistical effect size (i.e., Cohen’s d) for attention and a

large effect size for visuospatial processing (i.e., processing

visual stimuli in order to understand spatial relationships)

(Figure 1). The authors found a positive correlation between

Performance-Oriented Mobility Assessment (POMA) scores

and RBANS-H scores, suggesting that the cognitive deficits

were related to the degree of balance and gait dysfunction.

An important aspect of this study was that the subjects

were matched for hearing status, and therefore hearing

loss cannot easily explain the cognitive deficits in the BVP

patients (5).

Bigelow et al. (9) and Lacroix et al. (10) have recently

published studies indicating that the vestibular system is
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FIGURE 1

E�ects of bilateral vestibulopathy on the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS-H) scores in di�erent

cognitive domains. Comparison of RBANS-H scores between individuals with bilateral vestibulopathy and their matched healthy controls. (A)

The relationship between the scores for immediate memory, delayed memory, attention, language and visuospatial function for bilateral

vestibulopathy patients and healthy controls. (B) Whiskers indicate range; boxes, interquartile range (IQR); circles indicate outliers; bold line,

median d. Small (Cohen’s d = 0.2), medium (Cohen’s d = 0.5), and large (Cohen’s = 0.8) indicate clinically meaningful Cohen’s d e�ect sizes.

While there were medium and large di�erences for attention and visuospatial memory, there were only small e�ects for immediate memory,

language and delayed memory. Reproduced from Bosmans et al. (8).

important for a child’s cognitive development. Stimulated by

such studies, VanHecke et al. (11) have published a new protocol

to further investigate the involvement of the vestibular system in

children’s cognitive development. This will be an important area

of investigation for developmental problems in children.

Lacroix et al. (12) have suggested that Kahneman’s

Capacity Model of Attention might be usefully applied to the

understanding of cognitive deficits associated with vestibular

loss, and especially the variability in these amongst patients.

The concept is that there is a limited quantity of cognitive

resources that can be allocated to cognitive tasks during recovery

from vestibular loss. They suggest that those patients who

exhibit cognitive impairment may do so partly as a cost of

compensating for their vestibular loss, whereas those people who

not compensate very effectively, still have their full cognitive

capacity (see Figure 2). This may be why the cognitive effects
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FIGURE 2

Schematic overview of the cognitive-vestibular compensation

hypothesis—adaptation of the Kahneman’s Capacity Model of

Attention to vestibular damaged patients. Reproduced from

Lacroix et al. (12).

of vestibular dysfunction vary so much from one clinical study

to another.

Spatial orientation in humans

Borel et al. (13) studied the effects of unilateral vestibular

neurotomy on the perception of the subjective straight ahead

(SSA). They found that during the early phase of the recovery,

the patients exhibited the typical translatory and rotatory bias

toward the operated side; however, by 2 months post-op., they

exhibited a translatory rightward bias of the SSA, without a

rotation bias, irrespective of the side of the neurotomy. The

authors interpreted these findings as indicative of a long-

term change in body representation which is reminiscent of

spatial neglect following hemispheric lesions. Both the left and

right neurotomy groups suffered hearing loss of approximately

equal magnitude.

Brain volume and Alzheimer’s disease

There have been a number of studies published recently

which extend what is known about the effects of vestibular

dysfunction on brain volume, following the study by Brandt et al.

(14) which demonstrated a bilateral atrophy of the hippocampus

in patients with BVL. Dordevic et al. (15) studied 15 patients

with chronic (at least 6 months), mild unilateral or bilateral

vestibulopathy and compared them with healthy controls. None

of the patients suffered from severe hearing loss as might occur

in Meniere’s Disease. They observed that the patients performed

significantly worse on the clinical balance test, the triangle

completion test for path integration (a test of spatial navigation)

and the rotationalmemory test, but not on the Berlin intelligence

structure test or the d2-R test for attention and concentration.

However, in contrast to some previous studies [e.g., (14)],

they found no significant differences in volumetric gray matter,

including in the medial temporal lobe. Cohen et al. (16)

studied patients with AD and cognitive impairment and found

that they exhibited vestibular dysfunction according to Dix-

Hallpike maneuvers and cervical vestibular-evoked myogenic

potentials (cVEMPs), a measure of saccular function. However,

they also found that patients with impaired cVEMPs exhibited

significantly reduced left hippocampal volumes compared to

those with normal cVEMPs. A number of previous studies have

reported a link between abnormal otolithic function and AD

[see (2) for a review]. Interestingly, there has been a recent

report of punctate hippocampal lesions being associated with

an acute vestibular syndrome (17). At the current time, there

is no obvious explanation for the discrepancies relating to

vestibular dysfunction and hippocampal atrophy, between the

different studies.

Previous studies have reported that vestibular dysfunction

increases the risk of AD by several-fold [see (2) for a review].

A number of studies have investigated the possibility of using

aspects of vestibular function as potential biomarkers for

AD. Wang et al. (18) compared visuo-spatial, executive and

attentional function, and EEG and P300 responses, in 21 patients

with age-related vestibular loss, 19 patients with cognitive

impairment and 21 age- and sex-matched healthy controls.

The three groups were also matched for hearing threshold and

central auditory processing in order to exclude differences in

hearing as a confounding factor. They found that the vestibular-

impaired group exhibited deficits in these cognitive functions,

a reduced P300 response and decreased gamma connectivity

between the right Brodmann area 19 (B19, the right cuneus)

and Brodmann area 7 (BA7) in the left superior parietal gyrus,

in both the vestibular-impaired and cognitively-impaired group,

relatve to the controls. The authors suggested that the changes in

P300 and functional connectivity in the patients with age-related

vestibular loss may serve as useful biomarkers for vestibular-

related cognitive dysfunction. Ide et al. (19) have reported

significantly poorer index of postural stability (IPS) scores in AD

patients compared to those with mild cognitive impairment, in

the closed eyes/hard surface condition. Biju et al. (20) have also

reported that AD patients exhibit increased medio-lateral sway

in both eyes open and eyes closed conditions.

Despite the evidence linking vestibular dysfunction and AD,

there is no reason, based on currently published data, to think

that there is a specific connection to this form of dementia,

rather than dementia in general. For example, vestibular
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abnormalities have been detected in frontotemporal dementia,

which also presents with an impairment of visuospatial function

(21). It is possible that if vestibular loss does contribute to

cognitive dysfunction, it is involved in many forms of dementia.

Putman et al. (22) have recently published the results of

a study in which they showed that noisy galvanic vestibular

stimulation (nGVS), which has been shown to enhance motor

control in PD [e.g., (23)], enhanced task learning in a functional

mobility task (navigating an obstacle course on a compliant

surface with degraded visual cues) compared to sham controls.

Interestingly, the benefits of the nGVS were maintained

even following the cessation of the stimulus. However, the

enhancement was not observed in a manual control task (using

a joy-stick to null self-roll tilt in response to a pseudo-random

disturbance in the dark).

Animal studies

Over the last 2 years, Nguyen et al. have published a series of

studies which investigated the effects of GVS on spatial cognition

in mice. In the first study, they compared animals with UVL

that received GVS with UVL animals that did not, as well as a

control group (24). Cognitive function was assessed at 3, 7, and

14 days using the Y maze andMorris Water Maze (MWM) tests.

Importantly, the UVL was created using a surgical method so

that it was more specific to the vestibular system than a chemical

lesion. The GVS, which was a bipolar, sinusoidal current at

1Hz, was subthreshold for inducing nystagmus and the cathodal

electrode was positioned on the right (lesioned) side. GVS was

delivered for 5 days post-UVL with 30min sessions each day.

Mice with UVL exhibited significant impairments in cognitive

function, which were reduced by GVS treatment. This was

the case for both the Y maze test and the MWM test (see

Figures 3, 4). In a follow-up study, they compared left- and right-

sided UVL and found that the spatial cognitive deficits differed

depending on the side of the lesion (25). Spatial cognition

was more impaired in the left-sided UVL group compared

to the right-sided, suggesting a laterality effect, although GVS

accelerated recovery in both groups when the cathode was on

the side of the lesion (25).

In Nguyen et al. (26), they applied the same experimental

paradigm to mice that had received an incomplete surgical BVL.

Again, the effects of GVS were compared on performance in

the Y maze and MWM at 3, 7, and 14 days post-op. Similar to

previous studies [e.g., (27, 28)], they found that BVL impaired

spatial memory in both the Y maze and MWM. However,

GVS accelerated the recovery from the spatial memory deficits

(Figure 5).

Taken together, the studies published since 2021 reinforce

the previous evidence that normal vestibular function is

necessary for intact cognition, especially spatial cognitive

processes. More evidence for this has been published in both

humans and animals; however, the human studies present

a more complex and varied picture, with some studies

showing less severe effects or more circumscribed effects [e.g.,

novel spatial information but not familiar spatial information

(5)]. Inevitably, because the studies in patients involve an

heterogeneous array of vestibular disorders, with different

degrees of vestibular dysfunction, sometimes confounded by

concurrent hearing loss, and different time courses, the effects

of vestibular loss on cognition are bound to be more variable,

and may be explained partly by Lacroix et al.’s (12) reference

to Kahneman’s Capacity Model of Attention. The evidence

that vestibular loss increases the risk of AD is also gradually

accumulating (2).

The vestibular system and the
hippocampus

Since the early 2000’s, many animal studies have been

published which show that the thalamus and hippocampus

undergo abnormal plasticity following the loss of vestibular

function (1). This has been followed by studies in patients

with vestibular disorders which, in the majority of cases, have

demonstrated structural changes in the hippocampus, such as

bilateral atrophy [e.g., (14)]. A number of specialized spatially

tuned neurons in the medial temporal lobe and thalamus are

known to be important for spatial memory [see (29) for a

review]. However, despite the fact that spatial memory deficits

associated with vestibular loss are often attributed to the

dysfunction of place cells in the hippocampus, there are still

only two specific studies that have demonstrated abnormal place

cell activity in the hippocampus (30, 31) and one study that

has demonstrated abnormal grid cell activity in the entorhinal

cortex (32). Although there have been no further studies of these

neuronal types directly related to the effects of vestibular loss

over the last 2 years, there have been some studies published

which are relevant to understanding the effects of vestibular

dysfunction on these areas of the brain.

Van Rompaey et al. (33) studied the effects of hearing

and vestibular loss caused by the oral intake of allynitrile in

mice, and found, similar to previous studies, deficits in spatial

memory, using the Barnes Maze. They also used doublecortin

immunohistochemistry to investigate the number of immature

neurons in the hippocampus, as an indication of neurogenesis.

Surprisingly, they found a significant decrease in doublecortin-

+ve cells in the left, but not right hippocampus, compared to

the control group. This result suggests that the combination

of hearing and vestibular loss may impact on neurogenesis in

the left hippocampus. Whether the immature neurons in these

studies would have become place cells is, of course, unknown;

however, a decrease in neurogenesis could have an impact on

place cell numbers. Previous studies have reported an increase in
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FIGURE 3

Evaluation of locomotor activities and spatial navigation through the Y maze test. The mice move freely within three arms (A). Mice were trained

with a block in the B arm for 3min, then the block was removed, and the mouse activity for exploring the B arm was assessed, i.e., the place

recognition test (B). Mice activities in the three groups of non-GVS, GVS, and control groups were tracked and computed by analysis software in

6min at four time points: baseline, and post-operative days (PODs) 3, 7, and 14 (C). There was a significant di�erence between the groups in the

spontaneous alternation performance at PODs 3 (χ2 = 17.11, p < 0.001, Kruskal–Wallis test). This decline in the non-GVS group continued until

POD 7 as compared to the GVS group (Z = −2.12, p < 0.05) and control group (Z = −1.95, p < 0.05) (D). There was also a significant di�erence

between the groups in the same arm return at POD 3 (χ2 = 15.23, p < 0.001, Kruskal–Wallis test) (E). The place recognition test indicates spatial

reference memory and it shows a significant di�erence between the groups at POD 3 (χ2 = 7.63, p < 0.05, Kruskal–Wallis test) (F). Values of

significant di�erence were calculated by using the Kruskal–Wallis test for between groups and the Mann–Whitney U-tests for pairwise

comparisons. *Significantly di�erent between two groups; #Significantly di�erent between three groups; *,#p < 0.05; **,##p < 0.01;

***,###p < 0.001. Reproduced from Nguyen et al. (25).

cell proliferation following BVL (34), although GVS was found

to reduce neurogenesis in the left hippocampus (35).

Historically, most hippocampal place cell studies have been

conducted in freely moving rats and mice and there has been

some question as to whether place cells behave similarly in

primates. In the first study of spatial coding in freely moving

macaques, Mao et al. (36) found hippocampal neurons that were

more complex than those described in rodents and which were

tuned to many different spatial variables, including horizontal

position, head height, linear speed, azimuth head direction,

head tilt, head-facing location in 3 dimensions, egocentric

boundary (i.e., relative to the arena boundary) and angular

head velocity. They observed that the firing of hippocampal

neurons was mainly modulated by position (26%), speed (22%),

and head direction (41%), with 26% exhibiting conjunctive

firing. Interestingly, neuronal activity was strongly modulated

by eye movement. This is very significant given the differences

in eye movements between primates and rodents, i.e., eye

movements in rodents are mainly reflexive, as opposed to

voluntary saccadic and smooth pursuit movements. “Place

cells”, as defined in rodents, were relatively rare but similar to

other studies in monkeys. Only 1% of neurons showed grid-

like modulation as in rodents. There was an intermittent, low

frequency (∼4Hz) theta activity specific to movement onset,

speed-dependent and to which many neurons were phase-

locked. Theta phase precession was rare. This study strongly

suggests that to understand the neural basis of spatial memory

deficits associated with vestibular loss in the hippocampus, the

differences in hippocampal processing of spatial information

between rodents and primates is crucial to keep in mind.

Keshavarzi et al. (37) have recently reported angular head

velocity responses, highly dependent on vestibular input, in

the retrospenial cortex of the mouse. Their gain was enhanced

by the addition of visual information; one might speculate on

how much more complex these cells could be in the primate

retrospenial cortex.
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FIGURE 4

Evaluation of motor coordination and spatial navigation of mice through the Morris water maze (MWM). The analysis package divided the

searching area into four quadrants, one of which contains the escape platform (red circle) (A). The process of finding the escape platform from

the starting point was tracked in the mice (pink) for 1min (A). Mice were trained with the visible platform at post-operative day (POD) 8 (not

depicted) and hidden platform for 4 consecutive days (POD 10–13) and no platform in the probe trial at POD 14 (B). Longer values of escape

latency to find the hidden platform indicate an inadequate acquisition of spatial memory and navigation, which showed di�erences between

groups at the last two training days (χ2 = 6.54, p < 0.05 and χ
2 = 10.52, p < 0.01, Kruskal–Wallis test). Non-GVS mice had a longer escape

latency (33.5 s on the third day and 20.9 s on the fourth day of hidden platform trials) than those of the GVS group (27.67 s, Z = −2.07, p < 0.05 on

the third day and 17.39 s, Z = −2.73, p < 0.01 on the fourth day) and the control group (26.47 s, Z = −2.19, p < 0.05 on the third day and 11.25 s,

Z = −2.61, p < 0.01 on the fourth day) (Mann–Whitney U-test) (C). During the probe trial at POD 14, there was a significant decrease in the

percentage of time spent in the target quadrant in the non-GVS mice [28.5% (26.2–30.6%)] compared to the control group [35.2% (34.0–37.3%),

Z = −2.61, p < 0.01, Mann–Whitney U-test] (D). GVS intervention substantially enhanced recovery of this deficit [33.7% (30.9–36.5%), Z = −2.73,

p < 0.01, Mann–Whitney U-test], and they were no di�erent from the control group (D). *Significantly di�erent between two groups;
#Significantly di�erent between three groups; *,#p < 0.05; **,##p < 0.01. Values of significant di�erence were calculated by using the

Kruskal–Wallis test for between groups and the Mann–Whitney U-tests for pairwise comparisons. Reproduced from Nguyen et al. (25).

There has been recent progress in understanding the

nature of the projections from the vestibular system to the

hippocampus in the last 2 years. Hitier et al. (38) selectively

electrically stimulated the different parts of the vestibular

labyrinth in the rat—the horizontal, anterior, posterior semi-

circular canals and the utricle and saccule—and recorded

triphasic local field potential responses throughout the bilateral

hippocampi using a 16 electrode microarray (Figure 6). They

found responses of varying amplitudes and latencies throughout

the dorsal and ventral hippocampus following stimulation of the

different vestibular sensors, but with generally larger amplitudes

on the side contralateral to the stimulation and in response to

saccular and utricular stimulation (Figures 6, 7). The greater

response to otolithic stimulation is consistent with the view that

information about gravitational vertical is especially important

for the hippocampus [see (39) for a review]. The responses

were polysynaptic and long latency in all cases, and it remains

to be seen how much and what kinds of vestibular input are

transmitted to the hippocampus via various pathways from the

vestibular nucleus vs. the cerebellum.

Taken together, the studies of vestibular-hippocampal

interaction published over the last 2 years, although there have

been only a few, have increased our understanding of the way

the hippocampus may process vestibular information. Up to

now, there has been a wealth of evidence demonstrating that

the hippocampus becomes abnormal following vestibular loss,

but less information about how the hippocampus uses vestibular

sensory input. The study by Van Rompaey et al. (33) suggests

that vestibular input may actually be necessary for the normal

level of neurogenesis in the hippocampus. The study by Hitier

et al. (38) shows that vestibular input to the hippocampus is

muchmore widespread than previously thought and alsomay be
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FIGURE 5

Evaluation of long-term spatial reference memory using the Morris water maze (MWM). The escape latencies to find the hidden platform

gradually decreased through the training sessions, indicating ongoing learning. Longer values of escape latency to find the hidden platform

indicate an inadequate acquisition of spatial memory and navigation. Di�erences between the groups were observed on training days (TDs) 2 (p

= 0.012, ANOVA), 3 (p = 0.013, ANOVA), and 4 (p < 0.001, ANOVA). The BVD non-GVS group had longer escape latency than the control group

on TDs 2 (p = 0.022, Bonferroni test), 3 (p = 0.032, Bonferroni test), and 4 (p < 0.001, Bonferroni test). The BVD GVS group had shorter escape

latency than the BVD non-GVS group on TDs 2 (p = 0.037, Bonferroni test), 3 (p = 0.028, Bonferroni test), and 4 (p = 0.024, Bonferroni test) (A).

Residual impairments in long-term spatial memory were also indicated by a lower percentage of time spent in the target quadrant (probe trial)

on POD 14 in the BVD non-GVS compared with both the control (p = 0.001, Bonferroni test) and BVD GVS groups (p = 0.012, Bonferroni test) (p

= 0.001, ANOVA) (B). The values are indicated as the mean ± SD. Statistical significance was calculated using one-way ANOVA with post-hoc

tests. *Significant di�erences between two groups; #Significant di�erences among three groups: *,#p < 0.05; **,##p < 0.01; ***,###p < 0.001.

Reproduced from Nguyen et al. (25).

lateralized, even in rats. Perhaps themost important study is that

by Mao et al. (36), which demonstrates for the first time that the

nature of spatially-responsive hippocampal neurons in primates

may be much more complex than predicted from studies in rats

and mice and that therefore the effects of vestibular loss may be

similarly complex.

The vestibular system and the
striatum

Studies of connections between the vestibular system and the

basal ganglia date back to the 1960’s, with speculation about how

vestibular information might contribute to the control of non-

reflexive movement [see (3) for a review]. However, the results

of early electrophysiological studies have been inconsistent

and difficult to reconcile; therefore vestibulo-strital pathways

have remained a mystery [see (3) for a review]. Connections

between the vestibular system and the striatum have often

been investigated because of their possible relevance to PD.

However, the dorsal striatum (i.e., the putamen and the caudate

nucleus) is also known to be important in learning and memory

and interacts with the hippocampus to compare cognitive

information [see (40) for a review].

Since 2021 there have been a number of major studies

relating to vestibulo-striatal interactions and PD. One of

the possible pathways for the transmission of vestibular

information to the striatum is via the pedunculopontine

tegmental nucleus (Figure 8), which, along with the striatum,

has been demonstrated to undergo plasticity following BVL

[(41–43); see (44) for a review]. Özkan et al. (45) have recently

reported the results of a study in which they injected fluoro-gold

tracer into the pedunculopontine tegmental nucleus of rats and

observed labeling in the vestibular nucleus both ipsilateral and

contralateral to the injection. Similar results were obtained in

humans using diffuser tensor imaging and data from the Human

Connectome Project.

Bohnen et al. (46) studied vesicular acetylcholine transporter

expression using positron emission tomography imaging in

PD patients, as an indicator of the integrity of cholinergic

pathways. They found evidence of cholinergic deficits in many

different brain regions but one of them was the cholinergic
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FIGURE 6

Examples of triphasic waveforms (A) from all 16 electrodes (B) evoked in the ipsilateral and contralateral hippocampus from electrical

stimulation of the saccule. The stimulus used was 300 µA at 400Hz. Reproduced with permission from Hitier et al. (38).

FIGURE 7

Heat plots of the patterns of amplitudes and latencies of the 3 phases of the local field potentials (LFPs) evoked in the hippocampus by electrical

stimulation of the horizontal canal (HC), anterior canal (AC) or posterior canal (PC) ampullae, or the utricle or saccule, where the hot colors

represent the highest amplitudes and the longest latencies. The heat maps represent the data from all of the rats used in the experiments. The

left side on the figures represents the right hippocampus and is contralateral to the stimulation. This is a heatmap scaled by itself, i.e., every

single heatmap has maximum and minimum colors. The advantage of this heatmap is that it helps to understand how stimulation of the

di�erent sensors activates di�erent areas of the hippocampus. The stimulus used was 300 µA at 400Hz in all cases. Reproduced with permission

from Hitier et al. (38).
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FIGURE 8

Possible neuronal pathways connecting the vestibular nucleus

complex to the striatum. PFN, Parafascicular nucleus; PPT,

pedunculopontine tegmental nucleus; SNc, Substantia nigra

pars compacta; VNC, vestibular nucleus complex. Reproduced

from Smith (3).

pathway arising from the medial vestibular nucleus. In a further

study, the authors demonstrated that such cholinergic deficits

were specifically associated with postural instability and gait

difficulties (47).

Antons et al. (48) undertook a large longitudinal dual

tracer study in rats following BVL, using positron emission

tomography with computer tomography to measure functional

and structural plasticity throughout the brain at 1, 3, 5, 7,

and 9 weeks post-lesion. They found significant decreases in

glucose metabolism in both the left and right striatum, coupled

with increases in synaptic density. The BVL was induced by

the intratympanic injection of bupivacaine and p-arsanilic acid;

therefore, effects on the auditory system could not be excluded.

However, these results suggest that the striatum undergoes

substantial plasticity following BVL, consistent with the results

of previous studies [e.g., (41)].

Hawkins et al. have undertaken a series of systematic studies

of vestibulo-ocular reflex and otolith function in a sample

of 40 patients with PD and 40 healthy controls. Using the

video head impulse test, they found, somewhat surprisingly,

no significant differences in the gain of horizontal or vertical

vestibulo-ocular reflex function (49). This is in contrast to

some previous studies [see (3) for a review]. They obtained

similar results using the suppression head impulse paradigm,

although they did observe saccadic dysfunction in PD patients

(50). In studying otolith function, they found that the PD

patients exhibited significantly more absent cervical-evoked

myogenic potentials to both clicks and taps, indicating saccular

dysfunction, consistent with previous studies [(51); see (3)

for a review]. In a further study (52), they used a virtual

reality task and demonstrated that PD patients displayed poorer

balance which correlated with the severity of the disease,

age, vestibulo-ocular reflex function and proprioceptive ability.

These studies are particularly significant because of the size of

the sample of PD patients and also the use of the same number

of controls.

As with AD, although PD has been the focus of attention

for the effects of vestibular loss on the basal ganglia, there

is no reason to think that this is specific to PD, and it is

conceivable that vestibular loss is associated with other basal

ganglia disorders. For example, neuronal loss in the vestibular

nuclei has been reported in Huntington’s Disease [e.g., (53)].

In recent years GVS has been investigated extensively as a

potential treatmenf for PD [see (54) for a review]. In what is

the most recent study, Lee et al. (23) investigated 18 patients

with PD and 20 healthy controls using a simple reaction time

task while receiving subthreshold GVS. Because there has been

considerable controversy surrounding the type of GVS that

might have optimal effects, they decided to compare 9 different

types of GVS, including random noise GVS, which has been

used most often, and 7 different kinds of multisine stimuli,

in both on- and off-medication conditions. Since random

noise GVS is supposed to work by the stochastic resonance

principle, the purpose of comparing sine wave stimuli of

different frequencies (4–200Hz) to random noise GVS was to

test whether stochastic resonance was necessary to improve

PD symptoms and also to determine whether the sine wave

GVS could be optimized to individuals. They found that the

multisine-γ GVS (30–50Hz) was associated with the shorter

response time in both the PD off-medication and control groups

compared to the random noise group. The response time for the

PD off-medication groups also decreased during the multisine-β

(13–30Hz) GVS. The authors concluded that the optimal GVS

frequency to ameliorate PD symptoms may vary considerably

between patients and that random noise GVS is not necessarily

the best GVS stimulus.

Taken together, the few studies of vestibulo-striatal

interaction and vestibular modulation of PD have advanced

our understanding of this area. Although the details

are still to be elucidated, it is becoming clear that the

pedunculopontine tegmental nucleus, which is known

to project to the striatum, is also connected to the

vestibular nucleus; furthermore, it is evident that PD is

associated with major changes in cholinergic pathways

involving the vestibular system. The study by Antons

et al. (48) reinforces previous evidence that vestibular

loss is associated with major functional changes in the

striatum. Evidence continues to be reported that GVS can

modulate the symptoms of PD (23). Finally, a series of

recent studies by Hawkins et al. (49–52) has suggested that

vestibular symptomatology in PD may be most prominent

for the otoliths and not for the semi-circular canals and

vestibulo-ocular reflexes.
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Conclusions

Many studies have been published during the last 2

years which have had an impact on our understanding of

the contribution of vestibular function to cognition, the

hippocampus and the striatum. A number of these studies

have reinforced and extended our understanding of the

cognitive effects of vestibular dysfunction (4–8, 10). New

evidence has been reported on the possible association

between vestibular dysfunction and AD (16), as well as

vestibular deficits as possible biomarkers for the disease

(18–20). Although Dordevic et al. (15) reported no significant

change in hippocampal volume associated with vestibular

loss, Cohen et al. (16) found that in AD patients, cervical-

evoked myogenic potential deficits were associated with a

reduction in the volume of the left hippocampus. Further

evidence has been published in support of the use of GVS

to enhance recovery from vestibular loss in rats (24–26).

Consistent with previous studies, Hitier et al. (38) have

demonstrated that vestibular input is extensively represented in

the rat hippocampus and that all of the vestibular sensors—the

horizontal, anterior and posterior semi-circular canals and the

utricle and saccule—transmit information there in a stratified

fashion, with preferential input from the otoliths and to the

contralateral side.

In terms of the striatum, recent studies indicate

that major changes occur in the cholinergic pathways

involving the vestibular nucleus in PD (46, 47), and that

BVL is associated with plasticity in the bilateral striatum.

Hawkins et al. (49–52) have also published a series of

systematic, well controlled studies of PD patients showing

that vestibulo-ocular reflex function is not significantly

affected but that cervical-evoked myogenic potential function

is degraded.

Taken together, these studies support the idea that vestibular

information is important for normal hippocampal and striatal

function, may be relevant to AD and PD, as well as other

disorders, and that a greater understanding of the processing of

vestibular input in these two structures, and how they interact,

may benefit our understanding of neurological disorders.
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Comparison of EOG and VOG
obtained eye movements during
horizontal head impulse testing

Maksim Pleshkov1*, Vasilii Zaitsev2, Dmitrii Starkov1,

Vladimir Demkin2, Herman Kingma1 and

Raymond van de Berg1

1Department of Otorhinolaryngology and Head and Neck Surgery, Division of Balance Disorders,

Maastricht University Medical Center, School for Mental Health and Neuroscience, Maastricht,

Netherlands, 2Faculty of Physics, National Research Tomsk State University, Tomsk, Russia

Introduction: Video head impulse testing is frequently used to evaluate the

vestibular function. During this test, eye movement responses are recorded

with video-oculography (VOG). However, the use of VOG can sometimes be

challenging, especially due to pupil detection problems (e.g., blinking, droopy

eyelids, etc.). Therefore, this study investigated whether electro-oculography

(EOG), a technique that does not depend on pupil tracking but on the

orientation of the corneoretinal potential, might be an alternative to VOG for

quantifying eye movement responses during head impulse testing.

Subjects and methods: Head impulse testing was performed in 19 healthy

subjects without a prior history of vestibular symptoms. Horizontal eye

movements were recorded simultaneously with EOG (using an EOG system)

and VOG (using a VHIT system: ICS Impulse). The eye movement responses to

each side of both techniques were compared using a concordance correlation

coe�cient (rc), t-testing, and Bayes Factor (BF) paired t-testing.

Results: EOG and VOG obtained eye movement traces that correlated well

with each other during head impulse testing (average rc = 0.89). Average

VOR gains obtained with EOG and VOG were not significantly di�erent from

each other for all subjects during left head impulses. However, VOG gains

di�ered between both techniques regarding right head impulses. VOG showed

significant VOR gain asymmetry (5% to the right), whereas EOG showed no

significant asymmetry (1% to the right).

Conclusion: This study demonstrated the use of EOG to record eye

movements during head impulse testing for the first time. EOG and VOG

obtained eye movement traces that correlated well with each other during

horizontal head impulse testing. In addition, EOG showed smaller VOR gain

asymmetry in healthy individuals, in contrast to VOG. These findings indicate

that EOGmight potentially be applicable as an alternative to VOG for collecting

eye movement responses during head impulse testing.

Trial registration number: 10192021-38 dated 19.10.21.
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electro-oculography, video-oculography, head impulse test, eye velocity, asymmetry
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Introduction

The vestibular organ is a part of the inner ear, located in

the temporal bone on both sides of the head (1). Each organ

consists of three semicircular canals sensitive to head angular

accelerations and two otolith organs sensitive to head linear

accelerations and gravity (2).

One of the semicircular canals functions is to stabilize images

on the retina during head movements. This is established by the

vestibulo-ocular reflex (VOR), which moves the eyes, velocity

controlled, in the opposite direction of the head movement (3).

For example, when the head rotates to the right, the eyes rotate to

the left, keeping the image of a tracked object almost stationary

on the retina. However, various diseases and injuries of the inner

ear can lead to an impairment of the vestibular function (4),

leading to a reduced VOR (5).

A frequently used test to assess vestibular function is the

head impulse test (HIT) (6). During HIT, the examiner performs

abrupt, unpredictable, fast, and small amplitude rotational

movements of the patient’s head (also called head impulses),

while the patient tries to fixate on an earth-fixed target placed

in front of the patient. During the head impulse, the eye

movements are observed and analyzed. If the VOR is intact,

eye and head velocities will be in opposite direction but of the

same magnitude, resulting in a smooth eye movement without

interruptions. However, if the VOR is impaired, the patient’s eyes

will not move or move too slowly, and the visual fixation of the

target will be lost. In order to regain target fixation, corrective

saccades will be made either during (covert saccade) or after

(overt saccades) the head impulse to bring the eyes back on

target. The HIT can evaluate the VOR in all three dimensions

and investigate the function of all six semicircular canals (6).

Various eye-tracking methods have been developed to

quantify the VOR (7, 8). Electro-oculography (EOG) and video-

oculography (VOG) are the most commonly used techniques

in clinical practice. EOG is a low-cost technique, already used

for decades, based on the fact that the eye can be considered

as a dipole since the electrical activity in the retina leads

to a corneoretinal potential. During the eye movements, the

orientation of this dipole changes, which can be detected by

electrodes placed around the eyes (9–11). VOG is a more

recently developed technique based on pupil detection, using

an infrared video camera that is (in most devices) mounted on

relatively expensive goggles (12–14).

In order to quantify the VOR during HIT, the video head

impulse test (VHIT) was developed using low-weight goggles

with a built-in motion sensor and a high-speed infrared camera.

These commercially available devices can track eye and head

movements during HIT (12–15). The recorded eye and head

velocities are then analyzed to quantify the VOR using the

most crucial outcome parameter “gain”: the relation between eye

and head velocities during HIT (15). The VHIT also identifies

corrective covert and overt saccades that compensate for the

defective VOR. Currently, most VHIT devices use one infrared

camera (VOG) mounted on the goggles, which tracks eye

movements of one eye. Unfortunately, during the fast head

impulses with peak velocities between 200 and 300 deg/s, the

mass inertia of the goggles can induce substantial artifacts due

to slippage of the goggles over the head, despite the minimal

weight and very tight strapping (16, 17). The accuracy of the

VHIT relies also on an accurate pupil position detection, which

can be hampered by eye blinking, drooping eyelids, and eyelids

covering the pupil (e.g., narrow eyelids or big pupils) and

other issues. The sample frequencies of the VHIT systems are

currently limited to 250Hz, and the camera position (right

or left eye) has been suggested to induce a non-physiological

asymmetry in VOR gain (18). Although VHIT is a clinically

highly relevant and frequently used vestibular function test,

it is no “plug and play.” It requires substantial expertise and

training to manually perform the correct head impulses and to

recognize and deal with problems of eye-tracking and goggle

slippage artifacts. Commercially available VHIT devices are still

relatively expensive due to their special goggle design, hardware,

and software.

The advantage of EOG over VOG is that it works in almost

any subject, even with eyes partially or completely closed. Eye

blinks are one of the main sources of artifact with EOG, like in

VOG. EOG is also a less expensive but very robust technique,

using electrodes (either disposable or reusable) and a simple

multichannel differential amplifier able to detect horizontal and

vertical eye movements at high sampling rates, especially also for

fast eye movements like saccades (19).

However, EOG is not a “plug and play” technique. It

requires special expertise and training to mount the electrodes

correctly in order to minimize the signal-to-noise ratio and

drift. Furthermore, the light intensity in the examination room

needs to be kept constant, because the corneoretinal potential

directly depends on the intensity of the incident light on

the retina. These aspects require a regular calibration of the

corneoretinal potential as a measure of the eye rotation. To

obtain an optimal signal-to-noise ratio, a bright minimum

of 200 lux illumination for the HIT experiments is used

and recommended. Physical contact with the electrodes or

movement of the skin has to be prevented when using EOG for

HIT, as they induce severe artifacts (similar to gogglemovements

with VOG).

This study aims to check the feasibility of using EOG as an

eye movement detection technique during horizontal HIT, by

comparing eye movement responses detected with EOG to those

simultaneously obtained with VOG. Secondly, it investigates

whether the gain asymmetry for leftward and rightward head

impulses as has been reported when using VOG in healthy

individuals can be confirmed when detecting the eyemovements

with EOG.
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Methods and materials

Study design

HIT was performed in 19 healthy subjects, while eye

movements were recorded simultaneously with EOG (using an

EOG system) and VOG (using a VHIT system). Horizontal

eye movements were compared between EOG and VOG using

concordance correlation and Bayes factor analysis as well as

t-testing.

Study population

Nineteen healthy subjects without a prior history of

vestibular symptoms were included in this study. A group of

subjects included 14 men aged 23.0 ± 3.8 years (mean ±

standard deviation) and 9 women aged 24.7 ± 4.1 years (mean

± standard deviation).

EOG setup and preparation

The EOG system consisted of a custom-made 8-channel

differential amplifier with a 20 Bits ADC,± 50mV measurement

range, and 0.1 µV resolution (MPAQ, IDEE, Maastricht

University, the Netherlands). The amplifier was connected to

the PC via a USB interface. Custom-made software (IDEEQ,

IDEE, Maastricht University, the Netherlands) was used for

signal acquisition and preprocessing. The recorded signal was

hardware filtered using a 50-Hz low-pass filter. The signal

amplification factor (gain) was set at 3,200.

To detect the corneoretinal potential, three disposable

Ag/AgCl electrodes (Ambu Blue sensor N-50-K/25, prewired,

30 by 22mm size, 1.5mm connector, Ballerup, Denmark) were

used. The skin located to the right and left of the right eye,

and the skin on each subject’s forehead, were cleaned with

petroleum ether to optimize the electrical contact and allow

proper electrode fixation. Two electrodes were put on the left

and right sides of the right eye (monocular, naso-temporal

derivation of the eye position). The reference electrode was

placed on the subject’s forehead (Figure 1A). The EOG sampling

rate was set at 250 Hz.

The EOG system was calibrated manually. Three markers

were placed along with a horizontal line on a well-illuminated

white painted wall (cold white light of fluorescent lamps, 200

lux ± 4%, measured by an RGK LM-20 lux meter) with a

fixation distance of 2m. Light conditions were carefully kept

constant to avoid changes in corneoretinal potential. After

placing the electrodes, subjects were sitting for 15min in front

of the illuminated wall, to allow the corneoretinal potential to be

stabilized. The calibration markers were placed on the wall at a

mutual distance of 7.5◦. The healthy subject was then asked to

look at the markers one by one while the head was kept stable

by the examiner. The degree-voltage relation for EOG can be

assumed to be linear, especially for the small amplitude of eye

movements (10–15◦) (20). Therefore, calibration was performed

by fitting the linear regression on three data points. The electro-

corneal potentials ranged between 0.49 and 1.20 UV per degree

of eye rotation for all 19 subjects.

VHIT setup and preparation

ICS Impulse goggles (GN Otometrics, Taastrup, Denmark)

were used for VHIT. This device incorporates a high-

speed infrared camera recording the right eye and a set of

gyroscopes to detect head movements. To avoid contact, the

goggles were put on the subject’s face above the already-

fixed EOG electrodes (Figure 1B). It was tightly strapped on

the subject’s head to prevent slippage. The sampling rate was

set at default 246Hz in OtoSuite software (GN Otometrics,

Taastrup, Denmark).

For calibration, an automatic built-in horizontal two-point

laser calibration was used with a fixation distance of 2m.

The same well-illuminated wall was used for EOG calibration

(see above). A detailed description can be found in the ICS

Impulse Reference Manual: https://partners.natus.com/asset/

resource/file/otometrics/asset/2019-07/7-50-2060-EN_05.PDF.

HIT testing

Horizontal eye movements during horizontal HIT were

recorded by EOG and VOG simultaneously. Subjects were

seated on a chair. Subjects then were asked to fixate a stable

dark blue target at a distance of 2m, placed at a height of 1.17m

from the floor on the well-illuminated wall (see above). The head

of the subject was flexed for 20◦ to ensure that the impulses

were made approximately in the plane of the horizontal canals

and to ensure a good pupil capture by the VOG camera, also

at lateral gaze (± 7.5◦ from the center). One trained examiner

(VZ) performed all impulses: small amplitude (10–15◦) fast

(>120◦/s) head impulses in the horizontal plane. These outward

unpredictable head impulses always started from the center and

were randomly applied to the left and right until the ICS Impulse

detected 20 valid impulses to each side.

Data processing

The data were processed in Matlab 2014b software. First, a

30-Hz software low-pass filter was used to reduce the noise of all

traces (21). After that, the VOG velocity trace was additionally

filtered with a 20-Hz low-pass filter since it contained a relatively

low-frequency (20–30Hz) noise. For EOG, eye velocities were

Frontiers inNeurology frontiersin.org

255

https://doi.org/10.3389/fneur.2022.917413
https://partners.natus.com/asset/resource/file/otometrics/asset/2019-07/7-50-2060-EN_05.PDF
https://partners.natus.com/asset/resource/file/otometrics/asset/2019-07/7-50-2060-EN_05.PDF
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Pleshkov et al. 10.3389/fneur.2022.917413

FIGURE 1

Illustration of the placement of the electrodes and VOG goggles. (A) Location of the EOG electrodes, (B) ICS Impulse goggles together with the

EOG electrodes.

calculated by the first-order 5-point central difference of

the recorded eye position. Both signals were resampled to

245Hz, using spline interpolation to eliminate sampling time

instabilities and allow further point-to-point comparison.

The VOG and EOG eye velocity traces were first

synchronized in time by finding the cross-correlation maximum

(best-match) between the whole eye velocity traces, whereas

VOG eye and head velocity traces were already synchronized

by means of the built-in VOG system procedures. The position

of every head impulse was identified by determining the timing

of head peak velocities. For the analysis, 800ms of each head

impulse test was selected: 200ms before the head peak velocity

and 600ms after the head peak velocity. Impulses were only

included in the data cleaning process, if they were accepted

by the VHIT system. Therefore, no artifacts were additionally

removed from the EOG velocity traces. For each subject,

data cleaning implied that head impulses were included in

the analysis if the head peak velocity ranged between 120

and 250 deg/s.

The signal-to-noise ratio (SNR) was calculated for unfiltered,

correlated, and length-adjusted EOG and VOG eye velocity

traces as SNR = 10∗log10(
Psignal
Pnoise

) [in dB], where Psignal

and Pnoise are the signal and noise power, respectively. The

signal and noise power were calculated as a square of the

amplitudes in a frequency domain after performing the Fourier

transform. The signal was considered to be present in a range

(0, 30] Hz (21), the noise consequently took the rest of the

bandwidth [30, 122.5] Hz.

The VOR gains were calculated for every EOG and VOG

obtained trace, as the ratio of the areas under the eye velocity and

head velocity curves [area under the curve from 40ms before to

80ms after peak head velocity as introduced in Synapsis system

(22)] and were then averaged per subject.

Asymmetry was calculated again for every included impulse

as asymmetry =
GainLeft−GainRight
GainLeft+GainRight

, whereGainLeft andGainRight

comprised gains calculated as described above, during left

and right impulses, respectively. This implies that negative

asymmetry values indicated an asymmetry to the right, and vice

versa. The value of 0 indicated the absence of asymmetry.

It should be noted that for both VOG and EOG the

motion sensors in the VOG goggles were used to detect

head movements. Hence, in this study, it was not possible

to investigate difference in latencies using EOG or VOG (see

limitations of this study).
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Data analysis

For every subject, concordance correlation analysis was

performed for each impulse and for each side, to estimate the

correlation between eye velocity traces recorded by EOG and

VOG. On top of that, the concordance correlation analysis

was applied for the head velocity traces and VOG and

EOG obtained eye velocity traces. The obtained concordance

correlation coefficients (rc) were first z-transformed (by Fischer),

then averaged per subject, averaged per group, and finally the

average rc was obtained for the whole tested group after the

inverse Fisher z-transform. rc values close to 1 implied perfect

concordance, whereas a value of zero indicated the absence of

concordance. Bayesian factor (BF) paired t-testing was used

to compare the average VOR gains obtained by EOG and

VOG to each side; t-testing was applied to separately compare

VOR gain asymmetries of EOG and VOG obtained eye velocity

traces with the value of 0 (indicating absence of asymmetry).

BF values >1 indicated evidence of an alternative hypothesis

(significant difference), values <1 implicated evidence for the

null hypothesis (no significant difference), and a value of 1

indicated no evidence for any hypothesis. T-test p-values lower

than 0.05 were considered statistically significant.

Results

Comparison of eye velocities obtained
with EOG and VOG

Peak head velocity during head impulses ranged from 120.7

to 249.2 deg/s (mean ± standard deviation 174.4 ± 20.4 deg/s).

The SNR for VOG and EOG was equal to 6.1 dB and 3.2

dB, respectively.

After data cleaning, every subject had at least 19 valid

head impulses to each side; therefore, 19 head impulses were

used for the analysis. The latency between the peak head

velocity and the peak eye velocity detected by VOG in this

study was on average 6.6ms to the right and 8.7ms to the

left. Figure 2 presents an example of the obtained eye velocity

traces in a single subject during 19 head impulses to the

left and the right, recorded by EOG (gray traces) and VOG

(yellow traces).

The average rc coefficient of all subjects was equal to 0.89,

indicating a positive correlation between EOG and VOG eye

velocity traces. The average rc when comparing VOG eye

velocity and head velocity traces was 0.96, whereas average rc for

EOG was 0.89.

FIGURE 2

An example of eye velocity traces in a single subject (subject 2), during 19 head impulses to the left (positive velocities) and to the right (negative

velocities), recorded by EOG (gray traces) and VOG (yellow traces).
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TABLE 1 Mean VOR gains for left and right impulses and their

standard deviations for each oculography system (n = 19).

EOG VOG

Left Right Left Right

0.93± 0.11 0.95± 0.17 0.94± 0.10 1.04± 0.12

Comparison of VOR gain between EOG
and VOG

The mean VOR gains for left and right head impulses and

their standard deviations for both EOG and VOG are illustrated

in Table 1. Using a BF-paired t-test, the difference between the

average VOR gain for EOG and VOG was not significantly

different from zero for all subjects for left head impulses (mean

difference = −0.01, df = 18, t = −0.41, p = 0.169, BF = 0.26).

VOG gains differed between both techniques regarding head

impulses to the right (mean difference = −0.08, df = 18, t =

−2.32, p= 0.03, BF= 2.03).

Comparison of VOR gain asymmetry
between EOG and VOG

Figure 3 shows the VOR gain asymmetries obtained with

EOG and VOG during horizontal HIT for the whole group. The

mean VOR gain asymmetry obtained with EOG was 1% to the

right, which was not significantly different from 0% asymmetry

(t-test: mean = −0.01, df = 18, t = −0.49, p = 0.62). On the

opposite, the mean VOR gain asymmetry obtained with VOG

was 5% to the right, which was significantly different from 0% (t-

test: mean=−0.05, df= 18, t=−7.41, p< 0.001). Furthermore,

EOG and VOG gain asymmetries were not significantly different

from each other (paired t-test: mean difference = 0.04, df = 18,

t = 1.75, p = 0.10). EOG-obtained VOR gain asymmetries were

more dispersed than those obtained with VOG (Figure 3).

Discussion

This study compared eye movement traces of the right

eye, which were simultaneously collected using EOG and VOG

during horizontal head impulse testing, in a group of 19 healthy

subjects. The EOG and VOG obtained eye movement traces

correlated well with each other. Nevertheless, the VOG eye

velocity correlated better with the head velocity traces than the

EOG as compared to concordance correlation coefficients. The

obtained SNR in VOG eye velocity traces was 3 dB higher before

filtering compared with EOG SNR. The VOG obtained latencies

between peak head and peak eye velocities agree with the values

reported in the literature for the latency of the VOR (23).

The VOR gains were not statistically different between EOG

and VOG methods during impulses to the left but significantly

differed during impulses to the right. Furthermore, a 1% not

significant and a 5% significant VOR gain asymmetries to the

right were present in the eye movement traces obtained with

EOG and VOG, respectively. These findings indicate that EOG

might potentially be applicable as an alternative to VOG for

collecting eye movement responses during head impulse testing.

EOG and VOG eye movement responses correlated well,

although both techniques do not exactly provide the same

type of traces, which is inherent to their different physical

backgrounds (24). After all, EOG recordings can be distorted

by electrode polarization processes, motion artifacts, power-line

interferences, muscle contraction, intrinsic device noise, and

other processes (25). These factors probably resulted in greater

values of noise (less precision), as can be seen from SNR values

assuming the same signal magnitude. Nevertheless, the applied

filtering should have equalized the SNR for EOG and VOG,

although the levels of low-frequency (<30Hz) noises remain

unknown. VOG recordings, on the other hand, can mainly be

distorted by pupil detection problems (e.g., due to small eyelids,

blinking, etc.) (26). So far, VOG seems to better detect eye

movements in terms of the recorded velocity traces, assuming

the (nearly) perfect concordence between head and eye velocities

in the case of intact VOR.

Furthermore, the observed correlation between eye

movement responses measured with both oculography methods

does not imply that the same VOR gains should be obtained

with both techniques. Therefore, both the correlation and VOR

gain should be considered when investigating the feasibility of

EOG as a method for head impulse testing. It can be concluded

that EOG reliably detects high-velocity eye movements during

horizontal head impulse testing, since (a) this study showed a

well correlation between eye velocity traces recorded by both

techniques; (b) the VOR gains were very similar between both

techniques despite a significant difference for head impulses

to the right (not to the left). After all, the significant VOR

gain difference of 0.08 is most likely not clinically significant.

Although using EOG is more time-consuming than VOG, EOG

has several advantages: (1) Pupil detection is not necessary. This

suggests that small eyelids, droopy eyelids, lens implants, and

testing with lateral gaze (head impulses in the vertical plane

with only a little space for the pupil before it disappears behind

the eyelids) (27, 28) might not lead to artifacts in the traces.

Even mini-blinks might not lead to substantial artifacts, as long

as the horizontal EOG trace is not significantly interrupted by

the blink; (2) Both eyes can easily be measured by applying

electrodes around both eyes (29). Most current VOG systems

for head impulse testing only use one camera to record one

eye; (3) EOG does not require goggles to measure the eye

movements. Therefore, the shape (size) of the head is less

important to perform this examination (e.g., small children)

(30). Many currently available VOG systems for head impulse
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FIGURE 3

Boxplot: left-right asymmetry in VOR gain calculated for EOG and VOG obtained traces. Black crosses indicate mean values, black bars indicate

medians, boxes represent first and third quartiles, and dots represent outliers.

testing still use a camera mounted on goggles. Taking all these

factors into account, this might imply that EOG could be used as

an alternative to, or complementary to, VOG for head impulse

testing in the future. Nevertheless, if EOG would be used for

head impulse testing, still a solution should be found to measure

head movements. After all, in VHIT most often gyroscopes are

incorporated in the head-mounted goggles, while EOG does not

use head-mounted goggles.

Regarding VOR gain asymmetry, it was found that EOG-

obtained eye movement responses showed small but not

statistically significant asymmetry of 1% to the right, while those

obtained by VOG did demonstrate a significant asymmetry

of 5% to the right (which is the side of the camera and the

recorded eye). These differences in asymmetry are congruent

with the significant differences in VOR gain between EOG and

VOG, regarding head impulses to the right. The 5% asymmetry

obtained with VOG, with higher VOR gains obtained during

head impulses to the side of the camera, corresponds with the

literature (18). Several hypotheses were previously proposed

to account for a physiological basis of this VOG detected

asymmetry, for example: (1) Adduction requires an additional

neuron compared to abduction. Therefore, during a head

impulse to the right, the adducting (right) eye has a longer

latency and needs a higher velocity to catch up with the head

movement (18, 31); (2) The axis of head rotation and distance to

the fixation target might influence VOR gain in favor of the side

of the camera (18, 32). The asymmetries observed in this study

together with those reported in the literature (31) suggest that it

is not likely the artifact of one of the oculography systems itself.

Also, the left-right asymmetry present at relatively low head

velocities (∼180 deg/s) might be too small (31) to be detected

by EOG for instance due to the lower resolution (8) compared

with VOG. On top of that, a previously described asymmetry

in corneoretinal potential (a lower potential when the eye is

turning from right to left) might counterbalance the inherent

asymmetry of the oculomotor system (19, 33) leading therefore

to lower asymmetry values in the EOG recorded traces using

monocular recording.

This study demonstrated that EOG can reliably detect

eye movements during head impulses. However, in order to

explore whether EOG is feasible for head impulse testing per

se, more research is needed. In particular, EOG should be

tested during head impulse testing in patients with vestibular

pathology, in order to assess whether EOG can accurately detect

compensatory saccades which occur in the case of vestibular

hypofunction (22). In addition, the EOG technique could be

optimized, e.g.,: vertical electrodes could be used to explore the

feasibility of vertical head impulse testing with EOG and to

detect vertical eye velocities that present in eye blinks. The use

of binocular eye recordings with EOG might compensate for a

possible VOR gain asymmetry (resulting in less dispersion of

VOR gain asymmetries in the EOG recordings, see Figure 3)
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since the electrodes are not placed symmetrically around the

eyes with respect to the optical axis (21).

Limitations

Main limitation of this study involved data selection: only

impulses were used, which were accepted by the vHIT device

(i.e., VOG eye movement responses). This implies that a

selection bias was present with respect to VOG recordings.

After all, if e.g., an eye movement response during head

impulse testing was rejected by the vHIT device due to

pupil detection failure, this would not necessarily have been

a problem for EOG, since it does not depend on pupil

detection. Therefore, this study did not facilitate a comparison

between EOG and VOG regarding the influence of artifacts

on VOR outcomes. Therefore, dedicated new algorithms have

to be developed to identify correct impulses appropriate for

quantification of vestibular function, before EOG will be used

for HIT.

For both eye movement detection techniques, the motion

sensors in the VOG goggles were used to detect the head

movements. Hence, in this study, goggle slippage might have

affected the latency between eye and head movements for both

EOG and VOG recordings in the same way. The latency between

the peak head velocity and the peak eye velocity detected by

VOG in this study was on average 6.6ms to right and 8.7ms

to the left and falls within the normal range of the VOR

latency. The absolute latency of the EOG measurements defined

as the time span between the onset of the eye movement

and the change in the corneoretinal potential is virtually

non-existent, as these phenomena are mechanically coupled.

The detection of the corneoretinal potential change depends

therefore on the signal processing in the data-acquisition system.

The delay in this system is specified as 80 µs. The delay

of the eye movement detection in the VOG system is not

specified, but as this is based on image processing and a

frame rate of 246Hz, it is longer than 4ms, which is order

of magnitude longer than the delay in the EOG system. The

detection of the real onset of the eye movement in both systems

is determined by algorithms that depend on the signal-to-

noise ratio.

Compared to motion sensors in the goggles, a head-fixed

motion sensor mounted on a bite bar (34) might probably

provide more accurate information about the head movements,

as this ensures close contact with the skull. It is well known

that eye movement detection with VOG can be disturbed

by the movement of the goggles relative to the eyes (26).

Similarly, movement of the electrodes with EOG can disturb

the eye movement detection, but most likely in a very different

way and should be avoided at all expenses. So recognition

of specific artifacts when using EOG for HIT is of similar

importance as when using VOG for HIT. Nevertheless, the

VOG and EOG recorded eye movement traces showed a close

correlation, which suggests that in this study no major or very

similar electrode or goggle movement artifacts were present in

the eye movements recorded by both techniques. Moreover,

using a separate head movement sensor (e.g. on a bite bar)

will allow to include all impulses independent of the rejection

algorithms of any oculography system. It will be implemented

in the follow-up studies aimed to analyze the vertical

(LARP and RALP) HITs.

Future perspectives

This study investigated the feasibility of EOG to accurately

detect eye movements during the horizontal HIT, which was

confirmed based on the close correlation between EOG and

VOG recorded eye velocities. This could pave the way for

the development of an EOG-based HIT system, incorporating

a motion sensor (e.g., mounted on a bite board), and

determining its accuracy for clinical use. Furthermore, this

study could be extended to vertical HITs, in which especially

the use of VOG can be challenging due to pupil detection

difficulties [i.e., the pupil can be covered by the eyelids,

(35)], whereas EOG might be easier to apply with sufficient

accuracy (36).

Using a head-fixed motion sensor together with a reliable

synchronization pulse between the two oculography systems

(e.g., a special eye movement pattern added in the beginning

and/or at the end of the recording) might give an insight

in slippage sensitivities of both eye movement recording

techniques. This could also facilitate evaluating the delays

between head and eye traces, and therefore, estimate possible

gain calculation errors due to goggle slippage (26).

EOG and VOG methods can be compared in terms of the

signal-to-noise ratio and accuracy or resolution using both raw

and unfiltered traces. The resolution for EOG is believed to

be close to 0.5◦, whereas for VOG, it is quantified at about

0.01◦ (8). However, these average numbers can substantially vary

from patient to patient and very strongly depend on the typical

features of pupil detection vs. corneoretinal potential detection.

Conclusion

To our knowledge, this is the first description of using the

EOG technique to record eye movements during head impulse

testing. EOG and VOG obtained eye movement traces correlate

well with each other during horizontal head impulse testing. In

addition, EOG did not show significant VOR gain asymmetry in

healthy individuals, in contrast to VOG. These findings indicate

that EOG might potentially be applicable as an alternative

to VOG for collecting eye movement responses during head

impulse testing.
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Objective: To assess the prevalence and relationship with vestibular function

test results of positional preference in acute vestibular neuritis (VN).

Methods: We prospectively recruited 33 patients with VN during the acute

phase. We assessed the severity of vertigo with a visual analog scale (VAS) and

the degree of spontaneous nystagmus (SN) during sitting, the head rolling to

the a�ected, and the healthy side. Patients performed other vestibular function

tests, including ocular and cervical vestibular evoked myogenic potential

(VEMP), on the same day or the next day of VNG testing.

Results: Twelve patients (12/33, 36%) with VN complained of more severe

vertigo during lying on the a�ected side compared to the healthy side

under visual fixation. Compared to patients without positional preference

(without positional preference group), patients with positional preference (with

positional preference group) showed a significantly higher VAS and maximal

slow phase velocity (SPV) of SN at all positions except lying on the lesion side.

However, there was no di�erence in the SPV gap between the two groups. 30%

(10/33) of patients with VN complained of more severe vertigo while lying on

the a�ected side compared to the healthy side without visual fixation. Maximal

SPV of SN was not di�erent between the two groups. There was no other

significant di�erence in both canalith and otolith function test results between

the two groups regardless of the visual fixation.

Conclusions: One-third of patients with acute VN had more severe vertigo

while lying on the a�ected side than in the supine position. The positional

preference was not directly related to the SN intensity or VEMP results.

The positional preference might reflect the otolith damage in the setting of

activation of the sustained otolith system, not the transient otolithic system.

KEYWORDS

vestibular neuritis, positional preference, otolith function, spontaneous nystagmus,

visual analog scale
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Introduction

Vestibular neuritis (VN) is a common neuro-otologic

syndrome characterized by acute prolonged vertigo

(lasting several days), nausea, and vomiting without other

accompanying neurologic or audiological symptoms or signs

(1, 2). During the acute attack, patients usually lie with their

eyes closed on a side with a healthy ear down (2). However, the

frequency and mechanism of the positional preference in acute

VN are unknown.

When a patient with acute VN sits up, especially with

the head bending 30 degrees, the horizontal semicircular canal

lies on the horizontal plane (3), and the effect of gravity on

the semicircular canal and otolith organ on both sides would

be the same. On the other hand, the difference of gravity

between both vestibular organs would be the maximum on the

lesion side up. The mechanism of this positional preference

implies an interaction between inputs from the otoliths and

the semicircular canals (4, 5). It has been suggested that the

medial portion of the utricle may respond best to the pull of

gravity (6). A previous study found that some of the patients

with VN showed the inhibition of spontaneous nystagmus (SN)

when they lay toward the healthy side and an increase of SN

when they lay toward the lesion side (5). Authors suggested

that an alteration in the influence of gravitation on the otolith

organs can change SN in both a positive and a negative direction

(5). Therefore, we assumed that the positional preference might

be related to the utricular function tests such as subjective

visual vertical (SVV) and ocular vestibular evoked myogenic

potential (oVEMP) tests. We sought to investigate the frequency

of positional preference and its relationship with semicircular

and otolithic vestibular function tests in acute VN.

Methods

We prospectively recruited patients with VN during

the acute phase at Keimyung University Dongsan Hospital

and Ulsan University Hospital from April 2019 to April

2020. All patients met the clinical diagnostic criteria for

VN (1, 2, 7), including (1) sudden onset of prolonged

vertigo (more than 1 day) within 1 week, (2) unidirectional

spontaneous horizontal–torsional nystagmus, (3) the head-

thrust test showed an ipsilateral deficit of the horizontal

semicircular canal (gain < 0.8) or caloric asymmetry (>25%).

Exclusion criteria were (1) the presence of auditory or

other neurologic findings, (2) a previous history of neuro-

otologic diseases, (3) abnormal audiogram or middle ear

function, (4) acute lesion on diffusion-weighted brain

MRI, (5) Severe cognitive impairment (Mini-mental

state examination < 15). Diffusion-weighted MRI was

performed on all patients to exclude a central lesion mimicking

peripheral vestibulopathy.

Videonystagmography (VNG) was used to record SN, head-

shaking nystagmus (HSN), head-impulse test (HIT), and caloric

responses. The maximal slow phase velocity (SPV) of SN was

calculated during sitting, supine, lying on the affected side, and

healthy side. We assessed the severity of vertigo with a visual

analog scale (VAS) during each position (Figure 1). We defined

the presence of positional preference if there is any difference in

VAS between lying on the lesion and healthy sides. We checked

maximal SPV and VAS with and without visual fixation. We also

calculated the gap betweenmaximal SPV and VAS between lying

on the healthy and the lesion sides with the revised Jongkees

difference equation (8).

SPV gap = (SPV_L– SPV_H)/SPV_L∗100, where SPV_L is

maximal SPV lying on the lesion side, and SPV_H is maximal

SPV lying on the healthy side.

VAS gap = (VAS_L – VAS_H)/VAS_L∗100, where VAS_L is

VAS lying on the lesion side, and VAS_H is VAS lying on the

healthy side.

Patients also performed oVEMP, cervical vestibular evoked

myogenic potential (cVEMP), and SVV on the same day or

the next day of VNG. We used a Nicolet Viking Select unit

(Nicolet-Biomedical, Madison,WI, USA) to measure the surface

electromyography (EMG) activity for cVEMP and oVEMP. A

cVEMP was performed with the patient in a supine position,

raising the head approximately 30◦ and rotating contralaterally

to activate the sternocleidomastoid (SCM) muscles. The active

electrode was placed over the belly of the contracted SCM after

subtracting activity from a reference electrode located on the

medial clavicle. A ground electrode was attached to the forehead.

A short alternating tone burst (110 dB nHL; 500Hz; ramp =

2ms; plateau = 3ms) was given at 2.1Hz monoaurally using

a headphone. To compare the amplitude of p13-n23 on the

affected side (Aa) with that on the unaffected side (Au), the

asymmetry ratio of each patient was calculated as (Aa – Au) / (Aa

+ Au)× 100 (9). We monitored the patients to ensure adequate

levels of activation, enable fine adjustment of head position to

match the EMG levels for each side, and allow measurement

of background contraction levels and calculation of normalized

amplitudes (9). Tests were considered abnormal if interaural

differences in amplitude of p13 or n23 were outside the average

value + 2 SDs (i.e., asymmetry of amplitude of cVEMPs >

28%) or no wave formation. Normative data were obtained from

36 age-matched healthy controls (14 men, mean age = 58.17

± 10.59, t-test, p = 0.146) without a history of auditory or

vestibular disorders.

To record oVEMP, the subject was supine on a bed, with the

head supported on a pillow. An active electrode was placed 1 cm

below the center of the lower eyelid, and the reference electrode

was attached to the cheek 2 cm below the active electrode (10).

The ground electrode was located on the forehead. During

testing, the subject looked up approximately 25◦ above straight
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FIGURE 1

Comparison of the intensity of spontaneous nystagmus (maximal SPV) and vertigo severity (VAS) at each position between patients with vs.

without positional preference. (Upper): under the visual fixation, (Lower): without visual fixation. SP, slow phase velocity; SN, spontaneous

nystagmus; VAS, visual analog scale. *p < 0.05: with vs. without positional preference.

ahead and maintained a small fixation point ∼60 cm from

the eyes. oVEMPs were elicited by tapping the hairline using

an electric reflex hammer (VIASYS Healthcare, CA, USA).

Bilateral responses were simultaneously obtained whenever

tapping stimuli were applied. Ocular VEMPs in response up to

60 stimuli were averaged for each test. The average latency of

the initial negative peak (n10) and the n10 – p10 amplitude were

analyzed. The interaural difference ratio of the amplitude of the

ocular VEMPs was calculated as the interaural difference ratio

(%) (Aa – Au) / (Aa+Au)× 100, where Aa and Au are the n10 –

p10 amplitude on the affected and unaffected sides, respectively

(10). Tests were considered abnormal if interaural differences in

amplitude or latencies of n10 were outside the average value± 2

SDs (i.e., asymmetry of amplitude of oVEMPs> 29%, amplitude

of n10-p10 < 1.5 µV or latency of n10 > 21.5ms) or no wave

formation. Normative data were obtained from 28 age-matched

healthy controls (19 men, mean age= 50.89± 11.54, t-test, p=

0.346) without a history of auditory or vestibular disorders.

The SVV tilt in the patients was defined as abnormal when

the degree of SVV tilt exceeded the mean ± 2SD obtained from

80 normal controls (normal range: −2.0∼2.0◦ for binocular

viewing; the negative value indicates a counterclockwise tilt) (7).

The detailed methods for recording SVV have been described

previously (11).

Numerical parameters between patients with or without

positional preference were calculated with a Mann-Whitney

U test. A Fisher’s exact test was performed for percentage

comparison of nominal data, and Spearman’s correlation was

used for correlation analysis between parameters. Two-way

ANOVA was used to determine both the independent effect of

fixation and positional preference as well as to test whether there

was a significant interaction between these variables.

All experiments complied with the tenets of the Declaration

of Helsinki, and the study protocol was reviewed and approved

by the Institutional Review Board of the School of Medicine at

Keimyung University.

Results

Thirty-three patients with acute VN were enrolled. The

mean age was 53.9 ± 13.2 years. Approximately 76%

of the patients were male, and 49% had VN on the

right side. The time from onset to VNG was 53.0 ±

38.1 h.

Vertigo severity and maximal SPV of SN at
di�erent positions with and without
fixation

Under the visual fixation, the mean VAS during sitting

position was 3.9 ± 3.1 and during supine position was 3.1 ±

2.6. Mean maximal SPV during sitting position was 2.8 ± 2.3

deg/sec and during supine position was 4.6 ± 3.8 deg/sec. The

mean VAS during lying on the affected side was 3.6 ± 2.9, while
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TABLE 1 Correlation analysis between the intensity of spontaneous nystagmus (maximal SPV) and vertigo severity (VAS) at each position.

Maximal SPV with fixation (deg/sec) Maximal SPV without fixation (deg/sec)

VAS Sitting Supine Lying on the

lesion side

Lying on the

healthy side

SPV gap Sitting Supine Lying on the

lesion side

Lying on the

healthy side

SPV gap

Sitting 0.554** 0.487** 0.483** 0.592** −0.149 0.320 0.283 0.354* 0.342 −0.030

Supine 0.568** 0.532** 0.503** 0.578** −0.037 0.283 0.242 0.337 0.310 0.065

Lying on the lesion side 0.590** 0.552** 0.518** 0.602** −0.039 0.278 0.249 0.330 0.342 0.002

Lying on the healthy side 0.508** 0.469** 0.478** 0.542** −0.032 0.240 0.209 0.292 0.235 0.092

VAS gap 0.456** 0.377* 0.333 0.414* −0.021 0.158 0.131 0.143 0.279 −0.136

Spearman’s correlation coefficient.

*p < 0.05, **p < 0.01.

SPV, slow phase velocity; VAS, visual analog scale.

TABLE 2 Sex, lesion side, otolithic function test results between patients with and without positional preference.

With visual fixation Without visual fixation

No positional

preference

With positional

preference

p-value No positional

preference

With positional

preference

p-value

Sex (Female) 3/21 (14.3%) 5/12 (41.7%) 0.106 3/23 (13%) 5/10(50%) 0.036*

Lesion side (Lt) 13/21 (61.9%) 4/12 (33.3%) 0.157 14/23 (60.9%) 3/10 (30%) 0.141

Abnormal SVV 13/18 (72.2%) 9/11 (81.8%) 0.677 15/20 (75%) 7/9 (77.8%) 1.000

Abnormal oVEMP 11/21 (52.4%) 8/12 (66.7%) 0.486 12/23 (52.2%) 7/10 (70%) 0.455

Abnormal cVEMP 10/21 (47.6%) 3/12 (27.3%) 0.450 10/23 (43.5%) 3/9 (33.3%) 0.704

Fisher’s exact test, *p < 0.05.

SVV, subjective visual vertical; oVEMP, ocular vestibular evoked myogenic potential; cVEMP, cervical vestibular evoked myogenic potential.

lying on the healthy side was 2.8 ± 2.2. The mean maximal

SPV during lying on the affected side was 4.8 ± 4.5 deg/sec,

while lying on the healthy side was 4.2 ± 3.6 deg/sec. The

mean VAS gap and SPV gap were 11.79 ± 18.83 and 3.10 ±

25.31, respectively.

When goggles were covered on the eyes (without visual

fixation), the mean VAS during sitting position was 2.9 ±

2.4 and during supine position was 2.6 ± 2.2. Mean maximal

SPV was 9.4 ± 4.9 deg/sec during sitting and 13.0 ± 7.1

deg/sec during supine position. The mean VAS during lying

on the affected side was 2.9 ± 2.5, while lying on the

healthy side was 2.3 ± 1.8. The mean maximal SPV during

lying on the affected side was 13.3 ± 7.4 deg/sec, while

lying on the healthy side was 11.6 ± 6.7 deg/sec. The mean

VAS gap and SPV gap were 9.65 ± 17.67 and 12.00 ±

30.87, respectively.

Thirty-six percent (12/33) of the patients with VN

complained of more severe vertigo during lying on the

affected side compared to the healthy side (i.e., with

directional preference group) under the visual fixation.

The other patients reported no difference in vertigo

severity while lying on the healthy side compared to the

affected side (i.e., without positional preference group).

Maximal SPVs during supine, sitting, and lying on the

lesion side were significantly higher in the with positional

preference group than those without positional preference

group under the fixation. However, the mean SPV

gaps between the two groups were no different (−0.67

± 35.77 vs. 5.16 ± 17.57, respectively) (Figure 1 and

Supplementary Table 1).

When goggles were covered on the eyes (without visual

fixation), 30% (10/33) of patients with VN complained of

more severe vertigo during lying on the affected side compared

to the healthy side. There was no difference in maximal

SPVs at any positions between the two groups without visual

fixation. Maximal SPV and VAS at each position under two

main factors (positional preference and visual fixation) with

a two-way ANOVA showed no interaction between positional

preference and visual fixation (Supplemental Table 1). There

were significant positive correlations of VAS with maximal SPV

at all positions under the visual fixation, but the VAS gap did not

correlate with the SPV gap. There was no significant correlation

of VAS with maximal SPV at all positions except lying on the

lesion side (Table 1).
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TABLE 3 Vestibular function test results between patients with and without positional preference.

With visual fixation Without visual fixation

No positional

preference

(n = 21)

With positional

preference

(n = 12)

No positional

preference

(n = 23)

With positional

preference

(n = 10)

Mean SD Mean SD p-value Mean SD Mean SD p-value

Age 55.95 13.12 50.42 13.24 0.410 54.87 13.83 51.80 12.16 0.681

Time interval from onset to test (hrs) 59.95 44.40 40.83 19.52 0.261 60.30 42.62 36.20 16.30 0.136

CP (%) 59.27 18.75 63.76 19.79 0.475 60.72 18.61 61.04 20.86 0.917

hHIT 0.37 0.15 0.33 0.12 0.370 0.35 0.15 0.35 0.12 0.903

pHIT 0.82 0.20 0.85 0.17 0.969 0.84 0.20 0.82 0.17 0.428

aHIT 0.60 0.15 0.65 0.10 0.258 0.60 0.15 0.66 0.09 0.230

SVV (◦) 3.59 2.55 3.25 1.75 0.928 3.77 2.55 2.78 1.26 0.509

oVEMP (%) 50.21 37.71 49.16 38.09 1.000 50.86 38.25 47.50 36.78 0.935

n10 latency (ms) 6.93 6.52 9.33 6.78 0.270 7.17 6.91 9.28 6.00 0.312

n10-p10 amplitude (µV) 6.38 5.20 24.42 38.56 0.120 11.75 27.12 16.20 20.33 0.142

cVEMP (%) 44.50 39.02 26.56 28.68 0.184 41.71 38.31 29.41 30.91 0.358

HSN (deg/sec) 16.89 7.30 17.17 4.86 0.938 17.17 7.01 16.60 5.17 0.652

Mann-Whitney U-test.

SD, standard deviation; CP, canal paresis; hHIT, horizonal canal gain of head-impulse test; pHIT, posterior canal gain of head-impulse test; aHIT, anterior canal gain of head-impulse test;

SVV, subjective visual vertical; oVEMP, ocular vestibular evoked myogenic potential; cVEMP, cervical vestibular evoked myogenic potential; HSN, head-shaking nystagmus.

Vestibular function test results in patients
with and without positional preference

There was no difference in age, lesion side, and time interval

from symptom onset to the test between the two groups,

regardless of the visual fixation. Female sex was significantly

more frequent in patients with positional preference when the

visual fixation was removed (13% vs. 50%, p = 0.036) (Table 2).

The presence of positional preference was not different in

patients with and without the abnormality of SVV, oVEMP,

or cVEMP (Table 2). There was also no significant difference

in canalith and otolith vestibular function test results between

patients with and without positional preference (Table 3). The

VAS and SPV gaps did not correlate with age, time interval from

symptom onset to the test, or vestibular function test results,

regardless of the visual fixation (Table 4).

Discussion

About 30% of patients with acute VN had positional

preference, and all had more severe vertigo during lying on the

affected side compared to the healthy side. Because SN intensity

during lying on the lesion side was more prominent than lying

on the healthy side (gravity-dependence) in the present study,

we could assume that asymmetry of the vestibulo-ocular reflex

may be reinforced during lying on the affected side and affect the

SN intensity. However, the difference in vertigo severity between

lying on the lesion and the healthy side did not relate to the

gap in SN intensity. Moreover, SVV and VEMP test results were

not associated with the gravity-dependence of SN intensity and

positional preference.

Positional preference in VN has been thought to be due to

the effect of gravity on the horizontal component of SNmediated

by otolith-ocular reflex (5, 12). Because SN intensity in VN

increased or inhibited according to head position, an alteration

in the influence of gravitation on the otolith organs could change

SN, which might be related to positional preference in patients

with VN (13). As in the previous study (5, 13), patients with VN

showed gravity-dependence of SN intensity in the present study.

The mean maximal SPV was highest during lying on the affected

side and lowest during the supine position. In the previous

study, HSN in patients with unilateral VN is also modulated

by the static attitude of the head and is more intense with the

affected ear down (14). It has been suggested that an asymmetric

suppression of vestibular nystagmus by the unilaterally impaired

otolith organs could result in positional preference (5). Because

the anterior semicircular canal is important in distinguishing

between utricular activation by linear acceleration during lateral

head tilt and by lateral head translation (15, 16), misinterpreted

signals about head translation and head tilt in acute superior VN

were suggested as a possible mechanism of positional preference.

Another possible explanation for positional preference is linear

vertigo. In patients with BPPV, the discrepancy between the

internal representation of gravito-inertial acceleration provided

by the otolith and the internal estimation of actual gravity

direction increases an erroneous inertial acceleration (17–19).

Similarly, we could assume that vestibular imbalance in VN
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TABLE 4 Correlation analysis of the gap of vertigo severity (VAS gap) and the gap of the intensity of spontaneous nystagmus (SPV gap) while lying

on the lesion and healthy sides with vestibular function test results.

With fixation Without fixation

SPV gap VAS gap SPV gap VAS gap

r p r p r p r p

Age −0.140 0.436 −0.139 0.441 0.089 0.623 −0.102 0.570

Time interval from onset to test (hrs) −0.088 0.627 −0.171 0.341 0.127 0.480 −0.290 0.102

CP (%) 0.115 0.531 0.064 0.728 0.190 0.297 −0.030 0.872

hHIT 0.072 0.694 −0.170 0.352 −0.328 0.067 0.004 0.983

pHIT −0.257 0.155 −0.033 0.858 0.024 0.895 −0.120 0.513

aHIT 0.003 0.987 0.158 0.389 0.023 0.899 0.230 0.206

SVV (◦) 0.101 0.602 0.046 0.812 0.185 0.337 −0.129 0.504

oVEMP (%) 0.067 0.717 −0.010 0.957 −0.071 0.701 0.007 0.972

n10 latency (ms) 0.022 0.903 0.178 0.331 0.087 0.634 0.158 0.388

n10-p10 amplitude (µV) 0.010 0.958 0.309 0.085 −0.094 0.609 0.259 0.152

cVEMP (%) 0.023 0.901 −0.243 0.188 0.163 0.380 −0.133 0.475

HSN (deg/sec) 0.243 0.180 −0.023 0.901 0.000 0.999 −0.093 0.614

Spearman’s correlation coefficient.

SPV, slow phase velocity; VAS, visual analog scale; CP, canal paresis; hHIT, horizonal canal gain of head-impulse test; pHIT, posterior canal gain of head-impulse test; aHIT, anterior

canal gain of head-impulse test; SVV, subjective visual vertical; oVEMP, ocular vestibular evoked myogenic potential; cVEMP, cervical vestibular evoked myogenic potential; HSN,

head-shaking nystagmus.

could cause linear vertigo from transient central canal-otolithic

perception change. If linear vertigo is additional to the original

dizziness from the vestibular imbalance, it could cause positional

preference in patients with VN.

Even though we could see gravity-dependent SN in

patients with VN, the change of SN intensity during position

change did not correlate with positional preference. Moreover,

positional preference was not related to other semicircular

or otolith function test results, including anterior canal gain

of HIT, SVV, or VEMP in the present study. VEMP tests

are clinical tests of transient otolith function evoked by

brief sound and vibration stimuli and reflect the unilateral

otolithic loss (20). In contrast, the sustained otolithic system

concerned with signaling low-frequency gravitoinertial force

stimuli could be tested with ocular counterrolling to roll-tilt

or tests using linear translation. Although the SVV primarily

reflects the asymmetry of utricular inputs between the sides

of the vestibular system (21), the SVV most likely does

not only reflect otolith function, but also depends directly

and indirectly (via internal references) on the canal and

proprioceptive function, and is affected by eye torsion upon

the head roll (22). It seems that otolithic function test results

in the present study could not simply reflect the stimulation

of sustained otolithic system from lying on the lesion or

healthy side.

Proprioception participates in the appreciation of body

orientation and configuration, which is essential in vestibular

rehabilitation in the acute stage (23). Asymmetric neck muscle

proprioceptive signals from passive sustained head turning

caused asymmetric functioning of the VOR in a previous study

(24). Proprioception may also contribute to the generation of

SVV change during head tilt (25, 26). There has been no previous

study on the effect of lying to the healthy or lesion side on VOR.

However, we could assume that the proprioceptive signal from

lying also could affect the positional preference in acute VN.

Our study has some limitations. First, because the number

of patients was relatively small, the possible contribution of the

positional preference to the severity of vertigo and SN should

be investigated again with larger sample size. Second, even

though patients with VN usually prefer to lie in bed on the

side with their healthy ears down and their eyes closed, they

sometimes do not notice any difference in the severity of vertigo

between lying on either side (2). We assessed the degree of

vertigo during performing VNG, which could be different with

positional preference in bed. Finally, some patients performed

SVV, cVEMP, and oVEMP on the next day of VNG. We could

not exclude the possibility of changing otolith functions within

1 day.
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