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ARTICLE INFO ABSTRACT
Keywords: Objective: The Barany Society recently established diagnostic criteria for presbyvestibulopathy, an
Presbyvestibulopathy age-related bilateral vestibular impairments in older individuals. Drawing upon a cross-sectional
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database, this study delves into the demographic and clinical features of presbyvestibulopathy
patients and investigates the implications of otolith dysfunction.
Methods: The study retrospectively analyzed 1218 patients aged 60 years or older who visited the

(cVEMP) tertiary dizziness clinic in 2020, due to symptoms of dizziness or instability. By reviewing medical
Ocular vestibular evoked myogenic potential records, we gathered clinical information and laboratory vestibular test results, such as cervical
(oVEMP) and ocular vestibular evoked myogenic potentials, and subjective visual vertical.

Results: Out of 1218 patients aged 60 and above who reported dizziness or unsteadiness, 33
patients (2.7 %, with an average age of 74.2 + 9.2 years) were diagnosed with presbyvestibul-
opathy. Deficiencies in horizontal angular vestibulo-ocular reflex were found in caloric tests (75
%), video head impulse tests (51.7 %), and rotatory chair tests (47.8 %), respectively. Otolith
dysfunction was also observed, as shown by abnormal ocular and cervical vestibular evoked
myogenic potentials in 62.96 % and 51.85 % of patients, and abnormal subjective visual vertical
in 45.8 % of the cases.

Conclusions: Among elderly patients experiencing consistent dizziness or instability, the incidence
of presbyvestibulopathy was approximately 2.7 % over one year. Alongside the abnormalities
detected in the horizontal angular vestibulo-ocular reflex, significant changes were also noted in
the ocular and cervical vestibular evoked myogenic potentials, as well as in the subjective visual
vertical tests. As a result, it’s vital to underscore the significance of both otolithic function and
vestibulo-ocular reflex in the fundamental mechanisms of presbyvestibulopathy.

1. Introduction

Presbyvestibulopathy (PVP) is a recently defined term that characterizes long-term, bilateral deficits in the vestibular system
associated with aging. Frequent symptoms include dizziness, disturbances in gait, a sense of instability, and recurrent falls.
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Examinations reveal that PVP patients exhibit mild bilateral peripheral vestibular deficits, with results falling between the standard
normal ranges and the defined boundaries for bilateral vestibulopathy (BVP) [1-3]. Numerous studies have established a correlation
between vestibular impairment in older adults and a decline in cognitive function, postural control, gait speed, and daily tasks, as well
as an increased risk of falls and the need for medical attention. These factors ultimately affect their physical and mental quality of life
[1,4]. While PVP is age-related rather than strictly age-dependent, significant evidence suggests that endogenous factors, exposure to
infection, inflammation, medications, and trauma contribute to the age-related decrease in both structural and physiological vestibular
function [1,5]. Research has noted age-related declines in vestibular sensory epithelia (hair cells, otoconia), vestibular ganglion cells,
vestibular afferents, and vestibular nucleus cells populations [6-8].

The Barany Society established diagnostic criteria for PVP in 2019, based on patient history, bedside examinations, and laboratory
evaluations (Table 1) [1]. The current criteria do not sufficiently assess the severity of vestibular-related symptoms such as postural
imbalance, abnormalities in gait, dizziness, recurrent falls, and potential cognitive impairment. Moreover, the laboratory evaluations
only focus on the angular vestibulo-ocular reflex (VOR), which can show mild bilateral hypofunction across high, middle, and
low-frequency ranges [1]. Consequently, the current criteria primarily emphasize the role of the semicircular canals (SCCs) in PVP’s
pathophysiology [6,9-12]. Although the diagnostic criteria do not include otolith function, studies suggest that this function di-
minishes with age and that the otolith organs may deteriorate earlier than semicircular canals (SCCs) [12-15]. The reasons for the
frequently observed absence of vestibular-evoked myogenic potentials (VEMPs) in older adults remain unclear, but growing clinical
evidence suggests a need to reassess the role of otolith function in PVP [16]. Therefore, this cross-sectional, database-driven study aims
to examine the prevalence and characteristics of PVP while exploring the functions of both otoliths and SCCs in PVP diagnosis [1,16].

2. Materials and methods
2.1. Study design

In this retrospective cohort study, we reviewed 1218 patients’ medical records who reported chronic dizziness or unsteadiness
visited the tertiary dizziness clinic at Jeonbuk National University Hospital between January 1, 2020, and December 31, 2020. The
study design, illustrated in Fig. 1, followed the Declaration of Helsinki and received approval from the Institutional Review Boards of
Jeonbuk National University Hospital (no. 20220404500).

To identify patients with PVP who met the Bérany Society diagnostic criteria outlined in Table 1!, the following exclusion criteria
were applied sequentially: (1) having a diagnosis of other causative diseases (n = 737), (2) having a disease duration of less than three
months (n = 44), (3) experiencing only one of the four key symptoms, including postural imbalance or unsteadiness, gait disturbance,
chronic dizziness, or recurrent falls (n = 77), (4) absence of vestibular function data, such as results from the bithermal caloric test,
video head-impulse test (vVHIT), or rotatory chair test (n = 219); and (5) patients either showing normal vestibular function outcomes
(n = 84) or demonstrating bilateral vestibulopathy (BVP, n = 24). Consequently, only 33 patients (2.7 %), with a mean age of 74.2 +
9.2 years and including 18 females, fulfilled the PVP criteria and were selected for further analysis (Fig. 1).

Patient data was collected by examining medical records, which contained demographic information, clinical symptoms, and
laboratory results of the caloric test [17,18], rotatory chair test [19], VHIT [20,21], pure tone audiometry (PTA) [20], subjective visual
vertical test (SVV) [22-24], and cervical and ocular VEMPs [20,21,24].

2.2. Vestibular function tests

2.2.1. Bithermal caloric test

The patient was subjected to a caloric irrigation test while lying down with a head elevation of 30°. Closed-loop water irrigators
were used at temperatures of 30 °C and 44 °C, with each irrigation lasting 30 s and a rest interval of 5 min between each. Induced
binocular nystagmus was captured using Video-Oculography (VOG, SLMED, Seoul, Korea). The total mean speed of the slow phase of
the nystagmus, at the maximum response peak for each side, was recorded in degrees per second across the four different stimulation
conditions [17,18].

Table 1
Diagnostic criteria of presbyvestibulopathy by the classification committee of the Barany Society.

A. Chronic vestibular syndrome (at least 3 months duration) with at least 2 of the following symptoms:
1. Postural imbalance or unsteadiness
2. Gait disturbance
3. Chronic dizziness
4. Recurrent falls
B. Mild bilateral peripheral vestibular hypofunction documented by at least 1 of the following:
1. VOR gain measured by video-HIT between 0.6 and 0.8 bilaterally
2. VOR gain between 0.1 and 0.3 upon sinusoidal stimulation on a rotatory chair (0.1 Hz, Vmax = 50-60°/sec)
3. Reduced caloric response (sum of bithermal maximum peak SPV on each side between 6 and 25°/sec)
C. Age >60 years
D. Not better accounted for by another disease or disorder

SPV: slow phase velocity, VOR: vestibulo-ocular reflex.
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2020 Jan 01 — 2020 Dec 31
Dizziness & Imbalance, age 2 60 years
(N=1218)

¢ Central nervous system (n= 346)
Migraine (n=210)

Cerebrovascular disease (n=98)
Infection (n=8)

Malignancy (n=7)

Normal pressure hydrocephalus (n=4)
Cerebellar ataxia (n=4)

Epilepsy (n=1)

Other (n=14)

’ [Identification]

No better accounted for

by other diseases? N=737 |

Disease duration > 3 months N=44 +  Peripheral vestibular system (n= 168)

BPPV (n=86)
Vestibular neuritis (n= 31)
Meniere’s disease (n= 20)
PPPD (n=17)
N=77 Other (n= 14)

2 2 out of 4 diagnostic symptoms *

* Other sensorimotor system (n= 16)
Asterixis (n=7)

Diplopia (n=5)

No Myasthenia gravis (n= 2)

N=219 Sensory ataxia (n= 1)

Miller-Fisher syndrome (n= 1)

21 outof 3
vestibular function tests necessary for
PVP diagnosis

Screening

¢ Autonomic system (n= 157)
Orthostatic hypotension (n= 142)
No Vasovagal syncope (n= 4)

N=84 Other (n=11)

Vestibular function tests abnormal?

¢ Systemic or other (n=50)
Other medical condition (n= 38)
No Drug intoxication (n= 3)
Psychiatric disease (n=5)
Opthalmologic disease (n=2)
Otolaryngologic disease (n= 2)

Not meet the diagnostic criteria for BVP?

Inclusion

”Presbyvestibulopathy" #4 symp : postural imbalance or di gait disturbance,
( N= 33) chronic dizziness, recurrent falls

#* Bithermal caloric test, vHIT, rotatory chair test

—

Fig. 1. Flowchart outlining study selection process. The study process is comprised of three steps: identification, screening, and final inclusion.
Identification of patients was conducted through a search of electronic data stored in the hospital information system. BPPV = benign paroxysmal
positional vertigo; PPPD = persistent postural perceptual dizziness; VHIT = video head impulse test.

2.2.2. Rotatory chair test

The patients underwent sinusoidal rotation around a vertical axis at a harmonic frequency of 0.1 Hz, achieving a peak angular
speed between 50 and 60°/s. While conducting the VOR test (CHARTR® rotary vestibular test system, ICS Medical, IL, USA), the
patient’s head was positioned forward at a 30° angle from the vertical plane. The VOR gain, the measure of the vestibular system’s
output in response to an input, was calculated by determining the ratio between the slow-phase eye velocity induced by the test and the
stimulus velocity (velocity of the rotating chair) [19,25].

2.2.3. Video head-impulse test (VvHIT)

Patients, while seated in an adjustable chair, were asked to keep their eyes on a target placed at eye level on a wall 1 m away. vHIT
was carried out over 20 times (with head rotation spanning 15-20°, duration lasting 150-200 ms, and peak velocity exceeding 150°/s)
on each side of every plane, and the results were evaluated using oculography (SLMED, Seoul, Korea) [20,21]. After calibrating the eye
position, an experienced and well-trained technician administered random horizontal head impulses in both right and left directions to
facilitate unpredictable assessment. For the evaluation of the anterior and posterior semicircular canals, head rotations were executed
in the planes of these vertical canals, specifically in the left anterior-right posterior (LARP) and right anterior-left posterior (RALP)
directions. The patient’s head was angled approximately 30-40° to either side, aligning the targeted vertical canal plane closely with
the body’s sagittal plane. This positioning allowed for diagonal head movements along the vertical canal plane, while the patient’s
gaze was eccentrically directed along the rotational plane. During each impulse, the examiner, with one hand atop the head and the
other beneath the chin, rapidly moved the head through a small, unpredictable angle (about 10-20°) either upward or downward. The
patient endeavored to maintain visual fixation on a stationary target throughout this process. The VOR gain was quantified by
calculating the ratio of the area under the eye velocity curve to that under the head velocity curve during these head impulses [26].
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2.2.4. Cervical and ocular VEMPs

For the cervical VEMP tests [27], active electrodes were placed over the middle or upper portion of the sternocleidomastoid muscle.
For ocular VEMP tests [28], electrodes were placed on the infraorbital margin 1 cm below the center of the contralateral lower eyelid.
The VEMP results were interpreted based on the presence or absence of a response, the amplitude measured from peak-to-peak, and the
nl0 peak latencies for oVEMP and p13 for cVEMP [29]. Stimuli were generated by customized software (Cadwell Laboratories,
Kennewick, WA). We used unilateral 500 Hz air-conducted short tone bursts at an intensity of 100 dB normalized hearing level (nHL).
The specific parameters of these bursts included a rise and fall time of 2 ms and a plateau time of 1 ms. A total of 100 trials were
conducted at a frequency of 5 Hz. The auditory stimuli were delivered through calibrated headphones, also sourced from the same
manufacturer, ensuring consistent and accurate sound delivery for the VEMP testing [20,30].

2.2.5. Subjective visual vertical (SVV)

Seated upright with their chins on a chin rest in a darkened room, patients focused on a rod displayed on a computer screen
positioned 1 m away, using a joystick to align the target rod to the vertical position at the center of the monitor. The static SVV was
determined by taking the average of 10 adjustments made from a randomly offset position while keeping the monitor stationary. This
assessment was conducted under both binocular and monocular viewing conditions [22-24].

2.3. Data availability statement

All of the individual participant data that underlie the results reported in this article (manuscript, tables, and figures) will be shared
after deidentification.

Table 2
Demographic and clinical characteristics of patients with presbyvestibulopathy (n = 33).
Characteristics Presbyvestibulopathy (n = 33)
Gender
Male: Female, n (%) 15 (45.5 %): 18 (54.5 %)
Current age, years 74.21 £9.23

60-69, n (%)
70-79, n (%)
80-89, n (%)
>90, n (%)
Onset age, years
50-59, n (%)
60-69, n (%)
70-79, n (%)
>80, n (%)
Symptoms, n (%)
Rate of each individual symptoms
Chronic dizziness
Postural imbalance or unsteadiness
Gait disturbance
Recurrent falls
Rate of combination of 4 symptoms above
2 symptoms
3 symptoms
4 symptoms
Symptoms duration, years
3 months to 1 year, n (%)
1 year to 5 years, n (%)
>5 years, n (%)
Comorbidities, n (%)
Hypertension
Diabetes mellitus
Dyslipidemia
Cardiac arrhythmia
Stroke
Bronchial asthma
Chronic kidney disease
Ophthalmic disease
Osteoporosis
Herniation of lumbar/cervical disc
Cancer
No identified disorders

11 (33.3 %)
11 (33.3 %)
9 (27.3 %)
2(6.1 %)
70.55 + 8.87
4 (12.1 %)
12 (36.4 %)
13 (39.4 %)
4 (12.1 %)

33 (100 %)
27 (81.8 %)
15 (45.5 %)
7 (21.2 %)

20 (60.6 %)
10 (30.3 %)
3(9.1%)
2.62 + 3.29
15 (45.5 %)
11 (33.3 %)
7 (21.2 %)
29 (87.9 %)
13 (39.4 %)
5(15.2 %)
6 (18.2 %)
3(9.1 %)
3(9.1%)
13 %)

3 (9.1 %)
3(9.1 %)

2 (6.1 %)

2 (6.1 %)

5 (15.2 %)
4 (12.1 %)

Values are presented as number (percentage) or mean + standard deviation (SD).
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Table 3
Laboratory characteristics in the patients with presbyvestibulopathy.
Presbyvestibulopathy (n = 33) Healthy subjects over 60 years of age in our dataset (n = = 60)
Video-Head impulse test, n 29 60
Horizontal angular VOR gain
VOR gain (0.6-0.8), n (%) 15/29 (51.7 %) 0.93 +0.17
Mean + SD, Right 0.73+0.1 0.91 +£0.19
Mean =+ SD, Left 0.74 £ 0.11 0.94 £ 0.12
Vertical angular VOR gain
Anterior semicircular canals
Mean =+ SD, Right 0.95 £+ 0.19 0.96 £ 0.11
Mean + SD, Left 0.96 + 0.15 0.95 £+ 0.23
Posterior semicircular canals
Mean =+ SD, Right 0.88 +0.23 0.89 £ 0.18
Mean + SD, Left 0.89 + 0.22 0.90 £+ 0.19
Caloric test, n 28
Caloric response (6-25°/s), n (%) 21/28 (75 %)
Mean =+ SD, Right (°/s) 18.93 + 6.06
Mean + SD, Left (°/s) 18.91 + 6.37
Rotatory chair test, n 23
VOR gain (0.1-0.3), n (%) 11/23 (47.8)
Mean + SD 0.27 +£ 0.13
Pure tone audiometry, n 27 60
Mean + SD (dB), Right/Left 27.52 +15.37/29.72 + 15.95 16.12 +11.31
PTA (dB), averagel
Normal (<26), n (%) 13 (48.2 %) -
Mild (26-40), n (%) 7 (25.9 %) -
Moderate and severe (>40), n (%) 7 (25.9 %) -
Cervical vestibular-evoked myogenic potential, n 27 60
No response, n (%) 2 (7.4 %) 0
Bilateral/Unilateral 0/2 -
Peak-to-peak amplitude (pV)
Mean =+ SD, Right/Left 215.13 £+ 120.39/210.5 + 131.58 398.4 + 25.uV
Decreased, n (%) 11 (40.7 %) -
Right (<124 pV)/Left (<147 pV)/Both 7 (25.93 %)/8 (29.63 %)/3 (11.11 %) -
p13 latency (ms)
Normal* (<17.4), n (%) 24 (88.9 %) 12.8 £ 2.5 ms
Increased (>17.4), n (%) 1 (3.7 %) -
Bilateral/Unilateral 0/1 -
Normal: Abnormal cVEMP 13 (48.15 %): 14 (51.85 %) -
Ocular vestibular-evoked myogenic potential, n 27 60
No response, n (%) 9 (33.3 %) 0
Bilateral/Unilateral 3/6 -

Peak-to-peak amplitude (uV)
Mean + SD, Right/Left
Decreased,? n (%)

Right (<2.4)/Left (<2.4)/Both
nl0 latency (ms)
Normal® (<12.5), n (%)
Increased (>12.5), n (%)
Bilateral/Unilateral

Normal: Abnormal oVEMP

Subjective visual vertical test, n
Normal® (<3.11°), n (%)
Abnormal (>3.11°), n (%)

Binocular/Right/Left

Normal: Abnormal SVV

3.86 + 2.44/4.25 £+ 5.55
12 (44.4 %)
7 (25.93)/9 (33.33)/4 (14.81)

16 (59.3 %)

2 (7.4 %)

1/1

10 (37.04 %): 17 (62.96 %)
24

13 (54.2)

11 (45.8)

4/8/4

13 (54.2 %): 11 (45.8 %)

6.74 & 5.20 pv

9.4+ 1.8ms

Values are presented as number (percentage) or mean =+ standard deviation (SD). dB = decibel; pV = microvolt, ms = millisecond.
1 Normative values were referenced to {Oh, L.-H. et al. (2014). “Hearing loss as a function of aging and diabetes mellitus: a cross sectional study.” PLoS

one 9(12): el16161.}

2 Normative values were referenced to {Oh, S.-Y. et al. (2018). “Simultaneous recording of cervical and ocular vestibular-evoked myogenic poten-

tials.” Neurology 90(3): e230-e238.}

3 Normative values were referenced to {Kim, J.-S. and H. J. Kim (2012). “Inferior vestibular neuritis.” J Neurol 259: 1553-1560. Mean = 1.09 s, SD =

0.8.}

4 Normative values were referenced to {Oh, S.-Y. et al. (2013). “Cervical and ocular vestibular-evoked myogenic potentials in vestibular neuritis:
comparison between air-and bone-conducted stimulation.” J Neurol 260: 2102-2109. Mean latency = 15.4 s, SD = 1. Mean oVEMP amplitude = 5.4

+ 5 on the right, 5.5 + 5.8 on the left}.

® Normative values were referenced to {Yang, T.-H. et al. (2014). “Topology of brainstem lesions associated with subjective visual vertical tilt.”

Neurology 82(22): 1968-1975. Mean = 1.51°.
SD = 0.8}.
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2.4. Statistical analyses

SPSS Statistics version 23.0 (IBM Corp., Armonk, NY, USA) was utilized to analyze the data, with a variety of statistical tests
employed depending on the nature of the variables. Mean + standard deviation (SD) was used to present parametric data, while
nonparametric data was presented as median (95 % confidence interval- CI). Frequency variables were expressed as numbers (per-
centages) and evaluated with either the one sample binomial test (for 2 subgroups) or the Chi-square test (for >2 subgroups). All tests
were performed at a significance level of 0.05.

3. Results
3.1. Prevalence, clinical characteristics, and comorbidities

Between January 1, 2020, and December 31, 2020, 33 out of 1218 elderly patients (aged 60 years or above) who visited a tertiary
dizziness clinic with symptoms of chronic dizziness or unsteadiness were identified as patients with PVP. This accounts for 2.7 % of
total cases (33 out of 1218) and 6.86 % (33 out of 481) of cases with unknown causes for dizziness and imbalance. Numerous etio-
logical disorders of dizziness have been identified, involving the central nervous system (n = 346, including migraine, cerebrovascular
disease, cerebellar ataxia, infection, or malignancy), peripheral vestibular disorders (n = 168, including vestibular neuritis, benign
paroxysmal positional vertigo (BPPV), Meniere’s disease, or persistent postural-perceptual dizziness), autonomic disorders (n = 157,
including orthostatic hypotension or vasovagal syncope), systemic diseases (n = 50, including psychiatric, ophthalmologic, or oto-
laryngologic disorders, or drug intoxication), and other sensorimotor systems (n = 16, including diplopia, asterixis, myasthenia gravis,
Miller-Fisher syndrome, or sensory ataxia) (Fig. 1).

The mean age of the PVP patients was 74.21 + 9.23, and the percentage distribution across age subgroups of 60-69, 70-79, 80-89,
and >90 showed no significant variation (p = 0.084, Chi-square test) (Table 2). Gender distribution was not significantly skewed, with
15 male and 18 female patients (p = 0.728, one sample binomial test). Based on clinical data, the average disease duration was 2.6 +
3.3 years, with no significant differences observed between subgroups divided by duration (p = 0.234, Chi-square test). Primary
symptoms reported by patients included chronic dizziness (100 %), postural imbalance (81.8 %), gait disturbance (45.5 %), and
recurrent falls (21.2 %). Among patients, 60.6 % presented two symptoms simultaneously, while 30.3 % and 9.1 % exhibited three and
four symptoms concurrently, respectively. Comorbidities reported among PVP patients included hypertension (39.4 %), dyslipidemia
(18.2 %), diabetes mellitus, cancer (15.2 %), cardiac arrhythmia, stroke, chronic kidney disease, ophthalmic disease (9.1 %), osteo-
porosis, herniation of lumbar/cervical disc (6.1 %), and bronchial asthma (3 %). Only four patients (12.1 %) had isolated PVP.

3.2. Vestibulo-ocular reflex and otolith function tests

Laboratory test outcomes demonstrated a decrease in bilateral horizontal angular VOR gain, within the diagnostic range for PVP, in
75 % (21/28) of caloric tests, 51.7 % (15/29) of VHIT cases, and 47.8 % (11/23) of rotatory chair tests (Table 3). The prevalence of
“positive results” didn’t significantly differ among these three tests (p = 0.095, Kruskal-Wallis test). Among the 19 cases with complete
data for the bithermal caloric test, rotatory chair test, and vHIT, three cases (15.8 %) met all three criteria of the Barany Society, seven
cases (36.8 %) met two criteria, and nine cases (47.4 %) met only one criterion (Fig. 2). The average VOR gain for the right and left side
was 0.73 + 0.1 and 0.74 + 0.11, respectively, for vHIT, and caloric responses were 18.93 + 6.06°/s and 18.91 + 6.37°/s, respectively.
The mean VOR gain for the rotatory chair test was 0.27 + 0.13. Vertical VOR gain, as evaluated through vHIT, didn’t display a
decrease, in both the anterior canals (0.95 + 0.19 for the right, 0.96 + 0.15 for the left) and posterior canals (0.88 + 0.23 for the right,

Rotatory
chair

Video
head

impulse

Caloric

123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Patients

Abnormal,

Fig. 2. Distribution of vestibular function tests results meeting the objective diagnostic criteria for presbyvestibulopathy (PVP), including caloric
bithermal test (n = 33), video head impulse test (n = 33), and rotatory chair test (n = 27). Blue = normal, red = abnormal, compatible for PVP,
white = not tested.
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0.89 £ 0.22 for the left) (Table 3). Mild auditory impairment, characterized by threshold levels of 26-40 dB [31], was detected in 25.9
% (7/27) of the cases, while moderate to severe impairment (threshold levels >40 dB) was present in another 25.9 % (7/27).

Regarding otolithic function, when compared to our institutional normal dataset of individuals over 60 years of age (n = 60),
abnormalities were observed in 45.8 % (11/24) of the cases, as indicated by the SVV test results (Table 3) [22]. The oVEMP findings
revealed non-responsiveness in 33.33 % (9/27, with 22.22 % unilateral and 11.11 % bilateral), or decreased peak-to-peak amplitude in
44.4 % (12/27, with 25.93 % [7/27] on the right, 33.33 % [9/27] on the left, and 14.81 % [4/27] bilaterally) [32], or increased n10
latency in 7.4 % (2/27) [33]. The average oVEMP amplitude was 3.86 + 2.44 pV for the right and 4.25 + 5.55 pV for the left. However,
fewer abnormalities were noted in the cVEMP, including non-responsiveness in 7.4 % (2/27, all bilateral), decreased peak-to-peak
amplitude in 40.7 % (11/27, with 25.93 % [7/27] on the right, 29.63 % [8/27] on the left, and 11.11 % [3/27] bilaterally), or
increased n10 latency in 3.7 % (1/27) [30]. The average cVEMP amplitude was 215.13 + 120.39 pV for the right and 210.5 + 131.58
pV for the left (Table 3). There was no correlation observed between the occurrence of ocular (Fig. 3A and B) and cervical (Fig. 3C and
D) VEMP abnormalities and auditory status as determined by PTA (Pearson correlation). Similarly, no significant association was
discerned between the outcomes of cervical/ocular VEMP tests and the magnitude of VOR gain, as detailed in Table 4. Furthermore,
analysis elucidated no meaningful correlation between the presence of four diagnostic indicators of presbyvestibulopathy and VEMP or
VOR gain results, as shown in Supplementary Table 2.

4. Discussion

This retrospective study investigated the demographic, clinical characteristics, and laboratory tests in patients with PVP, which had
not been previously studied. Among elderly patients who visited our tertiary vertigo clinic due to persistent dizziness or unsteadiness in
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Table 4
Pearson correlation analysis of vestibulo-ocular reflex (VOR) responses and vestibular evoked myogenic potentials (VEMPs) results.

Vestibular evoked myogenic potentials (VEMPs)

cVEMP oVEMP
Right Left Right Left
coefficient P coefficient P coefficient p coefficient p
VOR Responses VHIT
Anterior SCC Right 0.384 0.078 0.023 0.917 —0.008 0.973 0.113 0.665
Left 0.307 0.165 0.202 0.368 0.29 0.228 0.281 0.274
Posterior SCC Right 0.116 0.609 0.012 0.958 —-0.107 0.662 —0.081 0.756
Left 0.278 0.21 0.109 0.628 —0.037 0.88 0.082 0.755
Horizontal SCC Right 0.132 0.559 0.068 0.764 -0.124 0.613 —0.266 0.301
Left 0.087 0.699 0.066 0.771 -0.194 0.427 —0.169 0.517
Rotatory test —-0.131 0.572 -0.07 0.763 —0.386 0.14 —0.261 0.296
Caloric test Right 0.083 0.692 0.148 0.489 0.193 0.415 —0.065 0.787
Left —0.312 0.129 0.031 0.886 0.321 0.168 0.125 0.599

VOR = vestibulo-ocular reflex; cVEMP = cervical vestibular evoked myogenic potential; oVEMP = ocular vestibular evoked myogenic potential; SCC
= semicircular canal.

2020, the prevalence of PVP was approximately 2.7 % (33 out of 1218) of total cases and 6.86 % (33 out of 481) of cases with an
unknown cause, which is consistent with recent research [2,34]. Although the vast majority of patients reporting dizziness symptoms
were primarily diagnosed with neurological or vestibular disorders other than PVP, however, among our subset of elderly patients
experiencing dizziness or imbalance, PVP emerged as the fifth most common diagnosis, after migraine, orthostatic hypotension, ce-
rebrovascular disease, and benign paroxysmal positional vertigo (BPPV), in terms of prevalence (Supplementary Table 1). This sug-
gests that the frequency of PVP diagnoses may be relatively higher among elderly patients with dizziness who are referred to a tertiary
healthcare center.

Our study found no significant variations in the prevalence of PVP across gender or different age brackets, segmented by decade.
Aligning with previous research [2], we discovered that a substantial majority of patients with PVP (87.9 %) also had comorbidities,
while a smaller group (12.1 %) had PVP as an isolated condition. Intriguingly, previous studies have highlighted that PVP frequently
coincides with other gait-related sensorimotor deficits (96.9 % of cases), and about 56.3 % of PVP patients demonstrated impairments
in two or more systems [2]. This could be explained by the age-related decline in vestibular function, typical of PVP, often appearing
within the broader spectrum of the body’s aging processes. Such processes are marked by physiological decline across multiple systems
like presbyopia (age-related vision loss), presbycusis (age-related hearing loss), and age-related deterioration of peripheral sensory
structures [1]. While hypertension was observed in 39.4 % of the PVP cases, our study didn’t establish a significant association be-
tween PVP and the prevalence of other co-existing conditions (each less than 20 %). This research is the first to document the
prevalence of PVP (2.7 %) in the elderly alongside primary symptoms including chronic dizziness (100 %), postural imbalance (81.8
%), gait disturbance (45.5 %), and recurrent falls (21.2 %). Furthermore, we found that 60.6 % of patients were grappling with two
concurrent symptoms, whereas 30.3 % and 9.1 % of patients presented three and four simultaneous symptoms, respectively. This
suggests that the chance of fulfilling diagnostic criterion A during the first consultation is not particularly high.

In adhering to the diagnostic criteria, our laboratory evaluations scrutinized the outcomes of tests typically considered to be current
indicators of PVP, including the bithermal caloric test, VHIT, and rotatory chair test, both individually and collectively. Our research
indicated that an impaired horizontal VOR, registering results higher than those for bilateral vestibulopathy (BVP) and beneath the
lower thresholds of standard normal ranges, was detected in 75 % of cases for the caloric test, 51.7 % for the VHIT, and 47.8 % for the
rotatory chair test. These tests assess different frequencies of the VOR: the caloric test is used for low frequency (<0.01 Hz), the
rotatory chair test for low to medium frequency (0.01-0.64 Hz), and the vHIT for high frequency (1-10Hz) [1]. Amid the ongoing
debate surrounding proposed subtypes of PVP as well as BVP based on low-frequency versus high-frequency vestibular impairment [1,
13], our study didn’t uncover any conspicuous difference in the prevalence of low-frequency impairment versus high-frequency
impairment among PVP patients. Recent hypotheses have posited that vestibular impairments related to aging, particularly PVP,
may predominantly manifest as high-frequency dysfunctions rather than low-frequency ones [6,10]. This conjecture is underpinned by
parallels drawn with presbycusis, an age-related auditory decline predominantly characterized by high-frequency hearing loss, which
exhibits a notable correlation with PVP. Deterioration in vestibular hair cells, integral to sensory processing, is not homogenous across
the vestibular system. Histological studies have revealed that age-related degeneration predominantly impacts type I hair cells, which
are crucial for the irregular/phasic afferent pathway, responsible for encoding high-frequency stimuli and demonstrating nonlinear
response characteristics [35-40]. In contrast, type I hair cells, forming the regular/tonic afferent pathway for encoding low-frequency
stimuli with linear response properties, are less affected by aging [35-40]. Specifically, the decline in type I hair cells is uniformly
observed across all three semicircular canal (SCC) cristae, proceeding at a notably faster pace compared to their counterparts in the
striola of the otolithic macula [37,41-43]. In comparison, type II hair cell loss is consistent across all five sensory epithelia, with a
similar rate of degeneration [37]. The saccule and utricle exhibit an approximate 25 % reduction in hair cell counts with aging,
whereas the SCCs experience a loss of around 40 % of hair cells [41-44]. Utricular hair cells are more susceptible to age-related
degeneration than saccular hair cells [42].

An additional interesting element in this study was the examination of all three semicircular canals (SCCs), not just limiting the
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focus to the horizontal SCC [1,13]. Contrary to the detected impairments in the horizontal SCC, no deficits were found in either the
anterior or posterior vertical SCC. This outcome corresponds with previous research, which reported a considerably lower prevalence
of abnormalities in the vertical SCCs compared to the horizontal SCC when conducting a vHIT [45]. According to another study, the
VOR gain in the horizontal canal showed a decline at age 70, whereas the VOR gain in the vertical canals declined after the age of 80
[46]. Our findings are corroborated by an earlier study which reported a considerably lower occurrence of anterior canal hypofunction
relative to horizontal and posterior hypofunction in the context of BVP. Specifically, the preservation of anterior canal function was
noted in cases associated with aminoglycoside vestibulotoxicity, Meniere’s disease, and undetermined causes, whereas it was not
observed in instances related to inner-ear infections, cerebellar ataxia with neuropathy and vestibular areflexia syndrome (CANVAS),
and sensorineural hearing loss [47]. Nevertheless, additional morphological research examining the aging patterns of hair cells in all
three canals is necessary to elucidate the reasons behind the superior preservation of VOR gain in the vertical canals as opposed to the
horizontal canals.

Experimental evidence supports the association between aging and decreased blood flow to the utricle and saccule, leading to
otolith demineralization, a reduction in hair cell count, and a weakened neural response to otolith stimulation [48]. This is validated
by the diminished otolith-ocular responses observed in older individuals when subjected to linear acceleration stimuli [49,50]1,
reduction in ocular counter-rolling function (the modulation of ocular torsion during sinusoidal roll tilt) during +20° roll tilt at 0.005
Hz, and an increase in postural sway which are risk factors for falls [48]. Considering the significant contribution of otolith function to
balance and coordination of body movements, the presence of otolith hypofunction negatively impacts gait (shortening stride length
and reducing gait speed, while increasing variability in stance, rotation, and support duration) particularly when there is an increase in
gait speed, leading to vertical displacement of both the body’s center of mass and the head [51]. In our exploration of VEMP testing, we
observed that oVEMP impairments were more prevalent compared to cVEMP, evidenced by higher instances of both non-response and
reduction in peak-to-peak amplitude. This observation indicates a potential predilection for utricular dysfunction over saccular
dysfunction. Given the indisputable evidence of age-related deterioration in otolith structure and function [1,7,8,16], there is a
compelling argument to contemplate the integration of otolith function in future revisions of the diagnostic criteria for PVP.
Considering past research which underscores a stronger link between postural abnormalities, spatial deficits, and otolith dysfunction
as opposed to canal dysfunction [52], the incorporation of otolith assessments is indeed justified. Furthermore, the inclusion of otolith
function evaluations along with semicircular canal function carries considerable implications for the management and treatment of
PVP [10].

Given the retrospective nature of our study, conducting additional behavioral correlation tests to further assess otolith dysfunction
and the impact of PVP on disability or quality of life measures was not feasible. Moreover, potential selection bias, stemming from
patient referrals to a tertiary healthcare center, constrains the generalizability of our findings to the Korean population and patient
cohorts in geriatric or general practices, and may not accurately represent the true prevalence of PVP. Lastly, as our study involved a
limited patient pool from a single center, our findings should be validated through larger, multi-center studies to draw more robust
conclusions.

Our investigation not only revealed the prevalence of PVP and its associated primary clinical symptoms, but also highlighted
distinct changes in VOR gains and otolithic functions. The substantial alterations observed in ocular and cervical VEMPs, in
conjunction with the SVV outcomes, underscore the importance of examining the role of otolith function in PVP’s pathophysiology and
the diagnostic value of otolith function assessment.
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