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Abstract: Introduction: In 2019, mild vestibular function deficiency in elder populations was de-
fined as presbyvestibulopathy (PVP) by the Classification Committee of the Bárány Society. The
diagnostic criteria include tests for low-, mid-, and high-frequency vestibular function, represented
by caloric testing, rotary chair testing, and head impulse testing, respectively. However, there is
still a lack of large-scale reports supporting the relationship between vestibular function tests (VFTs)
and aging. In this study, we evaluated whether each test is correlated with aging in the elderly
population aged over 50. Methods: This study retrospectively enrolled 1043 subjects from a single
university hospital database after excluding those with unilateral and bilateral vestibulopathy, central
dizziness, and acute dizziness. Enrolled subjects had caloric canal paresis <20%, vHIT lateral canal
gain >0.6, vHIT interaural difference <0.3, and age >50 years old. Results: Significant negative
correlations with age were identified in the vHIT (p < 0.001) and rotary chair test (RCT) 1.0 Hz gain
(p = 0.030). However, the caloric test (p = 0.739 and 0.745 on the left and right sides, respectively)
and RCT 0.12 Hz gain (p = 0.298) did not show a significant correlation with age. A total of 4.83% of
subjects aged 70 years or older showed sub-normal vHIT gain that met the criteria of PVP, whereas
only 0.50% of subjects aged 60 to 69 did. The prevalence of sub-normal caloric test results, however,
was not significantly different between the two age groups (21.55% in the 60–69 age group and
26.59% in the >70 age group). Conclusions: The high-frequency range vestibular function seems
vulnerable to aging, and this is more discernible at age >70 years. The weak correlation between age
and low-frequency vestibular function tests, such as the caloric test and low-frequency rotary chair
testing, suggests the need to revisit the diagnostic criteria for PVP.
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1. Introduction

Dizziness and imbalance among the elderly are well-known escalating public health
problems owing to their significant correlation with the risk of falling injuries, which
can even result in death [1]. Dizziness and imbalance are common problems (24% of
people older than 72 years in the United States) in the elderly; furthermore, its frequency
steeply rises with age, affecting over 50% of the population over aged 80 [2]. Although
there may be complex multifactorial reasons for these symptoms, vestibular dysfunction
seems to play a significant role given its physiological importance in maintaining body
balance [3]. Recently in 2019, vestibular function deficiency in these populations was
defined as presbyvestibulopathy (PVP) by the Bárány Society classification committee [4].

The diagnostic criteria for PVP include not only typical symptoms, postural imbalance,
gait disturbance, chronic dizziness, and recurrent falls, but also objective findings that
present as bilateral sub-normal peripheral vestibular function. The laboratory tests for
delineating the objective sub-normal vestibular function are the caloric test (maximum
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peak slow-phase velocity on each side 6–25◦/s), video head impulse test (vHIT, lateral
canal gain 0.6–0.8 bilaterally), and rotary chair test (RCT, 0.1 Hz of sinusoidal harmonic
stimulation gain 0.1–0.3). In addition, each of the three diagnostic tests for evaluating lateral
semicircular canal function covers different frequency ranges of vestibular stimulation: the
caloric test represents very low-frequency stimuli (around 0.003 Hz), the rotary chair test
(RCT) represents mid-frequency stimuli (about 0.01 to 1 Hz), and the video head impulse
test (vHIT) represents higher-frequency stimuli (around 5 Hz) [5–8]. However, compared
with vestibular-evoked myogenic potential (VEMP), which has plenty of evidence of age
dependence, the correlation between aging and the three laboratory tests for diagnosing
PVP has not been fully confirmed [9–11]. In addition, VEMP has been excluded from the
diagnostic criteria because of its lack of standardization and mechanistic understanding, in
contrast to tests such as the caloric, vHIT, and RCT [4,12].

In this study, we analyzed 1043 subjects aged >50 years who underwent the vestibular
function test (VFT) in a single center using identical VFT settings. This study aimed to
verify the diagnostic tests for PVP including caloric test, RCT, and vHIT, which respectively
represent low-, mid-, and high-frequency vestibular function, are correlated with aging
in the elderly population. Furthermore, this study sheds light on the aging process of the
vestibular system and extends the discussion on the diagnosis of PVP.

2. Methods
2.1. Subject Enrollment

A total of 1946 subjects aged >50 years who underwent both the caloric test and vHIT
between 1 January 2018 and 31 December 2021 were screened from the Severance Hospital
(Seoul, Republic of Korea) database. The exclusion criteria were as follows: (1) 730 cases
of unilateral vestibulopathy (caloric canal paresis (CP) ≥ 20 or vHIT lateral canal gain
<0.6 or vHIT interaural difference >0.3 or RCT asymmetry more than 2 frequencies), (2) 35
of bilateral vestibulopathy (according to the criteria suggested by the Bárány Society in
2015), (3) 106 of caloric test failure (air irrigation was also excluded), (4) 30 of spontaneous
nystagmus (any direction) or gaze-evoked nystagmus, (5) 1 of blindness in one eye, (6) 1 of
vHIT failure, (7) 0 of central dizziness including head trauma, and (8) 0 of acute dizziness
spell within 2 weeks before the tests. Consequently, 1043 subjects were included. The study
protocol was approved by the Institutional Review Board of Severance Hospital (Project
Number 3-2023-0363). The requirement for consent was waived by the same institution
because of the retrospective design of the study.

2.2. Vestibular Function Tests

The bithermal caloric test was performed using an infrared video-oculographic system
version 9.0 (Visual Eyes VNG; Micromedical Technologies, Chatham, IL, USA). Each ear
canal was stimulated with closed-loop water irrigators at 30 ◦C and 44 ◦C for 30 s, with the
patient in a supine position with 30 degrees of head flexion and had a resting interval of
5 min between irrigation cycles. During irrigation, induced nystagmus and slow-phase
velocity (SPV) were monitored using a videonystagmography system. Unilateral weakness
(canal paresis (CP)) was calculated using Jongkee’s formula [13]. The time window for SPV
analysis was 10 to 90 s after irrigation, including the maximal slow-phase velocity period.
Artifacts were initially excluded by the algorithm of the software and subsequently by
manual review from the test inspector. The peak period of slow-phase eye movement was
automatically selected by the software and then confirmed or modified through manual
review by the test inspector.

A vHIT device from GN Otometrics (ICS Impulse; GN Otometrics, Taastrup, Denmark)
was used to record eye movements in a two-dimensional plane. Default software settings
were used. To evaluate the horizontal semicircular canals, the participants were seated
upright with 30 degrees of head flexion and instructed to gaze at a dot on a wall at a
distance of 1 m. The head impulses were conducted by the same right-handed examiner
with a peak velocity range of 200–250 degrees/s, rotation amplitude of 15–20 degrees,
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and duration of 150–200 ms. A minimum of 20 horizontal head impulses was delivered
randomly in the right and left directions. The mean vestibulo-ocular response (VOR) gains,
which were automatically calculated, were used as parameters.

For RCT, sinusoidal stimulation was conducted in a dark room using the I-Portal
NOTC-S system version 8.2 (NeuroKinetics, Pittsburgh, PA, USA). Several frequencies were
tested, including 0.02 Hz, 0.04 Hz, 0.12 Hz, 0.25 Hz, 0.5 Hz, and 1.00 Hz. The gain was
calculated by determining the ratio of the eye SPV to the chair velocity. For calibration, the
patients sat on the rotary chair and their head was bent 30 degrees relative to the ground
so that the lateral semicircular canal was parallel to the horizontal plane. Patients were
instructed to follow a laser target for 6 s with their eyes in a completely dark room. The
peak angular velocity was 60 degree/s in 0.12 Hz and 1.00 Hz stimulation. Gain was
analyzed from 5 and 14 cycles in 0.12 Hz and 1.00 Hz stimulation, respectively. Sinusoidal
stimulation for lateral canal gain in the dark condition was performed prior to the visual
suppression (visual fixation) test.

Posturography (SMART EquiTest; Natus Medical Inc., Pleasanton, CA, USA before
21 December 2021; computerized dynamic posturography, Bertec, Columbus, OH, USA
from 21 December 2021) was performed to test balance maintenance. The composite and
vestibular scores on the sensory organization test of the CDP were calculated using the
weighted average of the equilibrium scores.

The cervical and ocular vestibular-evoked myogenic potential (cVEMP and oVEMP)
responses were recorded in the ipsilateral sternocleidomastoid muscle (cVEMP) or con-
tralateral inferior oblique ocular muscle (oVEMP) using 95 dB HL and 500 Hz tone burst
stimulation (ABaer, Natus Medical, Inc., Pleasanton, CA, USA). These tests were performed
according to protocols used in previous reports [14].

The sub-normal vestibular function was defined the same as the laboratory diagnos-
tic criteria of PVP (maximum peak slow-phase velocity on each side 6–25◦/s in caloric
test or lateral canal gain 0.6–0.8 bilaterally in vHIT or 0.12 Hz of sinusoidal harmonic
stimulation gain 0.1–0.3 in RCT). All procedures and settings were consistent across the
patients throughout the study period. Experienced medical technologists and audiologists
performed the vestibular function tests.

2.3. Statistical Analysis

Pearson’s correlation analysis was used to investigate the relationships between VFT
results, and partial correlation analysis was used to adjust for age. Univariate linear re-
gression and third-order polynomial regression was used to investigate the relationship
between VFT results and age. Pearson’s chi-squared test was used to evaluate the propor-
tional significance. Analysis of variance and Tukey’s post hoc tests were used for multiple
group comparisons. A p-value < 0.05 was considered to indicate statistical significance.
Statistical analyses were conducted using SPSS software ver. 23 (IBM, Armonk, NY, USA).

3. Results
3.1. Information of Enrolled Subjects

The mean age of subjects was 65.19 years, and 70.7% were female (Table 1). As
we enrolled subjects who underwent both the caloric test and vHIT, 100% of subjects
underwent these tests. However, RCT, posturography, cervical VEMP (cVEMP), and ocular
VEMP (oVEMP) were performed in 30.2%, 80.6%, 76.3%, and 62.0% of subjects, respectively.
The mean values of the caloric test, vHIT, RCT, and posturography composite scores were
within normal ranges. cVEMP was present in approximately 50% of subjects; however,
oVEMP was present only in up to 14.8% of subjects.

The correlation matrix between the VFT results showed a strong correlation (R = 0.892
and 0.762 for the caloric SPV and vHIT, respectively) with the interaural test results (Table 2
and Table S1). Caloric SPV, RCT 0.12 Hz gain, and vHIT showed significant correlations
with each other. Interestingly, the RCT 1.0 Hz gain showed a significant relationship
with vHIT, but not with caloric SPV, which represents the lowest frequency stimulation.
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Posturography composite scores correlated only with the vHIT results. In addition, the
vHIT showed significant correlations with all other VFT results.

Table 1. Information of enrolled subjects.

Factors Value

Mean Age, years (SD) 65.19 (8.89)
Male:Female, n (%) 306 (29.3):737 (70.7)

Caloric test
Mean Lt SPV, deg/sec (SD) 33.75 (15.50)
Mean Rt SPV, deg/sec (SD) 33.35 (15.25)

Mean CP, % (SD) 8.33 (5.41)
Number, n (%) 1043 (100)

vHIT, LSCC
Mean Lt gain (SD) 0.964 (0.099)
Mean Rt gain (SD) 1.023 (0.104)

Number, n (%) 1043 (100)

RCT, SHA
Mean 0.1 Hz gain (SD) 0.521 (0.157)
Mean 1.0 Hz gain (SD) 0.774 (0.156)

Number, n (%) 315 (30.2)

Posturography
Mean Composite score (SD) 68.30 (11.94)

Number, n (%) 841 (80.6)

cVEMP
Lt Present, n (%) 404 (50.5)
Lt Absent, n (%) 396 (49.5)
Rt Present, n (%) 399 (49.9)
Rt Absent, n (%) 401 (50.1)
Number, n (%) 800 (76.3)

oVEMP
Lt Present, n (%) 87 (13.4)
Lt Absent, n (%) 563 (86.6)
Rt Present, n (%) 96 (14.8)
Rt Absent, n (%) 554 (85.2)
Number, n (%) 650 (62.0)

Total, n (%) 1043 (100)
SD: standard deviation, Lt: left, Rt: right, SPV: sum of slow-phase peak velocity in warm and cool stimulation,
vHIT: video head impulse test, LSCC: lateral semicircular canal, RCT: rotary chair test, SHA: sinusoidal har-
monic acceleration, cVEMP: cervical vestibular evoked myogenic potential, oVEMP: ocular vestibular evoked
myogenic potential.

Table 2. Relationships between vestibular function tests.

R
p-Value

n
Caloric Lt Caloric Rt vHIT Lt vHIT Rt RCT 0.12 RCT 1.0 Posturo

Caloric Lt
1

N/A
1043

Caloric Rt
0.892 ***
<0.001
1043

1
N/A
1043

vHIT Lt
0.163 ***
<0.001
1043

0.165 ***
<0.001
1043

1
N/A
1043
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Table 2. Cont.

R
p-Value

n
Caloric Lt Caloric Rt vHIT Lt vHIT Rt RCT 0.12 RCT 1.0 Posturo

vHIT Rt
0.115 ***
<0.001
1043

0.115 ***
<0.001
1043

0.762 ***
<0.001
1043

1
N/A
1043

RCT 0.12
0.225 ***
<0.001

315

0.164 **
0.004
315

0.149 **
0.008
315

0.165 **
0.003
315

1
N/A
315

RCT 1.0
0.058
0.301
315

0.057
0.314
315

0.171 **
0.002
315

0.188 **
0.001
315

0.438 ***
<0.001

315

1
N/A
315

Posturo
0.028
0.413
841

0.024
0.490
841

0.136 ***
<0.001

841

0.123 ***
<0.001

841

−0.049
0.422
276

0.058
0.335
276

1
N/A
841

R: Correlation coefficient, n: number of subjects included in analysis, Lt: left, Rt: right, Caloric: sum of slow-phase
peak velocity in warm and cool stimulation, vHIT: lateral semicircular canal gain in video head impulse test,
RCT: gain of sinusoidal harmonic acceleration in rotary chair test, Posturo: composite score in posturography.
**: p < 0.01, ***: p < 0.001, N/A: not applicable.

3.2. Relation between VFT Results and Aging

Next, the correlation between the VFT results and age was analyzed (Figure 1). Sig-
nificant negative correlations were identified in the vHIT (p < 0.001), RCT 1.0 Hz gain
(p = 0.030), and posturography composite scores (p < 0.001). However, the caloric test
(p = 0.739 and 0.745 on the left and right sides, respectively) and RCT 0.12 Hz gain
(p = 0.298) did not show a significant correlation with age. VEMPs, whose data were
dichotomous, also showed a tendency for a decreased presence rate with aging (Figure 2).
In subjects older than 60, fewer than half of subjects showed the presence of cVEMP.

Figure 1. Cont.
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Figure 1. Dot plot and five-year bin graph of vestibular function test results and age. Each dot
indicates individual result of subject. A red line indicates slope of best-fit line of linear regression,
and red dotted bands indicate 95% confidence range. Blue curved line indicates the best-fit line of
the third-order polynomial regression. Box and error bar indicate the average (number in the box)
and standard deviation, respectively. SPV: slow-phase peak velocity, LSCC: lateral semi-circular
canal, RCT: rotary chair test, Posturo: posturography composite score, SHA: sinusoidal harmonic
acceleration test, R: correlation coefficient, p: p-value, *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Figure 2. The presence rate of the vestibula evoked myogenic potential (VEMP) according to age.
(A) Left cervical VEMP, (B) right cervical VEMP, (C) left ocular VEMP, and (D) right ocular VEMP.
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The Y-axis indicates rate of VEMP presence, and the X-axis indicates age. Number in parentheses is
the number of subjects in the age group. NR: no response, Present: presence of VEMP response.

3.3. Analysis of Groups Categorized by Age

Based on the diagnostic criteria for PVP, we investigated the proportion of patients
who have sub-normal vestibular function, as defined by the PVP diagnostic criteria for
laboratory tests. Group categorization was age 51–59 as the young group, age 60–69 as the
elderly group, and age 70 as the very elderly group (Figure 3 and Table S2). Sub-normal
caloric response (SPV 6–20◦/s, in both sides) rates were 22.68%, 21.55%, and 26.59% in the
51–59, 60–69, and 70+ groups, respectively. The proportions of sub-normal caloric response
were not significantly different among the groups (p = 0.258). In RCT 0.12 Hz (SHA test gain
0.1–0.3), sub-normal proportions were 5.15%, 6.14%, and 11.54% in each group, respectively,
which was not significantly different between groups (p = 0.177). In vHIT (lateral canal
gain 0.6–0.8, in both sides), 0%, 0.5%, and 4.83% showed sub-normal gain in each group,
respectively, which was significantly different between groups (p < 0.001).

Figure 3. Proportion of sub-normal results (met the presbyvestibulopathy diagnostic criteria). Video
head impulse test showed a significant (p < 0.001) difference between age groups, but other tests did
not (p = 0.258 and 0.177 in caloric test and rotary chair test, respectively). (A) Blue area indicates the
proportion of caloric test slow-phase peak velocity 6–20 ◦/s in both sides, (B) green area indicates the
proportion of 0.12 Hz sinusoidal harmonic acceleration test gain 0.1–0.3, and (C) red area indicates the
proportion of video head impulse test lateral canal gain 0.6–0.8 in both sides. n: number of subjects in
the group.
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4. Discussion

In this study, the caloric response and RCT 0.12 Hz did not show a significant correla-
tion with subject age. In contrast, vHIT and RCT 1.0 Hz showed significant correlations
with age. This implies that aging is more likely to debilitate high-frequency VOR. As the
frequency of VOR in response to ambient head movement ranges from 5 to 7 Hz, which is
similar to that of vHIT [15–17], PVP symptoms can plausibly be explained by a decrease
in high-frequency VOR, as represented by vHIT and RCT at 1.0 Hz. In contrast, the low-
frequency VOR test, represented by the caloric test, did not decrease with age. In addition,
VEMP and posturography, which previously were reported to be related to subject age,
correlated well with age, as shown in previous studies [9–11,18].

Age-related decline in the gain in the vHIT has been previously reported by several
groups. A study conducted in a small number of healthy volunteers found a distinctive
decline in horizontal canal gain after 70 years of age [19]. This study also reported that
the gain decline was prominent when the head impulse speed was high. Other previous
studies have found a significant correlation between age and lateral canal gain, and a
significant decline in gain in patients aged >70 or 80 years [20,21]. In our results, we also
found a significant relationship (p < 0.001) between age and lateral canal gain in vHIT, as
well as distinctively increased sub-normal population in subjects age >70 (4.83%) compared
with other age groups (0% in the 51–59 age group and 0.5% in the 60–69 age group). In
addition, a study by Janky et al. reported that elders having declined vHIT gain may not
have balance complaints [22]. However, given that our results revealed a significant and
exclusive correlation between vHIT and the posturography composite score, a decline in
vHIT gain can affect balance function, regardless of subjective symptoms.

In the caloric test, there seems to be a lack of evidence that caloric response decreases
with age. Instead, a study with a small group of healthy subjects aged 18–80 years revealed
a positive relationship between the caloric SPV and age [23]. Several studies have reported
that the caloric response peaks at 50–70 years of age, followed by a decline [24–26]. Several
possible hypotheses have been suggested for this non-linear relationship between SPV
and age; for instance, diminishing central inhibition followed by decreased vestibular
function cancels the diminishing central inhibition [23,24]. Another possible reason is the
morphologic change in the mastoid cavity with aging. A smaller mastoid air space has a
higher caloric response, owing to its better thermal diffusivity [27,28]. Previous studies
showed that mastoid pneumatization decreases with aging after peaking at the age of
20 [29,30]. Therefore, the caloric response can be increased with aging due to the shrinkage
of mastoid air space before the degeneration of the vestibular system by aging. In addition,
the distinguishable decrement in the caloric response may camouflage the increment in
the response due to the shrinkage of the mastoid air space. Our results also indicated a
tendency toward a declined caloric response in the age >70 group, although this was not
found to have a significant relationship with age. Caloric SPV peaks in the age 65–69 group
in our results (similar to previous studies) presented a non-linear relationship with age.

RCT has been reported to be independent of age but exceptionally high in children [7,23].
However, Chan et al. reported that the lowest frequency is the most sensitive to age-related
VOR changes, which contradicts our results [7]. The difference from our study was that
they recruited subjects with a wide range of ages, from 6 to more than 50. Since PVP can
be diagnosed after the age of 60 years based on histologic evidence indicating the onset of
vestibular organ degeneration at the age of 50, our study appears to more accurately reflect
the relationship between age and RCT VOR in older individuals [21,31,32]. Our study found
that higher frequency (1.0 Hz) SHA test in RCT is significantly related to age, but not lower
frequency (0.12 Hz).

We did not conduct a statistical analysis between age and VEMP results because the
VEMP data were dichotomous (present/absent). However, we found significant correla-
tions between the presence of VEMP and age in the group analysis (Table S1). Our data are
consistent with those of numerous studies on VEMP associated with aging [9–11]. How-
ever, as the PVP consensus document indicates, the VEMP results are somewhat variable
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from laboratory to laboratory, and too many elderly subjects were non-responders [4].
Furthermore, muscular atrophy due to aging can affect VEMP results [33].

The subgroup analysis of normal VFT patients and those with sub-normal vestibular
function was conducted; the two groups consistently showed a correlation with age in
vHIT and posturography (Figure S1). This suggests that aging leads to a degeneration in
vestibular function in the general population, rather than indicating a specific disease for
a particular group (PVP). The effect size of age on VFT results is very small, considering
that R in Figure 1 was small in all tests, even though significant correlations were identified
in several tests. The small probability of alpha error (p-value) despite the small effect size
indicates that degeneration is highly variable but definite. In addition, the effect size might
have been a bit underestimated due to the late onset (over 70) of aging degeneration of
vestibular function when considering the result of vHIT.

Regarding PVP diagnosis, an issue can be raised regarding whether the caloric test
and low-frequency RCT can accurately reflect the age-related decrease in the VOR, as they
did not demonstrate significant correlations with age in elderly individuals. Nevertheless,
the caloric test and low-frequency rotary chair testing are still useful tests that reflect the
degeneration of vestibular function, regardless of its etiology. Therefore, excluding these
tests from PVP diagnostic criteria because they are not correlated with age requires careful
discussion. Contrarily, further research should be conducted to determine whether other
test results (e.g., posturography and VEMP) provide sufficient evidence to be excluded
from the criteria despite their distinct correlation with age.

This study has limitations. The enrolled subjects were not healthy volunteers, even
though they did not have acute dizziness within 2 weeks before the tests. For instance,
polyneuropathy due to diabetes or mild concussion without central signs could have been
included. To compensate for this weakness, we applied strict exclusion criteria and included
subjects who showed objectively normal VOR. However, because our exclusion criteria
mainly focused on lateral canal tests (caloric, RCT, and vHIT) according to the diagnostic
criteria of PVP, we could not ensure that all enrolled subjects had normal function in the
otolith organs and other semicircular canals. In addition, we could not perform an analysis
including hearing function because this is a retrospective study. It would be interesting
to compare vestibular function and hearing function, which are structurally close, in a
future study.

In conclusion, high-frequency stimulation tests such as the vHIT showed a significant
negative correlation with age in elderly people. This suggests that high-frequency range
vestibular function is vulnerable to aging, and this is more discernible in those aged over
70 years. The weak correlation between age and low-frequency vestibular function tests,
such as the caloric test and low-frequency rotary chair testing, suggests the need to revisit
the diagnostic criteria for PVP.
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