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Abstract
Objective—The purpose of this study was to assess the feasibility of a standardized test of gaze
stabilization as an indicator of vestibular function in community-dwelling older adults and to examine
the relationship between gaze stabilization and physical performance.

Design—Descriptive, Cross-sectional.

Setting—Tertiary Medical Center.

Subjects—Eighty-six healthy older adults (22 males) of mean (SD) age 76.8 (5.8) years were
recruited from the Pittsburgh community.

Main Outcome Measures—Performance on the gaze stabilization test (GST), measures of
physical performance (standing balance, chair rises, and gait speed individually and combined into
the Short Physical Performance Battery (SPPB)) and self-reported balance.

Results—While over 90% of participants completed testing in the pitch and yaw planes, only 85%
(73/86) had interpretable scores, due to prolonged perception time, independent of VOR. The mean
(SD) head movement velocity in the pitch plane was 94.5 (26.7) degrees per second and in the yaw
plane was 95.5 (29.3) degrees per second. There was a strong association between age and GST
performance in the pitch and yaw planes (r=0.68, p<0.001). Poor GST performance in the yaw plane
was associated with balance capacity with eyes closed. Additionally, there was a trend toward an
association between self-reported balance and GST performance in both pitch (p=0.08) and yaw
planes (p=0.10).

Conclusions—While most older adults completed GST testing, estimates were not interpretable
in almost 15% due to prolonged perception time. GST in the yaw plane was worse than previously
reported in healthy older adults and was associated with poor ability to balance with eyes closed.
Self-reported balance tended to be associated with an objective assessment of VOR in this population
of older adults.

INTRODUCTION
Balance declines with increasing age, contributes to increased risk of falls (1), and is
consequently a frequent source of morbidity and mortality in older adults (2,3). While large
studies of balance in older adults have assessed measures of vision and standing balance, none
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have used a performance-based functional test of vestibulo-ocular function. Numerous studies
have identified a decline of vestibulo-ocular function with aging, but have not studied
associations between vestibular functional decline and physical performance measures of
mobility and balance (4–9). This decline in vestibular function appears to occur without
symptoms of disequilibrium (6).

The gaze stabilization test (GST) was designed as a clinical test of vestibular function. The test
assesses how quickly the head can be moved while maintaining focus on a computer-based
target, thus theoretically providing an estimate of vestibulo-ocular reflex (VOR) function. Prior
work using the gaze stabilization test has focused on its potential as a diagnostic tool for
vestibular disorders (10–13). Patients with vestibular dysfunction have been shown to have
reduced scores on the GST, requiring slower head movements to correctly identify an optotype
of the same size as compared to healthy controls (10). The GST has been found to be highly
reliable for diagnosing patients with unilateral vestibular deficits (10).

While the use of the GST in patients with unilateral vestibular loss has been explored, less is
known about the role of the GST in healthy older adults. While vestibular function is known
to decrease with age, the relationship between vestibular function decline and physical
performance is not clear. The purpose of this study is to assess the feasibility of a standardized
test of gaze stabilization as an indicator of vestibular function in community-dwelling older
adults and to examine the relationship between gaze stabilization and physical performance.
The authors hypothesized that physical performance measures of standing balance would
correlate with performance on the GST.

MATERIALS AND METHODS
Subjects

Subjects were recruited to a parent study of physical performance measure from a registry of
older adult volunteers. Of 120 subjects who were in the parent study, 86 attempted the gaze
stabilization test. The study was approved by the institutional review board at the University
of Pittsburgh and all participants provided consent.

For inclusion in the parent study, participants had to be age 65 or older, self-report an ability
to tolerate a 5-hour battery of performance measures, and ability to walk 50 feet with or without
an assistive device. Exclusion criteria for this study included neuromuscular disorders that
impair movement (such as Parkinson Disease, stroke, or multiple sclerosis), cancer with active
treatment, severe pulmonary disease, or chest pain or cardiac event within the last 6 months.

Physical Performance Measures
Measures from the parent study that were used in this substudy include the Short Physical
Performance Battery (SPPB) and separate tests of balance, gait speed, and chair rises. The
SPPB consists of: 1) the ability to maintain stance for 10 seconds in three progressively more
difficulty foot positions, 2) a timed 4 meter walk and 3) time to rise from a chair 5 times. Each
of the three tasks is scored 0–4, for an overall score range of 0–12 points (14). The test-retest
reliability of the SPPB is excellent, with Intraclass correlation coefficients (ICC) ranging from
0.88 to 0.92 (15).

More detailed performance tests were performed for standing balance, gait speed and chair
rise. The standing balance test of the SPPB was expanded from 10 to 30 second tests,
assessments of all positions with eyes closed and added one foot standing. An overall score
for standing balance with eyes closed was calculated by summing the maximum stance time
in seconds in each of the four balance tasks (tandem, side-by-side, left foot only and right foot
only). Walking speed was performed just as for the SPPB, but calculated as velocity in meters
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per second rather than the 0 to 4 score. The chair rise test was assessed as number of stands
completed in 15 seconds, with arms folded across the chest. In addition, participants were asked
to rate their balance as a categorical variable such as “excellent,”“very good,” “good,” “fair,”
and “poor”.

Gaze Stabilization Test
Participants completed tests of static visual acuity, minimum perception time and the Gaze
Stabilization test (GST) in both pitch and yaw planes. Participants were seated 1.5m from a
computer screen and allowed to wear their glasses during testing. Static visual acuity was
determined by presenting optotypes (letter E) on the computer screen of varying sizes based
on the participant’s accuracy on the most recent trial. An optotype E was presented on the
computer screen oriented in one of four directions (up, down, left, right). Participants declared
the direction the optotype was pointing. Visual acuity was defined as the smallest optotype that
was correctly identified twice. The minimum perception time is the minimum time an optotype
can be presented on the screen so that the participant can still accurately identify it. Participants
focused on a box that would appear in the center of the computer screen for 2 s. The box
disappeared and after 200 ms, an ‘E’ optotype 0.2 logMAR or two lines of visual acuity above
the subject’s SVA appeared in its place for a variable amount of time. Participants were asked
to identify the orientation of the optotype. The gaze stabilization test (GST) is a functional test
of the vestibulo-ocular reflex (VOR). A 3-axis integrating gyro that determines head turning
velocity is mounted on a headband and worn by participants. Participants rotate their head
horizontally (in the yaw plane) or vertically (in the pitch plane) while maintaining a fixed gaze
on the computer screen. When the participant’s head movement meets the required minimum
head velocity for the trial, an optotype E is presented on the computer screen oriented in one
of four directions. The subject is required to identify the direction the optotype is pointing. The
optotype size is fixed at 0.2 logMAR or two lines of visual acuity above the participant’s SVA.
The duration of presentation is set at 35 ms longer than the subject’s minimum perception time
performance if the minimum perception time is at least 40 ms. If the minimum perception time
is less than 40 ms, the maximum duration of presentation is set at 75 ms. The outcome recorded
for the GST is the mean of the three fastest head velocities at which the participant can move
their head and still correctly identify a transient optotype target (letter E).

Statistical Analysis
Cross-sectional analyses of baseline data were conducted using STATA (version 9, STATA
corp., College Station, Texas). Gaze stabilization test scores were examined as a continuous
variable using the average score in degrees/second for left and right to determine horizontal
scores and up and down to determine vertical scores. Short physical performance battery, age,
15-second sit to stand, standing balance tasks, and gait speed were also assessed as continuous
variables. Scatter plots were examined to assess associations. Pearson correlation coefficients
were used to determine the association between physical performance measures and the gaze
stabilization test. Multiple linear regression models were used to assess the effect of GST
performance on physical performance measures after adjusting for age and gender. Spearman
correlation coefficients were used to assess the relationship between self-reported balance and
GST performance in pitch and yaw planes. A p-value of 0.05 was used to determine
significance.

RESULTS
Of the 120 participants in the parent study, 86 attempted gaze stabilization testing. Their mean
age (SD) was 76 (5.8) years with a range of 65–92 years, and 22 were men. Mean (SD) GST
performance in the pitch plane was 94.5 (26.7) degrees per second and in the yaw plane was
95.5 (30.5) degrees per second. Women tended to have faster GST scores than men in the pitch
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plane, but these differences were not significant. The participants had a mean SPPB total score
of 10.1 (2.03), indicating relatively good physical function. Mean (SD) gait speed for this
population was 0.99 (0.2) m/s (Table 1).

Of 86 participants, 81 (94%) completed testing in the yaw plane and 78 (91%) completed testing
in the pitch place. One subject could not achieve the minimum head velocity required for the
gaze stabilization test. GST scores were considered not interpretable if the minimum perception
time exceeded 80 milliseconds, because scores above this threshold would lead to dwell times
that would allow the subject to make a corrective saccade and therefore would no longer isolate
VOR performance (16). Twelve subjects were defined as having unreliable GST scores in the
yaw and pitch planes due to prolonged minimum perception time. Therefore, 73 out of 86
participants were included in the analysis.

Table 1 demonstrates results from the GST in the 73 subjects. GST scores in both the pitch
and yaw planes were significantly correlated with each other (r=0.68, p<0.001) and were
significantly inversely associated with age (p<0.001), indicating poorer performance with
increasing age. The distribution of GST performance in the pitch and yaw planes by age is
shown in Figures 1A and 1B. In univariate analyses, GST performance in the yaw plane was
significantly associated with the SPPB (p<0.05), gait speed (p<0.05), 15-second sit to stand
and standing balance (p<0.01). After adjusting for age and gender, only standing balance
remained significant (p<0.01) (Figure 1C). GST in the pitch plane was associated only with
15-second sit to stand (p=0.01) and this relationship remained significant after adjusting for
age and gender (p=0.01).

Thirty-three of 86 subjects (38%) were unable to generate an average GST score in either the
pitch or the yaw plane greater than 90 degrees/second (Table 2). Those who were unable to
generate this minimum head velocity in either plane were significantly older (79.4 years vs.
75.2 years), had a slower gait speed (0.92 m/s vs. 1.02 m/s) and worse SPPB (9.5 vs. 10.5) than
those able to achieve this threshold (p<0.05).

Of the 73 subjects with interpretable GST scores, there was a trend toward an association
between self-reported balance and GST performance in both pitch (p=0.08) and yaw planes
(p=0.10). Participants with higher GST scores tended to report better balance than those with
lower scores.

DISCUSSION
This study suggests that the ability to see clearly during head rotation is significantly reduced
in some older adults, and that those with reduced GST performance also have reduced mobility
and balance. Maximum VOR demands during walking in healthy younger adults have been
reported at 90 degrees per second; therefore, a significant proportion of older adults may have
difficulty with visual stabilization during usual ambulation (17,18). Since there are no studies
of the VOR demands of older adults during routine tasks, this threshold may overestimate the
VOR requirements in this age group. Nevertheless, older adults who scored below this
threshold in one or more directions in this study had more physical performance impairments
than those who exceeded this value.

The GST performance of older adults in this study is worse than that reported in prior studies
of healthy adults or older adults (10,12,13). In 14 healthy adults with a mean age of 45.8 years,
Goebel et al. (10) reported average GST scores in the yaw plane of 147 degrees/second. In 20
healthy older adults (mean age 70) Whitney et al. (12) noted average GST scores in the yaw
plane of 126 degrees/second and 101 degrees/second in the pitch plane. Our findings of GST
scores in the yaw plane of 95.5 degrees per second are considerably lower than those reported
in these prior studies, while our findings of 94.5 in the pitch plane are somewhat similar to
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Whitney et al (12). We believe that the worse performance is attributable to the more advanced
age and diverse health status of our population.

This study has shown an association between standing balance times with eyes closed and GST
performance after adjusting for age and gender. This relationship indicates that the GST is
likely assessing vestibular function. With eyes closed, only proprioceptive and vestibular input
would be contributing to maintenance of standing balance. Since performing the GST involves
little proprioceptive function, we assume that this association indicates that the GST is therefore
measuring vestibular function.

In addition, the association seen between GST performance in the pitch plane and number of
chair rises in a 15 second period may be attributed to an age-related decrement in physical
performance measures not assessed by this study. An alternative, but less likely explanation is
that head rotation during sit-to-stand movements may cause images to slip on the retina or
oscillopsia. Both GST assessments in the pitch plane and sit to stand movements stimulate the
otolith organs and posterior and anterior semicircular canals. Since subjects were asked to rise
from a seated position as many times as possible in 15 seconds, those whose maximum pitch
head velocity was exceeded by the required rapid vertical movements may have experienced
oscillopsia and a subjective feeling of dizziness, leading to decreased motivation to rise quickly
from the seated position. While this explanation is less likely than a multi-system decline
associated with aging, subjective symptoms of visual blurring and dizziness may be assessed
in future studies to better identify subjective reasons for poorer physical performance.

This study did detect a trend toward a relationship between self-reported balance and GST
performance in older adults. Those older adults who rated their balance as ‘excellent’ tended
to have higher GST scores as compared to those who rated their balance as ‘fair’ or ‘poor’.
While this study was unable to determine causality, a decline in VOR function as measured by
the GST may be interpreted by the participant as a loss of balance. Future studies could further
explore this relationship over time with more rigorous balance surveys.

In their recent study using the GST in a population of healthy older adults and adults with
vestibular dysfunction, Whitney et al. (12) noted a correlation between the ‘Timed Up and Go’
test and Dynamic Gait Index (DGI) scores and GST performance only in those with vestibular
disorders, but not healthy older adults. Our cross-sectional study also found only limited
relationships between GST and physical performance. There are several possible explanations
for this observation. First, it is possible that a strong age-related VOR effect causes reduced
physical performance, so that age explains both the vestibular and performance deficits, and
adjusting for age causes an overadjustment phenomenon. Second, since there are multiple
systems that contribute to physical performance, we may have failed to detect the vestibular
component because we did not account for other system deficits, such as peripheral neuropathy
or lower extremity weakness. Third, it is possible that our performance tests did not challenge
head velocity or visual stabilization.

Since older adults with poor GST performance may have difficulty with visual stabilization
during movement, vestibular rehabilitation may be beneficial. An example of a therapy that
simulates the GST and may enhance VOR adaptation is VOR x1 as described by Herdman et
al. (19) in which a subject views a stationary object while rotating their head to the point of
oscillopsia. Vestibular rehabilitation has been shown to improve GST scores in the yaw plane
of unilateral vestibular patients (11). Additionally, vestibular rehabilitation has been shown to
be effective in older adults with dizziness (20–23), but has never been assessed for its ability
to improve gaze stabilization in older adults without symptoms but with poor performance.
Since poor VOR function could contribute to poor visual acuity during motion, and increase
the risk of falls, it is possible that vestibular rehabilitation could be a treatment option for older
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fallers with poor GST scores. Further work to establish head velocity demands during basic
tasks such as walking or climbing stairs could provide treatment targets for VOR function to
be used in rehabilitation.

Vestibular dysfunction appears to make up a relatively small, but significant percentage of
physical performance disability in this population of older adults with few vestibular
complaints. Although there are myriad potential causes of falls in older adults that often are
associated with age-related functional decline, vestibular dysfunction has often been
overlooked as a contributor (2,3). A recent study by Agrawal, et al. (24) estimates the presence
of vestibular impairment in US adults at approximately 35%, 32% of whom reported no prior
symptoms of dizziness. Other recent studies of fall risk in older adults have identified a high
rate of subjective vestibular impairment (25) and abnormal standing balance (26) among
fallers, but have not assessed objective vestibular dysfunction. In part, this has been a result of
the lack of a clinical test that can be easily administered. The GST may be a useful measure to
identify those older adults at risk for falls due to vestibular reasons.

This is the first study in which the gaze stabilization test has been successfully performed by
research technicians previously unfamiliar with the device. Older tests of VOR function like
rotational chair testing are expensive and cumbersome and therefore difficult to apply to
community practices or large epidemiologic studies. This study has shown that the GST may
be more generally applicable in the community and additionally may be a valid test of isolated
vestibular function in balance studies of older adults.

In conclusion, we believe GST performance in the yaw plane is associated with vestibular
function as indicated by the correlation with standing balance; however, it is not associated
with other tests of physical performance in this population of older adults. Average GST
performance in the pitch plane was associated with chair rises and this may be attributed to
oscilopsia when moving from a seated to standing position.
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Figure 1.
A, B, and C, Scatter Plots of Gaze Stabilization Test (GST) performance in yaw and pitch
planes by age and GST performance in the yaw plane by standing balance. A reference line is
drawn at a GST score of 90 degrees per second.
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Table 1

Characteristics of the Study Participants

Characteristics
Interpretable
GST scores
(n=73)

GST scores <90
degrees/second in
either plane (n=39)

All (n = 86)

Age, y (SD) *76.5 (5.7) *78.3 (5.7) 76.8 (5.8)

GST (yaw), deg/s (SD) 98.8 (29.7) 77. 8 (20.8)  95.5 (29.3)

GST(pitch), deg/s (SD) 96. 9 (26.9)  78. 4 (19.2)  94.5 (26.7)

SPPB (Total) (SD) 10. 2 (1.9) 9. 8 (2.3)  10.1 (2.0)

Gait speed, s (SD) 0.98 (0.2)  0.95 (0.2)  0.98 (0.2)

15-second chair rises, number (SD) 6.9 (2.1) 6. 5 (1.7)  7.0 (2.0)

Standing balance, s (SD) 71.3 (27.6) 68.2 (26.7) 69.2 (27.8)

Romberg, s (SD) 29.3 (3.8) 29. 6 (2.4) 29.3 (3.7)

Tandem, s (SD) 22.8 (11.1) 21.9 (12.4)  22.3 (11.2)

Single leg stance (left), s (SD) 10. 4 (10.6) 9.9 (10.6)  10.0 (10.4)

Single leg stance (right), s (SD) 8.8 (9.7) 6.6 (7.7)  8.4 (9.6)

Self-reported balance (SD)
(‘1’ is excellent, ‘5’ is poor)

3.2 (0.9) 3.4 (1.0) 3.2 (0.9)

GST = gaze stabilization test, SPPB = short physical performance battery

*
indicates statistical significance at p < 0.05
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Table 2

Physical Performance in older adults with normal and reduced GST scores in either the pitch or yaw planes.

Above 90deg/s Below 90deg/s

Age, years (SD) 75.2 (5.9)* 79.4 (4.8)*

SPPB (0–12) (SD) 10.5 (1.6)* 9.5 (2.5)*

Gait Speed, m/s (SD) 1.02 (0.2)* 0.92 (0.2)*

15-second
sit to stand, # (SD)

7.1 (2.1) 6.6 (2.1)

Standing Balance, s (SD) 72.2 (28.0) 66.2 (25.3)

Self-Reported balance (SD) 3.0 (0.8)* 3.4 (1.0) *

*
indicates statistical significance at p < 0.05
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